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Abstract

Geomechanics is one of the sciences that plays a fundamental role in the
production of energy from the earth. Today, this science is widely used in
the design and drilling of wells, as well as in reservoir engineering. Safe
drilling is an essential parameter in the oil and gas industry. Modern drilling
methods, such as multilateral(ML) wells, increase production efficiency.
However, drilling such wells is associated with mechanical instability. Those issues depend on the
formation strength parameters, in-situ stress, well-direction, pore-pressure, and fluid parameters. The study
of stability requires a failure criterion. Hereof, some failure criteria do not consider the role of intermediate
principal stress(c2), which is proven to have a considerable effect on mechanical failure. Our study uses
the three-dimensional(3D) finite element method(FEM) to investigate the stability and solid deformation
of an ML well that follows the Mohr-Coulomb(MC) and Mogi-Coulomb(Mogi-C) failure criterion to
studying of mechanical failure. The results were shown in different graphs such as changes in surface
pressure, flow lines around the well and fracture for different borehole pressures using Mogi-C and MC
fracture criteria. Our results revealed that the weakest range in these wells is at the junction of branches.
Due to the principal stress effects, using the Mogi-C criterion is more safe and closer to reality. The results
demonstrate an approximate 30% reduction in predicted failure points under pressures exceeding 30 MPa
when employing the Mogi-C criterion, with predicted failures decreasing from approximately 15% to 5%
at 35 MPa.
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1. Introduction not be overlooked [1]. Additionally,

The stability of open-hole ML wells is a critical unconventional drilling techniques, such as ML
concern in the oil and gas industry, particularly as wells, are pivotal in enhancing the efficiency and
drilling technologies evolve to enhance output of the parent well. ML wells are
production efficiency. ML wells, characterized by characterized by a horizontal or near-horizontal

multiple lateral branches extending from a parent
well, provide significant advantages regarding
reservoir access and resource extraction. These
wells facilitate the maximization of hydrocarbon
recovery by allowing operators to tap into various
zones within a reservoir while minimizing surface
disruption. However, the complexities associated
with ML well designs introduce unique challenges
related to mechanical stability, which can
jeopardize operational safety and economic
viability. In deep wells, the prevailing conditions
typically involve triaxial stress states, even in
scenarios of symmetrical loading. The integrity
and stability of these wells are critical and should

lateral well being drilled from the parent well,
which can be further classified into two distinct
levels:

1. New developments: Drilling a new well as an
ML well (Figure 1)

2. Re-entries: Drilling new branches from the
existing well [2], [3].

Advancements in drilling technologies have
significantly increased production capacity per
well and improved reservoir recovery factors.
However, the intricate nature of ML well drilling
introduces a higher likelihood of instability than
traditional well designs. This necessitates a
focused approach to wellbore stability, as it
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remains one of the most critical challenges in the
oil and gas sector [4], [5], [6], [7]. [8], [9], [10],
[11], [12]. Various engineering studies have
addressed wellbore stability issues, but most have
concentrated on single well configurations. The
complex junctions and connections in ML wells
present heightened risks that require thorough
stability assessments. The two predominant types
of instabilities—junction instability and bend
instability—are vital contributors to the failure of
ML wells [13], [14], [15].

Previous research on the stability of multilateral
(ML) wells has predominantly focused on the
drilling phase, employing both elastic [12], [15]
and plastic models for mechanical analysis [16],
[17] However, as production progresses, the

stress distribution and associated stability risks
evolve due to fluid dynamics and depletion. Thus,
evaluating the interplay between fluid flow and
geomechanical factors is essential.

An appropriate failure criterion is essential for
conducting a comprehensive mechanical analysis
of well walls. This criterion should accurately
assess the extent of potential failures in a manner
that closely aligns with real-world observations.

Water
Source rocks

FiE;. 1. The connection between the t)wo oil re;érvoirs
using ML wells

Most methodologies addressing wellbore stability
primarily rely on linear elastic-brittle theory.
According to this framework, borehole collapse is
precipitated when elastic stresses exceed the
material strength [18], [19], [20], [21], [22], [23],
[24], [25]. Strength is typically characterized by a
failure criterion, which, while advantageous for its
simplicity and capability to handle anisotropic
stress  conditions, presents challenges in
accurately modeling deformations. The failure
criteria, rooted in the analysis of principal stresses,
can be categorized into two main types:

a) Failure criteria excluding intermediate
principal stress: This category includes models
such as MC, Hoek-Brown, and Tresca, which do
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not consider the effects of the intermediate
principal stress.

b) Failure criteria incorporating intermediate
principal stress: This group encompasses criteria
like Mogi-C, Drucker-Prager, and Lade, which
explicitly factor in the influence of the
intermediate principal stress on material failure.
Traditional failure criteria, such as the MC
criterion, have been widely employed to assess
wellbore stability. However, these criteria often
overlook the significant role of intermediate
principal stress (¢2), which has been shown to
impact  mechanical  failure ~ mechanisms
substantially [26], [27], [28], [29].

Recent studies have emphasized the importance of
considering intermediate principal stress (o2) in
stability analyses. Incorporating true triaxial stress
states significantly improves the predictive
capabilities of failure criteria in complex
geological settings. On the other hand, integrating
fluid dynamics into stability assessments is
necessary, as fluid pressure variations can
exacerbate mechanical instability in ML wells
[301, [31], [32], [33], [341, [35], [36], [37], [38].
The Mohr-Coulomb failure criterion has gained
prominence, particularly in the context of hard
rocks [39]. However, its applicability to soft
rocks remains questionable [40].
Characteristically, its failure envelope is linear
rather than convex, which raises concerns given
the mounting empirical data indicating otherwise.
Existing criteria predominantly focus on the
significant principal stresses, o1 and o3, while
neglecting the influence of 62 for simplicity [41].
While this approach is often justified, in-situ
stress measurements suggest that the stress states
are typically anisotropic (c1#02#063) [42], This
observation supports the argument for employing
polyaxial (three-dimensional or true-triaxial)
failure criteria, particularly when ¢1>02>63, as
these may more accurately reflect the actual
subsurface conditions compared to true-triaxial
criteria where 61>62=03 [43]. Moreover, recent
studies[31], [32], [44], [45] highlight the
significant role 62 plays in rock failure, especially
under conditions where the principal stresses are
markedly disparate [46], [47]. Consequently, a
variety of actual true-triaxial failure criteria have
emerged over the past two decades [37], [48],
[49], [50], [51], [52], [53], [54], [55], [56].
Noteworthy references in this domain include the
works of Colmenares and Zoback, Benz and
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Schwab, and Rukhaiyar and Samadhiya. [57],
[58], [59]. However, it is worth noting that most
true-triaxial criteria remain broadly applicable to
rugged rocks, with limited relevancy for soft rock
applications [60].

This study employs a three-dimensional finite
element method (FEM) to analyze the stability of
ML wells, utilizing both the Mogi-C and MC
failure criteria for analysis due to their analogous
formulations. By integrating the effects of
intermediate principal stress, this research aims to
provide a more accurate assessment of failure
risks associated with ML well configurations.

2. Modelling open-hole ML wells

Due to the inherent asymmetry in the geometry of
multi-layer (ML) wells, 3D numerical simulations
are employed to assess deformation and failure
mechanisms in these structures. Finite Element
Method (FEM) analyses are utilized to investigate
stress and deformation responses in well drilling
scenarios, incorporating elastic, plastic, and
elastoplastic material models [61], [62]. While 2D
models can provide insights into the interactions
between adjacent wells, they fail to accurately
capture stress concentrations at convergence
zones and account for stress rotations and flexural
responses at  junctions.  Therefore, a
comprehensive 3D hydro-mechanical FEM
approach is implemented, integrating elastic
deformations with Darcy flow to compute stress-
strain distributions and pore pressures across the
entire 3D domain. This methodology accounts for
in situ stresses (oX, oy, 0z), reservoir pressure
(Pr), and well pressure (Pw), thereby offering a
holistic view of the well's performance under
various loading conditions.

2.1. Failure Criterion

2.1.1. Mohr-Coloumb failure criterion

The classical Mohr-Coulomb (MC) failure
criterion is a linear model for shear failure,
characterized by two fundamental parameters:
cohesion (C) and friction angle (¢). In the context
of normal stress (o) and shear stress (z), the MC
criterion can be mathematically expressed as:

7—C —o,.tang =0 (@h)

In principal stress space (o1, 03), the classical
Mohr-Coulomb (MC) failure criterion can be
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reformulated as:

_1l+sing ~ 2C cosg _
D1 sing 7 1-sing =0 @)

In line with Equation 2, when the maximum
stress (omax) is zero, the tensile strength (or) can be
represented by Equation 3. Conversely, if the
minimum stress (omin) iS zero, the compressive
strength (o) is defined by Equation 4.

_—2C cos¢
7T 1ysing O ©)
_2Ccos¢g
ST 1 sing “)

According to Equations 3 and 4, the ratio
between oc and oT can be expressed by the
following Equation:

o, 1l+sing _q c
o; 1-sing ®)
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Fig 2: Classical MC failure criterion in the normal stress-
shear stress space (a) and the principal stress field (b)

The ratio of compressional stress (a¢) to tensile
stress (o7) is a critical parameter in understanding
the mechanical behavior of materials under
various loading conditions. Compressional stress
is induced when forces compress a material, while
tensile stress arises from forces that extend or pull
it apart. Analyzing this ratio yields essential
insights into a material's mechanical properties.
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Fig 3: MC failure criterion with stress removal in the
normal stress-shear stress space (a) and the principal
stress field (b)

Materials exhibiting a high compressional-to-
tensile stress ratio typically demonstrate excellent
resistance to compressive forces and are prone to
brittle failure. Conversely, materials with a low
ratio tend to undergo significant plastic
deformation under compressive loads.

This understanding is crucial for engineers and
designers in material selection tailored to specific
applications, as it directly impacts the strength and
stability of structures. For instance, materials with
a balanced compressional-to-tensile stress ratio
are often preferred to enhance safety and
durability, ensuring structures can effectively
withstand both tensile and compressive forces.

Assuming realistic friction angle values, the
calculated resistance ratio (q), as per Equation 5,
tends to be lower than the values derived from
empirical measurements. The applicability of
the classic Mohr-Coulomb (MC) criterion in rock
mechanics, illustrated in Figure 3, is frequently
constrained by the stress limit criterion a3 = or,
which is directly obtained from observational
data.

2.1.2. Mogi-C Failure Criterion

Principal stresses play a significant role in
determining the Unconfined Compressive
Strength (UCS) of rocks [63]. Mogi (1971)
introduced the concept of Fracture Criterion (FC)
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as outlined in Equation 6, emphasizing the
influence of the second principal stress (62) on
rock fracturing mechanisms [45], [57].

A[GIEGSJ —Tocr =0 (6)

where:

toer =G o o, oy ey (1)

In Equation 6, A and n are material parameters
obtained by curve fitting. However, this criterion
was debatable because the material parameters
could not be related to the MC failure parameters.
Al-Ajmi & Zimmerman (2005) introduced a
linear criterion called Mogi-C, as described in
Equation 8 [45], [56]:

O, + 03

a+b( )~ Tocr =0 (8)

In Equation 8, the parameters a and b are
expressed as functions of the MC parameters,
specifically C and ¢, as delineated in Equations
9 and 10.

a:%C cos @ 9)
b= 2f sing (10)

We present om. as the average of the
maximum and minimum principal stresses. The
formulation in equation 8 can be succinctly
summarized as follows:

a+bo, , —7or =0 (11)

In the Mogi-C criterion, when the second
principal stress (o2) equals either the maximum
principal stress (61=02) or the minimum principal
stress (a2=03), the criterion simplifies to the linear
equation characteristic of the MC failure criteria.

By applying Terzaghi's effective stress
principle (¢’ = o - p), Equation 11 can be
reformulated as follows:

a+b(0'm,z —P)—7oer =0 (12)

Finally, the failure function can be written as:

Fail= %ot _P (o ) (13)
a a '

For a given stress situation, if Fail > 1, it
denotes failure of the rock, and if Fail < 1, it
predicts the stability of the rock.

2.2.Geometry and material properties

In this numerical simulation, we model a 22 cm
diameter ML well (The usual diameter of oil wells
at deep depths) situated within a 4-meter cubic
block surrounding the red ML depicted in Figure



Journal of Petroleum Geomechanics; Vol. 7; Issue. 4; Winter 2024

1. To streamline the computational process, we
employed a symmetry plane, as illustrated in
Figure 4-a, effectively bisecting the model. The
finite element mesh for the computational domain
is provided in Figure 4-b. Details regarding the
rock properties and reservoir characteristics are
delineated in Tables 1 and 2.
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Fig 4: a) Area around the branch joints for numerical
simulation, b) The complete meshing of the model

Table 1. Mechanical Rock Properties

VARIABLE DESCRIPTION Value Unit

Ps Solids density 2560 kg/m3
Young's

E modulus 1 GPa

v Poisson's ratio  0.31 ‘ -

C Cohesion 4 MPa

¢ Frictionangle ~ 30and45 | deg

n Porosity 0.15 | -
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Table 2. Fluid Properties Parameters

VARIABLE DESCRIPTION Value Unit
P Fluid density 830 kg/m®
Fluid dynamic
u viscosity 2.43%-3 Pa.s
k Permeability 85 md
pr Por-pressure 31 MPa
C Compressibility 4 450469 1/Pa
of fluid
Biot-Willis
¢ coefficient 0.7 )
[0-10-15-20-
Pw Mud pressure 25-30-35-40] MPa

2.3. Boundary conditions and model
assumptions

One of the essential parts of achieving reliable
results in numerical methods is considering the
correct boundary conditions. In this study, the
boundary conditions are such that the only fluid
outlet is through the well, so the boundaries
perpendicular to the axis of the well are
considered without fluid flow. The wellhead can
deform in terms of deformation, but the side walls
cannot deform.

2.3.1. Physical formulation of fluid flow
According to the porous medium's governing
equations, fluid flow in the porous medium can be
expressed using a combination of the continuity
equation and the Darcy equation, as shown in
Equation 14.

k
V.|-=vp, |=0
( H pj =

In Equation 14, k is the intrinsic permeability,
W is the dynamic viscosity, and Ps is the pore fluid
pressure. The pore pressure within the reservoir
will change when production begins. Because
when the pumping starts, a pressure drop occurs
around the walls, and the fluid sucks into this part,
which will cause a pore-pressure decline in
different parts. Since the well is the only outlet for
fluid, networks do not pass through well junctions
or the well [64, 65]. In summary:

P = Preservoir 0Q Reservoir (15)
n .(—EVp] =0 0Q Symmetry face
. (16)
n.(—EVpJ =0 oQ Connecting segments
u
p=p, oQ Well (17)

where n is the normal vector to the boundary, and
0Q represents the range.
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2.3.2. Physical formulation of solid deformation

Pressure changes cause solid deformation
because the Cauchy stress tensor is related to the
pore pressure as follows [65, 66]:

c=Ce—-oyp;l (18)
where C is the elasticity matrix that depends on
Young's modulus (E) and Poisson's ratio (v), ¢ is
the strain tensor, and o is the Biot coefficient.
Equation 19 is the linear momentum balance
equation of the whole system, where F is the body
force vector.

-Vo=F
T, T

Xy Xz

(19)
y yz

Ty, O,

O-X
oc=\t, O, T
TZ)(

The stress-strain equation for linear materials
relates the stress tensor ¢ to the strain tensor e
through the elasticity matrix C, which is a function
of E, and v for isotropic materials.

In the linear geometric model of this research,
the strain tensor components depend on the
displacement vector u, which includes directional
components u, v, and w:

au 1[6u avJ
& =— &y =

= — 4+
T X v " 2lay  ox
ov 1fov ow
=— == —
gY ay Syz 2[62 ayj (20)
ow 1[8u G\NJ
& =7 & =% —t
oz 2\oz  ox

Also, in Figure 5, a summary of the boundary
conditions is presented for the model.
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Fig 5: GEometry and the boundary conditions
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3. Simulation results

3.1. Solid displacement and deformation
Figure 6 provides a critical visualization of the
displacement behavior in open-hole ML wells as
a function of varying intra-well pressures (mud
pressures). This graph is essential for understanding
how pressure changes affect the structural integrity
of the wellbore and surrounding geological
formations.

The graph illustrates a clear trend where total
displacement decreases as intra-well pressure
increases. This indicates that higher pressures can
initially stabilize the wellbore by reducing the
amount of movement or deformation in the
surrounding rock. On the other hand, the isosurface
representation allows for a three-dimensional view
of how displacement varies spatially around the
wellbore, providing insights into which areas are
most affected by pressure changes.

A significant observation from the graph is the
critical threshold at 30 MPa. As pressures exceed
this level, the graph indicates the formation of
concentrated stress zones around the wellbore.
The graph highlights these zones, showing areas
where the displacement is reduced and where
stress concentrations could lead to potential
failure. Identifying this threshold is crucial for
drilling operations, as it suggests that increasing
pressure can help maintain stability, but it poses
risks if not carefully managed.

Moreover, The graph emphasizes the delicate
balance between maintaining sufficient pressure
to prevent shear failure and avoiding excessive
pressure that could induce tensile failure or
hydraulic fracturing. This balance is visually
represented by the displacement patterns observed
in the isosurface. The areas of concentrated stress
around the wellbore, particularly when pressures
exceed 30 MPa, indicate potential failure zones.
This insight is vital for engineers and geoscientists
as they design and monitor drilling operations.

3.2. Fluid distribution and pressure

The Pressure Isosurface in the graph of Figure 7
provides a detailed visualization of the pressure
distribution around the wellbore under various
pressure conditions (Pw < 30 MPa). This graph is
crucial for understanding fluid flow dynamics and
pressure behavior in open-hole ML wells,
particularly underbalanced drilling scenarios.
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Fig 7: Pressure isosurface changes and streamlines around the well

The graph of Figure 7 illustrates that the borehole
pressure is significantly lower than the pore pressure,
characterizing an underbalanced drilling scenario.
This condition is visually represented through color
gradients and isosurfaces, indicating that the
pressure within the well consistently lags behind the
surrounding pore pressure. The pressure differential
is critical as it facilitates the ingress of pore fluid into
the wellbore. The streamlines visually depict this
influx, indicating the fluids' direction and flow
toward the wellbore.

The pressure drop near the borehole promotes
fluid migration into the well. This factor is
particularly important in drilling operations as it can
enhance the efficiency of fluid extraction and
reservoir management. The streamlines in the graph
effectively illustrate how fluids are drawn into the
wellbore, thereby highlighting the advantages of
underbalanced drilling in specific contexts.
However, the graph is also a cautionary note, as
excessive fluid migration may lead to instability if
not managed with care. The visual representation of
fluid movement underscores the need for precise
control over pressure conditions to prevent potential
wellbore collapse or other mechanical failures.

Furthermore, the graph indicates that
substantial pressure gradients surrounding the well
can result in notable displacement phenomena near
the wellbore wall and at the branch interface. This
information is crucial for understanding how
pressure variations impact the well's structural

integrity. The visual data suggest that while
maintaining lower pressures can facilitate fluid
influx, it simultaneously necessitates vigilant
monitoring to prevent the emergence of conditions
that could compromise stability or lead to failure.

The graph permits a comparative analysis of
varying pressure conditions (Pw = 0 MPa to Pw =
30 MPa). As pressure increases, the distribution
patterns evolve, which can be correlated with the
stability of the wellbore. Visualizing these changes
provides insights into how different pressure levels
can influence the mechanical behavior of the well
and the efficacy of fluid extraction strategies. The
graph emphasizes the critical importance of
managing pressure differentials during drilling
operations. Operators must carefully balance the
benefits of underbalanced drilling with the risks
associated with excessive fluid influx and potential
instability. Moreover, the pressure isosurface and
streamlines serve as diagnostic tools for engineers,
aiding in the visualization and prediction of fluid
behavior within the wellbore. This capability can
guide real-time decision-making during drilling
operations and enhance safety protocols.

The findings derived from this graph underscore
the necessity of incorporating advanced modeling
techniques that account for fluid dynamics and
pressure  distributions in  well design. A
comprehensive understanding of these dynamics is
essential for optimizing drilling operations and
ensuring the long-term stability of multilateral wells.
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3.3. Effects of Intermediate Principal
Stress

Graphs depicted in Figure 8 offer a comparative
analysis of failure predictions for ML wells
utilizing two distinct failure criteria: the Mogi-C
criterion, which accounts for the influence of
intermediate principal stress (o2), and the
conventional MC criterion, which does not
include this parameter. This analysis is critical for
comprehending how these criteria affect the
evaluation of well stability and associated failure
risks.
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This graph delineates five distinct boundaries (A, B,
C, D, and E) along the surface of the well wall,
identifying four zones predisposed to failure. Each
zone exhibits varying degrees of susceptibility, with
Zone 1 demonstrating the highest severity and
frequency of failure incidents. The Mogi-C criterion
indicates a lower number of predicted failure points
compared to the MC criterion, particularly in areas
where the MC criterion suggests potential failure.
This disparity underscores the conservative nature of
the MC criterion, which may lead to excessive
caution in well-designed and operational practice

Fail expression Important fail zones

2 a 0 1 2m 2 1

Zone-1

Fail functions of line-A

~10MPa)
10MPa)
15MPa)
ia (Pw-15MPa)

Fail Number(unitless)

Length(m)

Fail functions of line-B

Fail Number(unitless)

i (Pw=40MPa)

Length(m)

Fail functions of line-C

| -

Fail Number(unitless)

Length(m)

Fail functions of line-D

Fail Number(unitless)
{
-

Length(m)

Fail functions of line-E

Zone-1

Fail Number(unitless)

Length(m)

Fig 8: Investigation of failure for different borehole pressures using Mogi-C and MC failure criteria (all red parts have undergone failure)
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conversely, incorporating o in the Mogi-C criterion
substantially modifies the failure predictions. The
graph illustrates that the Mogi-C criterion offers a
more accurate evaluation of failure risks, especially
at the junctions of the branches, where mechanical
failures are more likely to arise. By excluding o2, the
MC criterion frequently forecasts failure in locations
where the Mogi-C criterion does not, suggesting that
the MC approach may inadequately account for the
complexities of stress interactions in ML wells.
Identifying failure-prone zones is essential for
determining where targeted interventions may be
required during drilling operations. The graph
indicates that Zone 1 is particularly vulnerable,
implying that focused engineering solutions should
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be implemented in this area to enhance stability. As
illustrated in the graph, the persistence of failures at
the branch junctions across all pressure ranges
emphasizes the need for concentrated attention
during the design and drilling phases of ML wells.

The insights derived from this graph advocate for
a paradigm shift in wellbore stability analysis. By
integrating intermediate principal stress into stability
assessments, operators can better understand failure
mechanisms, leading to improved safety protocols
and optimized drilling operations. Furthermore, the
graph serves as a visual representation of the
significant role of advanced modeling techniques in
predicting well stability, reinforcing the imperative
to incorporate these methodologies into standard
practices within the oil and gas industry.
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Fig 9.1: Prediction of sensitive range in ML wells
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Fig 9.2: Prediction of sensitive range in ML wells using Mogi-C criterion and MC criterion (Line B)
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Lines A, B, C, D, and E of the graph in Figure 9
represent diverse failure functions derived from the
Mogi-C and Mohr-Coulomb failure criteria under
varying borehole pressures (Pw). Each line provides
critical insights into the influence of pressure on the
probability of failure in the surrounding geological
material, highlighting significant thresholds and
zones of potential failure.

Line A of Figure 9.1 demonstrates distinct
failure patterns under various pressures, indicating
that certain pressure levels markedly increase the
incidence of failures. The failure functions
associated with the Mogi-C and Mohr-Coulomb
criteria illustrate the material's behavior under low to
moderate pressures. This analysis identifies critical
thresholds, particularly at pressures around 20 MPa
and above, emphasizing the necessity for monitoring
and potential reinforcement in these areas. Specific
regions, such as Zone 1 and Zone 4, are identified as
vulnerable, suggesting the need for proactive
measures to avert structural failure.

Line B of Figure 9.2 similarly indicates that an
increase in pressure correlates with changes in
failure numbers, reinforcing the relationship
between pressure and the likelihood of failure. The
failure functions reveal a significant escalation in
failure numbers at elevated pressure levels,
particularly around 25 MPa, necessitating careful
management to mitigate risks. Highlighted failure
zones, including Zone 2 and Zone 4, offer insight
into where intervention may be warranted, aligning
with observations made in Line A.

Line C of Figure 9.3 further elucidates the impact
of pressure on the likelihood of failure, suggesting
that certain pressure levels are more critical than
others, precisely at 30 MPa and above. The patterns
indicate that specific pressures increase in failure
numbers, thus aiding in predicting potential failure
points, especially within Zones 1 and 4. This line
also identifies zones that require proactive measures
to enhance safety and stability, consistent with the
findings from Lines A and B.

Line D of Figure 9.4 exhibits the observed trend,
illustrating how varying pressures influence failure
functions, with data indicating notable variations in
structural  response. The failure  functions
consistently show an increase in failure numbers
alongside pressure increases. This analysis
underscores the necessity for continuous monitoring
of borehole pressures, as the likelihood of failure
exhibits significant variability with pressure
fluctuations, particularly at pressures exceeding 35
MPa. Like the previous lines, Line D emphasizes
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critical zones, particularly Zone 4, that may
necessitate fortification or heightened monitoring to
prevent failure.

Line E of Figure 9.5 presents failure functions in
alignment with the trends identified in earlier lines,
indicating a continuous pattern where increased
pressure correlates with heightened failure numbers.
The functions demonstrate a consistent upward trend
in failure likelihood with increasing pressure. The
findings convey the importance of meticulously
managing borehole pressures to sustain structural
integrity and deter failures, particularly at
approximately 40 MPa. Consistent with the findings
from other lines, Line E recognizes critical failure
zones, emphasizing the importance of monitoring
and potential interventions, especially in Zones 1 and
4.

Collectively, all five lines illustrate a consistent

trend wherein increased borehole pressure is
associated with a higher likelihood of failure,
thereby establishing a clear relationship between
pressure and failure probability. Each line delineates
specific pressure levels critical for safe operations,
highlighting the importance of monitoring these
thresholds to prevent structural failures. The vital
pressures exhibit a general increase from Line A to
Line E, reflecting a more pronounced sensitivity to
pressure changes. Furthermore, all lines underscore
the importance of identifying zones where materials
are particularly prone to failure, suggesting that
proactive measures are essential across all scenarios.
Zones 1, 2, 3, and 4 are consistently highlighted as
areas of concern.
Failures, particularly at approximately 40 MPa.
Consistent with the findings from other lines, Line
E recognizes critical failure zones, emphasizing
the importance of monitoring and potential
interventions, especially in Zones 1 and 4.

4. Conclusions

This study evaluates the stability of open-hole
multilateral wells, focusing on the impact of
intermediate principal stress. By assessing the
predictive capabilities of the Mogi-C criterion in
comparison to the Mohr-Coulomb criterion, the
analysis demonstrates that the incorporation of
intermediate principal stress via the Mogi-C
criterion  substantially  enhances  stability
predictions across various pressure conditions.
Specifically, at pressures exceeding 30 MPa, the
Mogi-C criterion exhibits a significant reduction
of approximately 30% in predicted failure points
when contrasted with the Mohr-Coulomb
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criterion. At a benchmark pressure of 35 MPa, the
anticipated incidence of failures declines from
approximately 15%, as predicted by the Mohr-
Coulomb criterion, to merely about 5% with the
Mogi-C criterion. These results underscore the
crucial role of intermediate principal stress in
accurately modeling multilateral well stability.
The considerable improvements observed through
the application of the Mogi-C criterion suggest
that its implementation may facilitate safer and
more efficient drilling practices. By integrating
intermediate  principal stress into stability
assessments, a robust framework for predicting
well integrity is established, thereby enhancing
operational decision-making and risk
management in multilateral drilling initiatives.
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