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Introduction

Maintaining wellbore stability is one of the most crit-
ical challenges in drilling operations, as instability
can lead to severe operational problems, including
wellbore collapse, stuck pipe, excessive torque and
drag, and in extreme cases, loss of the wellX2, These
issues significantly increase non-productive time and
drilling costs, particularly in complex geological en-
vironments such as fractured carbonate formations2,
Wellbore instability arises from the interaction be-
tween in-situ stresses, formation mechanical proper-
ties, pore pressure, drilling fluid pressure, and well-
bore geometry. Among these factors, drilling mud
weight plays a decisive role in controlling both shear
and tensile failures around the wellboreS,

In recent years, underbalanced drilling (UBD) has
been increasingly adopted in mature carbonate reser-
voirs due to reservoir pressure depletion and the need
to enhance productivity’8. In UBD operations, the
hydrostatic pressure of the drilling fluid is intention-
ally kept lower than the formation pore pressure,
which can reduce formation damage, improve rate of
penetration, and mitigate severe mud losses®2. How-
ever, lowering the mud weight also reduces the me-
chanical support provided to the wellbore wall;
thereby increasing the risk of wellbore instability, es-
pecially in formations with complex stress regimes
and natural fractures®Lt, Wellbore deviation further
complicates the stability problem!213, While deviated
and horizontal wells offer enviroment and economic
advantages by increasing reservoir contact, deviation
alters the stress distribution around the wellbore and
generally reduces mechanical stability compared to
vertical wells4L,

As the deviation angle increases, the likelihood of
shear and tensile failures around the wellbore wall
also increases, particularly under underbalanced
drilling conditions®1Z,
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Consequently, determining a reliable and safe mud-
weight window for both vertical and deviated wells
remain a critical and challenging task in well design.
Accurate determination of the mud weight window
requires knowledge of the geomechanical properties
of the formation and stress state, as well as the appli-
cation of analytical or numerical methods!812, Alt-
hough analytical failure criteria are commonly used
for preliminary evaluations, numerical modeling pro-
vides a more comprehensive framework for captur-
ing the complex interaction between stresses, rock
properties, wellbore geometry, and drilling fluid
pressure2,

The objective of this study was to investigate the ef-
fect of well deflection on well stability in carbonate
formations under subbalanced drilling conditions,
determining the safe mud weight window for both
vertical and deflected wells. To achieve this goal, nu-
merical models of wells were developed using FLAC
software and calibrated with field, logs, and labora-
tory data from a carbonate reservoir. The results will
be used to evaluate the variation of the mud weight
window with the deflection angle and identify the
most stable well trajectory under underbalanced
drilling conditions.

Materials and methods

Determination of Drilling Mud Window in Vertical
and Directional Wells Using FLAC Software. The
upper and lower bounds of the drilling mud window
can be used to predict and prevent the formation of
tensile and shear fractures around a wellbore. In this
section, in this section, FLAC software was used as a
numerical method to examine the factors involved in
determining the drilling mud window. Numerical
methods have a wide range of applications in solving
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engineering problems. It is important to note that ac-
curately solving geomechanical problems using only
empirical or numerical methods is not feasible. The
combination of these two approaches can assist in ad-
dressing complex geological issues. The foundation
of numerical methods lies in the conversion of a con-
tinuum with infinite degrees of freedom into a system
with a finite number of degrees of freedom at specific
points within the domain. The position, number, and
relationships between these points are defined
through mesh generation.

By utilizing the available software and precisely de-
fining the geometry, boundary conditions, strength,
and deformability properties of the rock mass, an ac-
ceptable design can be achieved. Numerical methods
allow for the modeling of surface and underground
structures with any shape and cross-section, provid-
ing insights into stresses and displacements at all de-
sired points. These methods also enable the analysis
of drilling processes, maintenance, and impact of wa-
ter flow on the stability of rock and soil masses, in-
cluding wellbore walls.

The finite difference method (FDM) is one of the old-
est numerical techniques for solving systems of dif-
ferential equations and continues to be widely used
in engineering problem-solving. Similar to the finite
element method (FEM), FDM continuously models
the problem space with elements that are connected
at nodes. However, the advantage of the FDM is that
it requires less computational power for processing.
Numerous researchers, including Wilkins in 1963,
have demonstrated that the results obtained from
FDM and FEM are identical for certain problems.
However, the FDM is generally more flexible than
the FEM.

The FLAC is one of the most important software
tools that utilizes the finite-difference method for

solving geomechanical problems. The FLAC (fast la-
grangian analysis of continua) is a numerical compu-
tational tool based on explicit finite differences that
simulate the structural behavior of formations com-
posed of soil, rock, and other materials, illustrating
the plasticity and yield behavior of these materials. It
can model and simulate structures, such as linear tun-
nels, rock masses, or sheet-pile columns, which are
surrounded by interacting soil or rock.

The FLAC also offers the ability to model and ana-
lyze the flow of groundwater and the processes of
consolidation and stabilization by integrating these
interactions with mechanical models. Additionally,
this software can perform thermal calculations and
creep-related computations, although these features
may incur additional costs.

The following assumptions in Tables 1 and 2 were
applied in the calculations used in this study to utilize
the FLAC software.

Table 1 Static and dynamic young's modulus values at two specified
depths

Parameters Static . Dynamic Young's mod-
Sections  Youngsmod- 0 (GPa)
ulus (GPa)
Primary depth zone 36.03 66/82
Secondary depth zone ~ 23/41 43/01

Table 2 Values of Internal Friction Angle and Cohesion

Parameters Internal Friction Cohesion
Sections  Angle [degrees] (MPa)

Primary depth zone 39/1 5/9

Secondary depth zone 39/1 5/9

Study area and time frame. The present study was
conducted on a well drilled in the Marun oil field, lo-
cated in Khuzestan Province, southwestern Iran,
within the Dezful Embayment, one of the most pro-
lific hydrocarbon provinces in the Middle East. The
Marun oil field is geographically situated at approxi-
mately 31.4°-31.7° N latitude and 48.8°-49.1° E lon-
gitude and is characterized by a complex structural
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setting associated with intense folding and faulting of
the Zagros BasinZ.

The reservoir interval investigated in this study cor-
responds to the Asmari Formation, which predomi-
nantly consists of limestone and dolomite and is
known for extensive natural fracturing. Due to the
presence of numerous fractures, the field has histori-
cally experienced severe losses from drilling fluids,
making it a candidate for underbalanced drilling ap-
plications.

(A) ®),_,

The research was carried out over a defined time pe-
riod. Data collection and preliminary analysis were
performed between March 2021 and June 2022,
while numerical modeling, wellbore stability analy-
sis, and result interpretation were conducted between
July 2022 and December 2022. This time frame rep-
resents the complete duration of the research activi-
ties presented in this study.

T=c+o,tang

Figure 1 (a) Shear failure on the (a-b) plane; (b) Resistance envelope in shear and normal stresses?

Utilization of the Mohr-Coulomb failure criterion

Determination of drilling mud window in vertical
wells using the Mohr-Coulomb criterion. In 1776,
Coulomb introduced the simplest and most important
failure criteria. He stated that rock failure occurs
when, under compression and pressure, the shear
stress in the material on a specific plane (planes a-b
in Figure a-1) reaches a sufficient level to overcome
both the cohesion of the rock and the frictional force,
which acts in the direction opposite to the movement

of the failure plane. This criterion can be expressed
39

asZ,

T =ctoztang (1)

In this equation, o, represents the normal stress act-
ing on the failure plane (plane a-b in Figure 1), while
cohesion and ¢ denote the rock’s cohesion and inter-
nal friction angle, respectively (plane a-b in Figure b-
1). This criterion illustrates the resistance to shear
and normal stresses. In this failure criterion, the in-
termediate stress does not affect the shear and normal
stresses, and it is assumed that the intermediate stress
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is insignificant in the rock failure process. The Mohr-
Coulomb failure criterion can also be expressed in
terms of the maximum (o1) and minimum (o) prin-
cipal stressesZ.

Op = %(61 + 03) + (0, + 03)cos260 (2)
T= %(01 +03)sin20  (3)
The angle between the normal plane and direction of

the maximum principal stress is shown in Figure a-1.
This relationship is expressed as followsZ:
6="48 4)
Angle ¢ can vary between 0°and 90°. However, the
practical range of this angle was smaller (approxi-
mately 30°). Therefore, according to the above rela-
tion, 0 can vary between 45°and 90°. It is important
to note that ¢ has a constant value on the Mohr scale.
Using equations (2) and (4), the Mohr-Coulomb cri-
terion can be written as follows2,
01 =C, + 03 (5)
In this relation, q is the slope of the line with respect

to o1 and 63, and its value is equal to%.
__ 1+sing
T 1-sin® (6)
C, is the uniaxial compressive strength, which can be

determined relative to the cohesion and internal fric-

tion angle of the rockZ.
__2ccosp (7)

T 1-sing
Using Equations (5-7), we can determine the uniaxial

tensile strength based on the cohesion of the rock (c)
and the angle of internal friction (o), as given in ref-
erenceZ,

= ®)
The Mohr-Coulomb criterion can also be expressed
in terms of the maximum shear stress Tmax and the ef-
fective mean stressZ.

2¢ cos®
R sin@®

0

)

0
As a result,
1
Omax = 2 (01 - 03) (10)

__ (o1t03

Um,z - 2 (11)

This form of the Mohr-Coulomb criterion implies
that an increase in the mean normal stress tends to
prevent failure and that there is a linear correlation
between the maximum shear stress and effective
mean stress at failure.
A failure criterion is employed to determine the stress
conditions under which wall collapse (compressive
or shear failure) and crack formation (tensile failure)
occur. In this section, the Mohr-Coulomb failure cri-
terion, introduced in the previous chapter, is utilized
for wellbore stability analysis?.
o1 = USC + qo3 (12)

=W+ 2+l = an2C+ D (13)
Different modes of shear failure can occur in a well-
bore depending on the relative magnitudes of the
stresses surrounding the well. Typically, the most
common mode of shear failure is characterized by
o¢>0,>0r, While the most common mode of tensile
failure is characterized by o,>0,>0423.
In the case of shear failure, according to equation
(12) and using the stress values and the considered
stress regime, we will have: For example, if we as-
sume the first case to be o, > 6o > o, then:
Itis: =63 s 6o=02¢ 6,=01. By substituting the maxi-
mum and minimum stress values into the Mohr-Cou-
lomb criterion and also using equation (13), we have:

B-UCS (14)

Pyp1 =

Table 3 Shear failure modes and borehole breakout pressures
based on the Mohr-Coulomb criterion?

Effective wellbore breakout pressure (P,,(go))

B—-UCS
0, = 0y = 0, p

A-UCS
Oy = 0, = 0, W

Oy =0, =0, A-UCS-gB

A=30H —och.o,=P,.0g=A—PR,.0,=B.B=0,+2(0y—0y)

The same procedure applies to the next two shear
stress cases, and the calculation results are (presented
in Table 3)%.
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Furthermore, the Mohr-Coulomb criterion can be
used to obtain the tensile failure stress. The failure
stress in three other stress regimes is calculated as

(summarized in Table 4)2,

Table 4 Tensile Failure Modes and Borehole Breakout Pressures
Based on the Mohr-Coulomb Criterion?

Effective wellbore fracturing pressure

(Pw(frac))

0, =09 =0, UCS + qE
UCS + qD

0, =0, =0y 1+4q
UCS—-E

0, =0, =0y +D

q

We know that there is a tensile strength correction in
the Mohr-Coulomb criterion. This tensile strength
correction is defined based on the minimum principal
stress and is in fact the same as the tensile failure cri-
terion.
-To=03 (15)
In the three mentioned cases of tensile failure, two
cases arise for the minimum principal stress. In two
cases, the tangential stress is equal to the minimum
principal stress, and in one case, the axial stress of
the well is equal to the minimum principal stress. In
the first case mentioned in Table 4 (or > 69 > ;) in
vertical wells, the axial stress is not a function of the
mud pressure inside the well. Therefore, in vertical
wells, it is assumed that only the tangential stress can
become tensile and cause failurez. Therefore:
Pfrac =36, —0y =T, (16)

The calculated value is compared to Mohr-Coulomb
results, and the lower value is set as the tensile hy-
draulic fracturing pressure and the upper mud win-
dow limit. For Drucker-Prager and modified Lade
criteria, analytical solutions are complex, so numeri-
cal methods are required for mud window calcula-
tions. The Hoek-Brown criterion needs the coeffi-
cient m from triaxial tests and is thus not used here.

Furthermore, since the Drucker-Prager criterion as-
sumes equal compressive and tensile strength for the

41

rock, and this is a flaw in the criterion that affects the
analysis results, the use of this failure criterion is also
avoided. Therefore, the Mohr-Coulomb failure crite-
rion, which is a common failure criterion in wellbore
stability analysis, is used.

Mohr-Coulomb failure criterion in directional well-
bore stability analysis. According to the Mohr-Cou-
lomb failure criterion, the failure function is defined
as follows:

F=c cos¢+sin(op 2 — P)Tmax  (17)

In this case:

Tmax =5 (01— 03)  (18)
tmz =257 (19)

According to the failure criteria presented in this sec-
tion and the provided failure functions, failure will
ensue when F is less than or equal to zero.
Directional wells require identifying an angular
range around the wellbore where tensile stresses are
present. While this angle is straightforward to deter-
mine in a vertical well, directional wells necessitate
an iterative algorithm. This algorithm involves con-
ducting stress analyses around the wellbore for an-
gles ranging from the minimum to the maximum.
The angles at which tensile stresses occur must be
identified for subsequent analysis.
Numerical methods. By utilizing existing software
and defining the geometry, boundary conditions, and
strength and deformation properties of the rock mass
accurately, acceptable designs can be achieved. Nu-
merical methods allow for the modeling of surface
and underground structures with any shape and
cross-section, and the calculation of stresses and dis-
placements at all desired points®.
Using numerical methods, it is possible to analyze
the drilling process, support, and the effect of water
flow on the stability of rock and soil masses, includ-
ing the stability of well wallsZ,
Numerical methods are generally divided as follows:
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Continuous Methods: i) Finite Element Methods. ii)
Finite Difference Methods. iii) Boundary Element
Methods (BEM)

Discrete Methods: i) Discrete Element Methods. ii)
Discrete Fracture Network Methods. iii) Hybrid
Methods. iv) Combinations like 81 FEM/DEM,
BEM/DEM, or FEM/BEM. v). Other combinations
of continuous and discrete methodsZ.

Finite difference method. Is one of the oldest numer-
ical methods for solving systems of differential equa-
tions and is still widely used in engineering problem-
solving. Similar to the FEM, this method models the
problem space as a continuum with elements con-
nected at nodes. The advantage of the FDM is that it
does not require a lot of computational power. Many
researchers, including Wilkins in 1963, have shown
that the results obtained from the FDM and the FEM
are identical for specific problems, but the FDM is
more flexible than the FEM. Among the most im-
portant software that use the FDM to solve geome-
chanical problems are FLAC2D and FLAC3DZ.
Results

Today, with the rapid advancement of computer sci-
ence, the use of numerical methods for solving ge-
otechnical problems has significantly expanded. Due
to the high capabilities of numerical methods, it is
possible to study and investigate the effects of dis-
continuities and inhomogeneities.

Numerical methods can have many applications in
solving engineering problems. In the past, due to the
lack of sufficient computational facilities and the
time-consuming nature of calculations, empirical re-
lationships were used more often. It should be noted
that an accurate solution to geomechanical problems
cannot be achieved solely through experimental or
numerical methods. A combination of these two
methods can help us solve complex earth problems.
The basis of numerical methods is to transform a me-
dium with infinite degrees of freedom into a medium
with a limited number of degrees of freedom at a cer-
tain number of points in the medium. The position,
number, and connectivity of these points are deter-
mined by meshing®.
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Figure 2 Diagram of unbalanced forces in a vertical well with minimum drilling mud pressure

FDM is one of the oldest numerical methods for solv-
ing systems of differential equations and is still

widely used in engineering problem-solving. Similar

to the FEM, this method models the problem space
42
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as a continuum with elements connected at nodes.
The advantage of the FDM is that it does not require
a lot of computational power. Many researchers, in-
cluding Wilkins in 1963, have shown that the results
obtained from the FDM and the FEM are identical
for specific problems, but the FDM is more flexible
than the FEM. Among the most important software
that use the FDM to solve geomechanical problems

are FLAC2D and FLAC3DZ. Those powerful tools
can be applied to determine the mud window and will
be described in the following.

Vertical modeling to determine the lower limit of the
mud window in the vertical section of the well. In Fig-
ure 2, the diagram of unbalanced forces for the verti-
cal well model, which approaches zero, indicating
the stability of the model, is shown.
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Figure 4 Diagram of unbalanced forces in the horizontal model of a vertical well under maximum drilling mud pressure
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Figure 5 Displacement Diagram for Maximum Mud Pressure Condition

Figure 3 shows the displacement vector (field)
around the wellbore, with a maximum value of 0.15
mm, which is within the allowable displacement lim-
its.

Horizontal modeling for determining the upper limit
of the mud window in the vertical section of the well.
Figure 4 shows the diagram of unbalanced forces in
the horizontal model of a vertical well under maxi-
mum drilling mud pressure. Figure 5 shows the dia-
gram of displacements caused by maximum drilling
mud pressure, which has led to wellbore wall diver-
gence.

Based on the results obtained from numerical model-
ing in both vertical and horizontal conditions in the
vertical section of the well using the underbalanced
drilling technique: i) The safe lower limit of the mud
window is determined to prevent wellbore collapse.
ii) By applying the underbalanced drilling technique
in the well, the lowest mud pressure that prevents
wellbore collapse is established. iii) Given the higher
pore pressure, the formation fluid flows into the well,

and this formation fluid must be transferred to the
surface by the returning mud flow.

Later, different well deviation angles will be ana-
lyzed and will compare with the perfectly vertical
ones.

Modeling to determine the lower limit of the mud
window at a 60-degree deviation angle. In this part,
the mud window prevents the creation of shear, and
tensile fractures around the well will be regulated.
Hence, the mud window is determined for the devi-
ated section of the well with a 60-degree deviation
from the vertical. The considered depth section in
this part is between 2150 and 2155 m, which is lo-
cated in the deviated part of the well.

Figure 6 shows the diagram of unbalanced forces in
a deviated well with a 60-degree angle under mini-
mum drilling mud pressure. This diagram indicates
that the unbalanced forces have reached a state of sta-
bility. Figure 7 shows the diagram of displacement
vectors (fields) around the well at a minimum fluid
pressure of 48 MPa. Based on the results, the mini-
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mum pressure that can prevent wellbore collapse is

47 MPa.

JOB TITLE : Unbalanced Force

FLAC (Version 7.00)
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30-Jul-15 17:56

step 22951
-8.889E+00 <x< 8.889E+00
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Number of steps
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03

Figure 6 Diagram of unbalanced forces in the vertical model of a deviated well under minimum drilling mud pressure

Figure 7 Diagram of displacements in the deviated well under minimum drilling mud pressure

45

JOB TITLE : .
FLAC (Version 7.00) /// ///////////
WA A
LEGEND oAl Ao il
wme Y
30-Jul-15 18:00 A ) (/ ‘? 'é‘?
step 22951 ol o AT
-3.123E+00 <x< -2.767E-01 WAl -d ool
-2.207E+00 <y< 5494E-01 L L LA
PE
Displacement vectors //////////
max vector = 4.515E-02 ?://;f////// ,
R //////////AI///
o Lo A LA

N

|- 0.500

| 0.000

| _-0.500

|-1.000

1--1.500

| -2.000




Vol. 17 No 1 2026 Investigating the effect of wellbore deviation on its stability in carbonate formations
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Figure 8 Diagram of unbalanced forces in the horizontal model of a deviated well under maximum drilling mud pressure
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Figure 9 Diagram of displacements in the deviated well under maximum drilling mud pressure
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I'he lower limit of the mud window at diiferent deflection angles
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Figure 10 Diagram showing the relationship between deviation angles and minimum mud weight

Modeling to determine the upper limit of the mud
window at a 60-degree deviation angle. Figure 8
shows the upper limit of the mud window, deter-
mined through numerical modeling at a 60-degree
deviation angle from the vertical, to prevent hydrau-
lic fracturing. Figure 9 shows the displacements
around the wellbore caused by the maximum drilling
mud pressure for the hydraulic fracture case.

Selecting the most stable deviation angle for well-
bore drilling. In this section, the impact of the well-
bore deviation angle on its stability is investigated.
The main objective was to determine the optimal de-
flection angle that minimizes the probability of shear
failures. To achieve this, a model was developed us-
ing FLAC software. In this model, the wellbore de-
viation angles were varied, and a plot of the lower
limit of mud weight for different deviation angles
was generated. The point with the lowest predicted
shear failure pressure is identified as the optimal de-
viation angle. Consequently, the greater the number
of deviation angles considered, the higher the accu-
racy and the more reliable the prediction for the well-

bore trajectory. To assess the impact of different de-
47

viation angles on wellbore stability using numerical
methods, a study was conducted at a depth of 2152.5
m, where the well had encountered stability issues.
Since the variations in mechanical properties of the
formation and in-situ stresses within this interval are
minimal, average values for this zone were used in
the analysis.

Figure 10 illustrates the minimum mud weight deter-
mined by numerical modeling for deviation angles of
0, 30, and 60 degrees to examine the effect of devia-
tion on wellbore stability. Figure 10 clearly shows
that as the deviation angle increases from the vertical,
the required mud weight to maintain wellbore stabil-
ity and prevent shear failure, and consequently, well-
bore collapse, also increases. Therefore, as the devi-
ation angle increases, the well becomes less stable.
The optimal deviation angle for drilling using the un-
derbalanced drilling method in this well is 0 degrees
(vertical well). However, if deviated drilling with an
underbalanced method is desired, the most suitable
deviation angle is 30 degrees. A horizontal well will
be unstable under any mud pressure.



Vol. 17 No 1 2026 Investigating the effect of wellbore deviation on its stability in carbonate formations

gles of 30 and 90 Degrees. Figures 11 and 12 are re-

Discussion
lated to the lower limit of the mud window at a 30-
Determination of the Mud Window at Deviation An- degree deviation angle.
JOB TITLE : Unbalanced Force
FLAC (Version 7.00)
(1098
LEGEND
30-Jul-15 16:35 7.000
step 60532
-5.000E+00 <x< 5.000E+00 6.000
-5.000E+00 <y< 5.000E+00
5.000
HISTORY PLOT
Cevise 4.000
999 Max. unbal. force
X-axis :
Number of steps 3.000
2.000
1.000 \k\
0.000
10 20 30 40 50 60
(1093 )

Figure 11 Diagram of unbalanced forces for evaluating the stability of the created model
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Figure 12 Diagram of displacements around the well at minimum drilling mud pressure
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Figure 13 Diagram of unbalanced forces in the well under maximum drilling mud pressure
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Figure 14 Diagram of displacement vectors around the well under maximum drilling mud pressure
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Mud window drilling in the vertical part of the vertical well
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Figure 15 Safe mud weight window for the well using the Mohr-Coulomb criterion

Figures 13 and 14 are related to the upper limit of the
mud window at a 30-degree deviation angle. Based
on the above diagrams, the determined mud windows
are as Table 5. Based on the results of the numerical

modeling, horizontal drilling, whether using under-
balanced or overbalanced drilling methods, is not
feasible due to the significant difference between
horizontal and vertical stresses.

Table 5 Results of the mud windows determined at deviation angles of 30 degrees and 90

Mud window Lower Limit of Mud Window Upper Limit of Mud Window
Deviation angle (Megapascals) (Megapascals)
25 85

Deviation Angle: 30 Degrees
Deviation Angle: 90 Degrees

Unstable at Any Pressure

Unstable at Any Pressure

Design of the drilling fluid window in the vertical
section of the well using the Mohr-Coulomb failure
criterion. The equations for calculating the safe mud
weight window for a vertical well using the Mohr-
Coulomb failure criterion are presented in Tables 3
and 4. Since the Mohr-Coulomb failure criterion
overestimates the tensile strength of the rock, the
equation presented in equation (16) is used to calcu-
late the upper limit of the safe mud weight. The drill-

ing fluid window for one of the wells in the Marun

oil field, calculated using the Mohr-Coulomb crite-

rion, is shown in Figure 15.

It is observed that the Mohr-Coulomb failure crite-

rion determines a lower limit of 5.9 MPa and an up-

per limit of 14.4 MPa for the safe mud weight. These

values are quite close to the values obtained from the

numerical wellbore modelling.

Comparison of numerical analysis results and ana-
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Iytical methods. The minimum and maximum mud
window pressures in the vertical section of the well
were determined to be 5.9 and 14.4 MPa, respec-
tively, using the Mohr-Coulomb failure criterion.
These values are close to the minimum and maxi-
mum mud window pressures determined by the nu-
merical method, which were 7.5 and 15.7 MPa, re-
spectively. However, the Mohr-Coulomb failure cri-
terion predicts a maximum mud window pressure
that is lower than the pore pressure, which could lead
to fluid influx from the formation into the well if the
mud weight is based on the Mohr-Coulomb criterion.
In other words, the well would be drilled underbal-
anced. The numerical method, on the other hand, pre-
dicts a maximum mud window pressure that is
slightly higher than the pore pressure, ensuring that

there would be no fluid influx if the mud weight is
less than the maximum predicted pressure. In prac-
tice, due to the proximity of the pore pressure to the
formation fracture pressure, determining the mud
weight between these two pressures can be challeng-
ing, as exceeding the formation fracture pressure can
lead to hydraulic fracturing. The numerical method
also suggests that underbalanced drilling is the most
suitable method for this well. In the deviated section
of the well, due to the complexity and time-consum-
ing nature of using analytical methods to determine
the mud window, only the numerical method was
used. Comparison of mumerical method results with
Mohr-Coulomb failure criterion in the vertical sec-
tion of the well is shown in Table 6.

Table 6 Comparison of mumerical method results with Mohr-Coulomb failure criterion in the vertical section of the well

Maximum Mud

Minimum Mud

Values Weight Correspond- Weight Correspond- Maximum Pressure Minimum Pressure
Methods ing to Pressure ing to Pressure (MPa) (MPa)
(pounds per gallon) (pounds per gallon)
Numerical Modeling 6.2 3 15.7 7.5
Mohr-Coulomb Criterion 5.6 2.4 14.4 5.6

Wall instability is one of the most significant chal-
lenges in drilling operations. Although numerous
measures have been taken to address this issue, de-
termining the safe mud weight remains the most ef-
fective control method. This requires a thorough un-
derstanding of the mechanical properties of the for-
mation. The more information available about the
mechanical properties of the rock and its behavior
under stress, the more accurate and safer the mud
window can be. By determining the mud window, the
most critical drilling problems, such as fluid influx
into the well and wall collapse, can be controlled. If
these problems occur, they can pose significant fi-
nancial and safety risks to the drilling rig and person-

nel. This research aimed to investigate the effect of
51

well deviation on stability and the range of mud
weight. The following conclusions were drawn from
the investigations and calculations that were con-
ducted.

Based on the pore pressure values and the upper and
lower limits of the suitable drilling fluid density, un-
derbalanced drilling is the most appropriate tech-
nique for the vertical section of the well. However, in
the deviated section, due to the disturbed stress dis-
tribution and the increased collapse pressure, it is not
feasible to drill underbalanced. As the deviation an-
gle increases, the well becomes more unstable, and
the collapse pressure required to stabilize the well in-
creases.

The results of this study indicate that the numerical
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method can provide a more accurate range for the
lower and upper limits of the drilling fluid density
compared to the analytical process. Additionally, as
the deviation angle increases from the vertical, the
collapse pressure also increases, consequently re-
quiring a higher drilling fluid density to prevent wall
collapse. According to the results, the Mohr-Cou-
lomb failure criterion provides a reasonable estimate
of the safe mud weight window required for wellbore
stability, similar to the numerical results.

In addition, studies have pointed out that drilling at a
90-degree deflection angle (horizontal well) is not
feasible due to the significant difference between
horizontal and vertical stresses, regardless of whether
underbalanced or overbalanced drilling is used.
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