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(57) Abstract: A method for performing a borehole operation is disclosed. The method includes determining (201) a characteristic
diffusion time that corresponds to an undrained response period or a non-monotonic pore pressure dissipation phase of a porous medium
surrounding a borehole, determining (202), based on a pre-determined failure criterion, a critical time of the borehole that corresponds
to when a failure of the porous medium occurs within the characteristic diffusion time, identifying (203) a failure region of the failure
occurring at the critical time of the borehole, and performing (204), based on at least the identified failure region, the borehole operation.
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CAPTURING MOST SEVERE FAILURE REGIONS AROUND
BOREHOLE IN ANALYTICAL POROELASTIC ANALYSIS

BACKGROUND

[0001] Stress and pore pressure responses around wellbore are time-dependent,
therefore the borehole stability is also time-dependent. The time-dependence can be
caused by physical, mechanical, hydraulic, thermal, chemical or rheological
mechanisms. For example, fluid diffusion and rock deformation interaction due to
hydro-mechanical mechanism plays an important role in wellbore drilling into an

unconventional formation.

[0002] Poroelastic analysis is a technique that studiesthe interaction between fluid flow
and solids deformation within a linear porous medium, such as the formation rocks
around a wellbore. The deformation of the medium influences the flow of the fluid and

vice versa.

SUMMARY

[0003] In general, in one aspect, the invention relates to a method for performing a
borehole operation. The method includes determining a characteristic diffusion time
that corresponds to an undrained response period or a non-monotonic pore pressure
dissipation phase of a porous medium surrounding a borehole, determining, based on a
pre-determined failure criterion, a critical time of the borehole that corresponds to when
a failure of the porous medium occurs within the characteristic diffusion time,
identifying a failure region of the failure occurring at the critical time of the borehole,

and performing, based on at least the identified failure region, the borehole operation.

[0004] In general, in one aspect, the invention relates to a data gathering and analysis
system that includes a computer processor, and memory storing instructions, when
executed, causing the computer processor to determine a characteristic diffusion time
that corresponds to an undrained response period or a non-monotonic pore pressure
dissipation phase of a porous medium surrounding a borehole, determine, based on a
pre-determined failure criterion, a critical time of the borehole that corresponds to when

a failure of the porous medium occurs within the characteristic diffusion time, identify
1
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a failure region of the failure occurring at the critical time of the borehole, and perform,

based at least on the identified failure region, a borehole operation.

[0005] In general, in one aspect, the invention relates to a well system that includes a
rig for drilling a borehole, and a data gathering and analysis system comprising
functionality for determining a characteristic diffusion time that corresponds to an
undrained response period or a non-monotonic pore pressure dissipation phase of a
porous medium surrounding a borehole, determining, based on a pre-determined failure
criterion, a critical time of the borehole that corresponds to when a failure of the porous
medium occurs within the characteristic diffusion time, identifying a failure region of
the failure occurring at the critical time of the borehole, and performing, using the rig

and based at least on the identified failure region, a borehole operation.

[0006] Other aspects and advantages will be apparent from the following description

and the appended claims.
BRIEF DESCRIPTION OF DRAWINGS

[0007] Specific embodiments of the disclosed technology will now be described in
detail with reference to the accompanying figures. Like elements in the various figures

are denoted by like reference numerals for consistency.

[0008] FIGs. 1A and 1B show systems in accordance with one or more embodiments.
[0009] FIG. 2 shows a flowchart in accordance with one or more embodiments.
[0010] FIGs. 3A-3K show an example in accordance with one or more embodiments.
[0011] FIG. 4 shows a computing system in accordance with one or more
embodiments.
DETAILED DESCRIPTION
[0012] In the following detailed description of embodiments of the disclosure,

numerous specific details are set forth in order to provide a more thorough
understanding of the disclosure. However, it will be apparent to one of ordinary skill in

the art that the disclosure may be practiced without these specific details. In other
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instances, well-known features have not been described in detail to avoid unnecessarily

complicating the description.

[0013] Throughout the application, ordinal numbers (e.g., first, second, third, etc.) may
be used as an adjective for an element (i.e., any noun in the application). The use of
ordinal numbers is not to imply or create any particular ordering of the elements nor to

limit any element to being only a single element unless expressly disclosed, such as

"non
2

"non
2

using the terms "before", "after", "single", and other such terminology. Rather, the use
of ordinal numbers is to distinguish between the elements. By way of an example, a
first element is distinct from a second element, and the first element may encompass
more than one element and succeed (or precede) the second element in an ordering of

elements.

[0014] Embodiments of this disclosure provide a method and a system for performing
a borehole operation. In one or more embodiments of the invention, a characteristic
diffusion time that corresponds to an undrained response period or a non-monotonic
pore pressure dissipation phase of a porous medium surrounding a borehole is
determined using a poroelastic analysis software. A critical time of the borehole that
corresponds to when a failure of the porous medium occurs within the characteristic
diffusion time is then determined based on a pre-determined failure criterion, such as
Mohr-Coulomb criterion, Drucker-Prager criterion, Hoek-Brown criterion, or Modified
Lade criterion. A failure region of the failure occurring at the critical time of the
borehole is identified such that the borehole operation is performed based on the
identified failure region. In particular, the borehole operation is performed in a manner
to mitigate a potential borehole breakout event and prevents a borehole breakout

induced problem of spalling, washout, tight hole or stuck pipe.

[0015] FIG. 1A shows a schematic diagram of a well environment in accordance with
one or more embodiments. In one or more embodiments, one or more of the modules
and/or elements shown in FIG. 1A may be omitted, repeated, and/or substituted.
Accordingly, embodiments disclosed herein should not be considered limited to the

specific arrangements of modules and/or elements shown in FIG. 1A.

[0016] As shown in FIG. 1A, a well environment (100) includes a subterranean

formation (“formation”) (104) and a well system (106). The formation (104) may
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include a porous or fractured rock formation that resides underground, beneath the
earth's surface (“surface”) (108). The formation (104) may include different layers of
rock having varying characteristics, such as varying degrees of permeability, porosity,
capillary pressure, and resistivity. In the case of the well system (106) being a
hydrocarbon well, the formation (104) may include a hydrocarbon-bearing reservoir
(102). In the case of the well system (106) being operated as a production well, the well
system (106) may facilitate the extraction of hydrocarbons (or “production”) from the

reservoir (102).

[0017] In some embodiments disclosed herein, the well system (106) includes a rig
(101), a wellbore (120), a data gathering and analysis system (160), and a well control
system (“control system”) (126). The well control system (126) may control various
operations of the well system (106), such as well production operations, well drilling
operation, well completion operations, well maintenance operations, and reservoir
monitoring, assessment and development operations. In some embodiments, the well

control system (126) includes a computer system.

[0018] The rig (101) is the machine used to drill a borehole to form the wellbore (120).
Major components of the rig (101) include the drilling fluid tanks, the drilling fluid
pumps (e.g., rig mixing pumps), the derrick or mast, the draw works, the rotary table or
top drive, the drill string, the power generation equipment and auxiliary equipment.
Drilling fluid, also referred to as “drilling mud” or simply “mud,” is used to facilitate

drilling boreholes into the earth, such as drilling oil and natural gas wells.

[0019] In some embodiments, a bottom hole assembly (BHA)(151) is attached to the
drill string (150) to suspend into the wellbore (120) for performing the well drilling
operation. The bottom hole assembly (BHA) is the lowest part of the drill string (150)
and includes the drill bit, drill collar, stabilizer, mud motor, etc. In one or mor
embodiments, the wellbore (120) may be drilled for exploration and/or production
purposes. The wellbore (120) may be logged by lowering a combination of physical
sensors (or sondes) downhole to acquire data that measures various rock and fluid

properties, such as irradiation, density, electrical and acoustic properties.

[0020] The wellbore (120) includes a bored hole (i.e., borehole) that extends from the

surface (108) towardsa target zone of the formation (104), such as the reservoir (102).

4
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The wellbore (120) may be drilled for exploration, development and production
purposes. The wellbore (120) may facilitate the circulation of drilling fluids during
drilling operations for the wellbore (120) to extend towards the target zone of the
formation (104) (e.g., the reservoir (102)), facilitate the flow of hydrocarbon
production (e.g., oil and gas) from the reservoir (102) to the surface (108) during
production operations, facilitate the injection of substances (e.g., water) into the
hydrocarbon-bearing formation (104) or the reservoir (102) during injection
operations, or facilitate the communication of logging tools lowered into the
formation (104) or the reservoir (102) during logging operations. The wellbore (120)
may be logged by lowering a combination of physical sensors downhole to acquire
data that measures various rock and fluid properties, such as irradiation, density,
electrical and acoustic properties. The acquired data may be organized in a log format

and referred to as well logs or well log data.

[0021] In some embodiments, the data gathering and analysis system (160) includes
hardware and/or software with functionality for facilitating operations of the well
system (106), such as well production operations, well drilling operation, well
completion operations, well maintenance operations, and reservoir monitoring,
assessment and development operations. For example, the data gathering and analysis
system (160) may store geological and mechanical information of the formation and
perform the poroelastic analysis based on user input of borehole geometry and drilling
parameters. The poroelastic analysis results may then be provided to the well control
system (126) to facilitate various operations of the well system (106), e.g., in a manner
to mitigate a potential borehole breakout event and prevent a borehole breakout induced

problem of tight hole or stuck pipe.

[0022] While the data gathering and analysis system (160) is shown at a well site,
embodiments are contemplated where at least a portion of the data gathering and
analysis system (160) is located away from well sites. In some embodiments, the data
gathering and analysis system (160) may include a computer system that is similar to
the computer system (400) described below with regard to FIG. 4 and the

accompanying description.

[0023] FIG. 1B shows details of the data gathering and analysis system (160) depicted

in FIG. 1A above, in accordance with one or more embodiments disclosed herein. In
5
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one or more embodiments, one or more of the modules and/or elements shown in FIG.
1B may be omitted, repeated, and/or substituted. Accordingly, embodiments disclosed
herein should not be considered limited to the specific arrangements of modules

and/or elements shown in FIG. 1B.

[0024] Asshown in FIG. 1B, the data gathering and analysis system (160) has multiple
components, including, for example, a buffer (114), a characteristic diffusion time
analyzer (111), a poroelastic analysis engine (112), and a display engine (113). Each

of these components is discussed below.

[0025] In one or more embodiments, the buffer (114) may be implemented in hard ware
(i.e., circuitry), software, or any combination thereof. The buffer (114) may be any
data structure configured to store input data, output results, and intermediate data of
the characteristic diffusion time analyzer (111), the poroelastic analysis engine (112),
and the display engine (113). In one or more embodiments, the buffer (114) stores
formation properties (115), borehole and drilling parameters (116), characteristic
diffusion time (117), borehole failure critical time (118), failure region (119), and

borehole operation specification (120).

[0026] In one or more embodiments, the characteristic diffusion time analyzer (111)
may be implemented in hardware (i.e., circuitry), software, or any combination
thereof. The characteristic diffusion time analyzer (111) is configured to compute the
characteristic diffusion time (117) based on the formation properties (115) and the
borehole and drilling parameters (116). For example, the formation properties (115)
may be obtained from a logging operation while the borehole and drilling parameters

(116) may be obtained from user input.

[0027] In one or more embodiments, the poroelastic analysis engine (112) may be
implemented in hardware (i.e., circuitry), software, or any combination thereof. In
particular, the poroelastic analysis software is used to assist drilling in challenging
formations. Geological formations can demonstrate various complicated mechanical,
hydraulic, thermal and chemical behaviors, which impose tremendous challenges to
the drilling operations. For example, lamination causes the shale formations behave
differently in different directions. The presence of natural fractures in shales degrades

mechanical strength of formation and introduces complicated fluid flow phenomena
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in rock mass and fractures. In salt formations, the borehole size may continues to
reduce after initial stabilization such that the completion cannot be performed. The
stability and integrity of wellbore is dependent ona balance between effective stresses
and rock strength. Decreasing effective stresses or increasing rock strength is
beneficial to the wellbore integrity. Conversely, increasing effective stresses or
decreasing rock strength has detrimental effects. In fractured formations, natural
fractures cause the mechanical strength of rocks to be weak and anisotropic. The fluid
in the fracture introduces an additional diffusion process, which communicates with
the fluid flow in the rock mass pore space, also interacts with the mechanical
deformation, thus drives the evolution of stresses and pore pressure, of the rock mass.
In high-pressure high-temperature (HPHT) formations, the high gradients of fluid
pressure and/or temperature between the formation and wellbore fluid cause strong
fluid diffusion and/or heat transfer in the near-wellbore region. Consequently, the
effective stresses around wellbore show strongly nonlinear, nonmonotonic, time-
dependent behaviors. The rock strength is affected by the temperature change. In
chemically active shales, the rock strength and other mechanical properties and
behaviors may be altered when exposed to aqueous solutions. The chemical potential
difference between the drilling mud and shale-clay matrix introduces additional
nonmonotonic coupled pore pressure processes around the wellbore, which causes
effective stresses to evolve in real-time. As the drlling fluid invades into the
formation, the drilling fluid causes chemical reactions that subsequently weaken
formation mechanical strength. Because of these mechanical, hydraulic, thermal and
chemical mechanisms, the rock strengths and the stresses & pore pressure around the
wellbore are time dependent. Subsequently, to maintain the stability and integrity of
wellbore, the weight and chemical compositions of the drilling mud in the wellbore
need to be adjusted in real-time. Lack of the adjustments can lead to unexpected
catastrophic failures, in both wellbore collapse and wellbore fracturing failure modes.
In one or more embodiments, the poroelastic analysis software models these
mechanical, hydraulic, thermal and chemical mechanisms and generates analytical
solutions to wellbore stability. For example, the analytical solutions may include mud
weight adjustment and/or mud composition adjsutment with respect to time (i.e., real-

time mud adjustment) that maintain the stability and integrity of wellbore. Analytical
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solutions delivers higher efficiency and accuracy than the complicated and
computation-extensive numerical models employed to handle these challenging

problems in conventional method.

[0028] The poroelastic analysis engine (112) is configured to compute the borehole
failure critical time (118) and the failure region (119) with respect to the characteristic
diffusion time (117). For example, the borehole failure critical time (118) and the
failure region (119) may be computed using a poroelastic analysis software. The
poroelastic analysis software is used to calculate elastic stresses and pore pressure
around the borehole that are compared with the selected failure criterion (e.g., Mohr-
Coulomb criterion, Drucker-Prager criterion, Hoek-Brown criterion, Modified Lade
criterion, etc.) to evaluate if a location around the borehole will fail at user specified
times of interest within the characteristic diffusion time (117). These failure criteria
relate to failure induced by the hydro-mechanical interaction taking place in the order
of seconds, milliseconds or even microseconds in the drilling operation depending on
the diffusivity of the formation. In particular, the characteristic diffusion time (117)
corresponds to the undrained response period or the non-monotonic pore pressure
dissipation phase of the hydro-mechanical interaction. The consequence (e.g.,
spalling, washout, tight hole, stuck pipe, etc.) of these failures in the field is often

delayed thus only observable in the operations at later stages.

[0029] In one or more embodiments, the display engine (113) may be implemented in
hardware (i.e., circuitry), software, or any combination thereof. The display engine
(113) is configured to render and display the failure region (119), e.g., on a driller
console. The displayed failure region (119) provides drilling operators a much better
idea whether they should expect a borehole breakout induced problems (e.g., spalling,
washout, tight hole, stuck pipe) at later stages. Borehole breakouts are stress-induced
enlargements of the wellbore cross-section. Spalling refers to borehole wall breaking
offinto fragments. Washout refers to borehole enlargement to exceed the original hole
size or the drill bit size. Tight hole refers to the section of a borehole where larger
diameter components of the drill string, such as drill pipe tool joints, drll collars,
stabilizers, and the bit, may experience resistance when the driller attempts to pull

them through these sections. A pipe is considered stuck during drilling operations if
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it cannot be freed from the hole without damaging the pipe, and without exceeding

the drilling rig’s maximum allowed hook load.

[0030] Although the data gathering and analysis system (160) is shown as having four
components (111, 112, 113, 114), in other embodiments, the data gathering and
analysis system (160) may have more or fewer components. Further, the functionality
of each component described above may be split across multiple components. Further
still, each component (111, 112, 113, 114) may be utilized multiple times to carry out

an iterative operation.

[0031] FIG. 2 shows a flowchart in accordance with one or more embodiments
disclosed herein. One or more of the steps in FIG. 2 may be performed by the
components of the well environment (100), in particular the data gathering and
analysis system (160), discussed above in reference to FIGs. 1A-1B. In one or more
embodiments, one or more of the steps shown in FIG. 2 may be omitted, repeated,
and/or performed in a different order than the order shown in FIG. 2. Accordingly, the
scope of the disclosure should not be considered limited to the specific arrangement

of steps shown in FIG. 2.

[0032] The method flowchart describes a procedure that can capture the failure regions
occurring around a borehole at the critical moments of failure thus provide a complete
picture of borehole collapse risk in the wellbore stability analysis using analytical
elastic stress solutions. The complete picture of borehole collapse risk can be provided
forboth a previously drilled well and a to-be drilled new well. For a previously drilled
well with collapse observed, the method provides an explanation of the cause of the
collapse that cannot be explained by elastic analysis. For a new well, the method
captures the collapse that cannot be predicted by the elastic analysis. In particular,
the most severe failures may occur at the undrained response period, or during the
non-monotonic pore pressure dissipation phase of a hydro-mechanical interaction

occurring around a borehole in a drilling operation.

[0033] Initially in Step 201, the characteristic diffusion time of a borehole is
determined. The characteristic diffusion time of the borehole corresponds to one of
the undrained response period or the non-monotonic pore pressure dissipation phase

of the borehole. During the undrained response period, the fluid does not flow; it
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happens instantaneously. The pore pressure rises up dueto volumetric contraction or
drops due to volumetric expansion of rock mass. In the non-monotonic pore pressure
dissipation period, unsteady fluid flow takes place due to local pore pressure gradient
and fluid -mechanical interaction. This period ends when the fluid flow reaches steady
state. Specifically, the undrained response period, or the non-monotonic pore pressure
dissipation phase, starts from time O till the time reaches the characteristic diffusion
time of a borehole. Time O refers to the moment when the rock inside the borehole

segment of interest is excavated/drilled.

[0034] In one or more embodiments, the characteristic diffusion time of the borehole

is computed using Eq. (1) through Eq. (6) below.

[0035] The time scale of diffusion process in a porous medium may be characterized

by the diffusion coefficient:
[0036] c=% Eq. (1)

[0037] where k is the formation permeability (mobility coefficient, intrinsic

permeability divided by fluid viscosity); S is the storativity, defined by:

(1-v, ) (1-2v)

[0038] S = s o Eq. (2)
[0039] where M is the Biot modulus, defined by:
26 (v, —v)
[0040] = Pz Ea. G)
[0041] wherev,, is rock’s undrained Poisson’s ratio; G is rock’s shear modulus. Note

the relationship between [Young’s modulus (£), Poisson’s ratio (v)] and [bulk

modulus (K), shear modulus (G)] are:

E

[0042] = o Eq. (4)
= Eg. (5)
[0043] The characteristic diffusion time of the borehole is:
[0044] t, = RT Eq. (6)
[0045] In Step 202, the critical time of the borehole is determined based on a selected

failure criterion (e.g., Mohr-Coulomb criterion, Drucker-Prager criterion, Hoek-

10
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Brown criterion, Modified Lade criterion, etc.). For example, the Mohr—Coulomb
(MC) failure criterion is a set of linear equations in principal stress space describing
the conditions for which an isotropic material will fail, with any effect from the

intermediate principal stress being neglected.

[0046] In one or more embodiments, the critical time is determined by computing the
pore pressure distribution around the borehole during the undrained response period,
or the non-monotonic pore pressure dissipation phase. In other words, the pore
pressure distribution around the borehole is computed during the time period [0, t,].
In one or more embodiments, the pore pressure distribution around the borehole is
computed using a poroelastic analysis software to determine the critical azimuthal
angles (6,,;;) where the maximum pore pressure is observed near the borehole.
Accordingly, the maximum pore pressure at the critical azimuthal angles (6,,;;) 1s
computed, using the poroelastic analysis software, as a function of time during the
time period [0, t.]. The time that yields the peak pore pressure from the poroelastic
analysis software is referred to as the critical time (¢,,.;;) when the most severe failure
(i.e., based on the selected failure criterion such as Mohr-Coulomb criterion, Drucker-
Prager criterion, Hoek-Brown criterion, Modified Lade criterion, etc.) is expected to

oCcur.

[0047] In Step 203, the failure regions of the borehole occurring at the critical time ¢_,.;;
are identified or otherwise determined based on the selected failure criterion (e.g.,
Mohr-Coulomb criterion, Drucker-Prager criterion, Hoek-Brown criterion, Modified
Lade criterion, etc.). In one or more embodiments, the failure regions of the borehole

at the critical time t,,;, are determined using the poroelastic analysis software.

[0048] In Step 204, an operation of a well system is performed based on the failure
regions of the borehole. In one or more embodiments, the failure regions correspond
to predicted failure regions around a target location where a new well is to be drilled.
In such embodiments, the drilling parameters (e.g., mud weight and/or mud
composition) and equipment are defined based on the predicted failure regions and
used to drill the borehole in a manner to mitigate a potential borehole breakout event
in the failure region. In conventional methods, the stresses around a new well are

calculated using elastic solution, and the mud weight is designed based on these

11
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stresses. Because the undrained response and the poroelastic response are not
considered in the elastic solution, the mud weight designed using the elastic solution
of conventional methods cannot maintain the wellbore stability. Instead, with the
poroelastic solution being used in the calculation of the safe mud weight, the critical
time after drilling when the collapse may most possibly take place can be identified.
In one or more embodiments, the failure regions correspond to predicted failure
regions around an existing well that was previously drilled. In such embodiments, the
maintenance parameters (e.g., real-time adjusted mud weight and/or composition) and
equipment are defined based on the predicted failure regions and used to perform
preventive maintenance of the borehole to mitigate any potential borehole breakout

event.

[0049] FIGs. 3A-3K show an implementation example in accordance with one or more
embodiments. The implementation example shown in FIGs. 3A-3K is based on the
system and method flowchart described in reference to FIGs. 1A, 1B, and 2 above. In
one or more embodiments, one or more of the modules and/or elements shown in
FIGs. 3A-3B may be omitted, repeated, and/or substituted. Accordingly,
embodiments disclosed herein should not be considered limited to the specific

arrangements of modules and/or elements shown in FIGs. 3A-3B.

[0050] The implementation example shown in FIGs. 3A-3B relates to an example

borehole drilled in a shale formation, the relevant geometric information is listed in

LIST 1 below.

LIST 1

True vertical depth (TVD) of interest = 4724 m
Borehole radius = 0.0747 m
Borehole inclination angle = 0°

Borehole azimuth = 0°

[0051] The hydraulic and mechanical properties of formations are listed in LIST 2

below.
LIST 2

Young’s modulus = 41.4 GPa
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Poisson’s ratio = 0.22
Undrained Poisson’s ratio = 0.46
Biot coefficient=0.8
Permeability = 0.001 mD

Fluid Viscosity = 1 cP

[0052] The in-situ stresses and pore pressure and wellbore mud weight are listed in
LIST 3 below.

LIST 3

Vertical stress (SV)=117.5 MPa

Maximum horizontal stress (SHmax) = 138.9 MPa
Minimum horizontal stress (Shmin) = 85.5 MPa
Pore pressure (Pp) =52 MPa

Wellbore mud weight (MW) = 70 pcf

[0053] In the example poroelastic analysis below, borehole responses (i.e., pore
pressure distribution around the borehole) in the potential failure regions are initially
analyzed at time points beyond the undrained response period or the non-monotonic
pore pressure dissipation phase, i.e., the time period [0, £.]. FIG. 3A shows the input
parameters to the poroelastic analysis software based on LISTs 1-3 above. The input
parameters include analysis settings (301), wellbore geometry (302), elastic properties
(303), in-situ stresses and pore pressures (304), failure criteria and strength properties
(305), poroelastic properties (306), and time after wellbore drilling (307). In
particular, the input parameters specify the failure regions to be determined based on
the Mohr-Coulomb criterion within an annular region surrounding the borehole
extending radially to 1.03 times the borehole radius. Further, the input parameters
specify the failure regions to be determined at the time of interest of 15 min, 2 hours,
1 day and 5 days after the drilling operation. For example, in-situ stresses and pore
pressures (304) correspond the target zone where a new well is planned to be drilled.
A large-scale three-dimensional mechanical earth model (MEM) for the formation
containing the new well to be drilled is first calibrated with the in-situ stresses of

existing wells and other known data, then the in-situ stresses corresponding to the new
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well path are extracted from MEM and used for wellbore stability analysis and mud

weight calculation.

[0054] FIGs. 3B and 3C show the output result of the poroelastic analysis software
based on the input parameters of FIG. 3A. Specifically, FIG. 3B shows the failure
regions (320) near the borehole (120) according to the legend (300) at 15 minutes after
wellbore drilling. FIG. 3C shows the failure regions (330) near the borehole (120)
according to the legend (300) at 5 days after wellbore drilling. As noted above, the
rock inside the borehole segment of interest is assumed to be excavated/drilled
instantaneously, i.e., at time 0. Accordingly, 15 minutes is the time lapse after time 0.
Further, the wellbore may be an existing wellbore (e.g., borehole (120)), to diagnose
observed problems, or a new well to design drilling mud weight and predict wellbore
stability. The analysis is performed using a poroelastic analysis software. The scale of
the annular region of the borehole (120) is expanded relative to the borehole itself to

illustrate details of the failure regions.

[0055] As shown in FIGs. 3B and 3C, the failure regions (320) and (330) are very
shallow (e.g., 0.5”) relative the borehole size (e.g., 57) during the time period (15
minute, 5 days), no significant borehole breakout induced problems are expected.
However, a high risk might have been overlooked because this initial analysis does
not capture the more critical moments before 15 minutes after drilling when much

more severe failure may occur.

[0056] Additional poroelastic analysis is then performed prior to 15 minutes after
drilling to be during the undrained response period or the non-monotonic pore
pressure dissipation phase. FIG. 3D shows the input parameters to the poroelastic
analysis software that are similar to FIG. 3A above. Note that the times of interest are
specified as 0.0001 s, 0.1 s, 10 s and 100 s instead of 15 min, 2 hours, 1 day and 5
days as in FIG. 3A. The poroelastic analysis is illustrated in Step 1 through Step 3

below.
[0057] Step 1. Compute the characteristic diffusion time:
[0058] Substituting the relevant properties from FIG. 3D into Eq. (1) — Eq. (6) gives:
[0059] c=1578x10"°m?/s
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[0060] t.=96.5s

[0061] Step 2. Set four times of interest:

[0062] t, = 0.0001s

[0063] t,=0.1s

[0064] t,=10s

[0065] t, =100s

[0066] The azimuthal variation of pore pressure around the borehole at four different

times (0.0001 s, 0.1 s, 10 s and 100 s) are shown in FIG. 3E, from which the critical
wellbore angle is identified to be 180° and 0.0001 s (i.e., t,) i1s determined as the
critical time. The critical time t, identified in FIG. 3E corresponds to the potential

critical moment when the most severe failure may occur.

[0067] FIG. 3F shows the radial variation of pore pressure at the angle of 180° at four
different times (0.0001 s, 0.1 s, 10 s and 100 s). Itis observed that the pore pressure
in the near wellbore region first builds up then dissipates, its distribution at early time

is non-uniform in either azimuthal or radial direction.

[0068] In response to the build-up and dissipation of pore pressure, the effective radial
stress and tangential stress at this angle decreases then increase as time progresses, as
shown in FIGs. 3G and 3H. In particular, FIG. 3G shows the azimuthal variation of
effective radial stress around wellbore at times of 0.0001 s, 0.1 s, 10 s and 100 s, and
FIG. 3H shows azimuthal variation of effective tangential stress around wellbore at

times 0of 0.0001 s, 0.1 s, 10 s and 100 s.
[0069] Step 3. Compute the failure regions at the critical time t; = 0.0001 s:

[0070] The failure regions at ¢, is shown in FIG. 31, which shows a large failure region
(390) around the borehole (120). This implies that some borehole breakout induced
issues, such as “tight hole”, “stuck pipe”, etc., may be encountered in the operations
at later stages. In particular, borehole breakouts are stress-induced enlargements of
the wellbore cross-section. The failure regions at t; shown in FIG. 31 corresponds to
the most critical failure scenario during the drilling process. FIG. 31 may be displayed

on a driller console to give drilling operators a betteridea whether they should expect
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a borehole breakout induced problems (e.g., spalling, washout, tight hole, stuck pipe)
at later stages. Accordingly, the drilling operations may exercise mitigation measures
to prevent these latent borehole breakout induced problems. For example, the
mitigation measures to prevent the breakout include using mud weights obtained from

poroelastic analysis using the poroelastic analysis software.

[0071] FIGs. 3J and 3K show the failure regions (391) and (392) att; = 10 sand t, =
100 s, respectively. Notethat t, = 100 s corresponds tothe borehole’s characteristic
diffusion time where the corresponding failure region (392) approaches the failure

regions (320) and (330) at 15 minutes and 5 days,as shown in FIGs.3B and 3C above.

[0072] Embodiments may be implemented on a computing system. FIG. 4 depicts a
block diagram) of a computing system (400) including a computer (402) used to
provide computational functionalities associated with described machine learning
networks, algorithms, methods, functions, processes, flows, and procedures as
described in this disclosure, according to one or more embodiments. The illustrated
computer (402) is intended to encompass any computing device such as a server,
desktop computer, laptop/notebook computer, wireless data port, smart phone,
personal dataassistant (PDA), tablet computing device, one or more processors within
these devices, or any other suitable processing device, including both physical or
virtual instances (or both) of the computing device. Additionally, the computer (402)
may include a computer that includes an input device, such as a keypad, keyboard,
touch screen, or other device that can accept user information, and an output device
that conveys information associated with the operation of the computer (402),
including digital data, visual, or audio information (or a combination of information),

ora GUL

[0073] The computer (402) can serve in a role as a client, network component, a server,
a database or other persistency, or any other component (or a combination of roles) of
a computer system for performing the subject matter described in the instant
disclosure. The illustrated computer (402) is communicably coupled with a network
(430). In some implementations, one or more components of the computer (402) may
be configured to operate within environments, including cloud-computing-based,

local, global, or other environment (or a combination of environments).
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[0074] At a high level, the computer (402) is an electronic computing device operable
to receive, transmit, process, store, or manage dataand information associated with
the described subject matter. According to some implementations, the computer (402)
may also include or be communicably coupled with an application server, e-mail
server, web server, caching server, streaming data server, business intelligence (BI)

server, or other server (or a combination of servers).

[0075] The computer (402) can receive requests over network (430) from a client
application (for example, executing on another computer (402)) and responding to the
received requests by processing the said requests in an appropriate software
application. In addition, requests may also be sent to the computer (402) from internal
users (for example, from a command console or by other appropriate access method),
external or third-parties, other automated applications, as well as any other appropriate

entities, individuals, systems, or computers.

[0076] Each of the components of the computer (402) can communicate using a system
bus (403). In some implementations, any or all of the components of the computer
(402), both hardware or software (or a combination of hardware and software), may
interface with each other or the interface (404) (or a combination of both) over the
system bus (403) using an application programming interface (API)(412) or a service
layer (413) (or a combination of the API (412) and service layer (413). The API (412)
may include specifications for routines, data structures, and object classes. The API
(412) may be either computer-language independent or dependent and refer to a
complete interface, a single function, or even a set of APIs. The service layer (413)
provides software services to the computer (402) or other components (whether or not
illustrated) that are communicably coupled to the computer (402). The functionality
of the computer (402) may be accessible for all service consumers using this service
layer. Software services, such as those provided by the service layer (413), provide
reusable, defined business functionalities through a defined interface. For example,
the interface may be software written in JAVA, C++, or other suitable language
providing data in extensible markup language (XML) format or another suitable
format. While illustrated as an integrated component of the computer (402),
alternative implementations may illustrate the API (412) or the service layer (413) as

stand-alone components in relation to other components of the computer (402) or
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other components (whether or not illustrated) that are communicably coupled to the
computer (402). Moreover, any or all parts of the API (412) or the service layer (413)
may be implemented as child or sub-modules of another software module, enterprise

application, or hardware module without departing from the scope of this disclosure.

[0077] The computer (402) includes an interface (404). Although illustrated as a single
interface (404) in FIG. 4, two or more interfaces (404) may be used according to
particular needs, desires, or particular implementations of the computer (402). The
interface (404) is used by the computer (402) for communicating with other systems
in a distributed environment that are connected to the network (430). Generally, the
interface (404) includes logic encoded in software or hardware (or a combination of
software and hardware) and operable to communicate with the network (430). More
specifically, the interface (404) may include software supporting one or more
communication protocols, such as the Wellsite Information Transfer Specification
(WITS) protocol, associated with communications such that the network (430) or
interface's hardware is operable to communicate physical signals within and outside

of the illustrated computer (402).

[0078] The computer (402) includes at least one computer processor (405). Although
illustrated as a single computer processor (405) in FIG. 4, two or more processors may
be used according to particular needs, desires, or particular implementations of the
computer (402). Generally, the computer processor (405) executes instructions and
manipulates data to perform the operations of the computer (402) and any algorithms,
methods, functions, processes, flows, and procedures as described in the instant

disclosure.

[0079] The computer (402) also includes a memory (406) that holds data for the
computer (402) or other components (or a combination of both) that can be connected
to the network (430). For example, memory (406) can be a database storing data
consistent with this disclosure. Although illustrated as a single memory (406) in FIG.
4, two or more memories may be used according to particular needs, desires, or
particular implementations of the computer (402) and the described functionality.
While memory (406) is illustrated as an integral component of the computer (402), in

alternative implementations, memory (406) can be external to the computer (402).
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[0080] The application (407) is an algorithmic software engine providing functionality
according to particular needs, desires, or particular implementations of the computer
(402), particularly with respect to functionality described in this disclosure. For
example, application (407) can serve as one or more components, modules,
applications, etc. Further, although illustrated as a single application (407), the
application (407) may be implemented as multiple applications (407) on the computer
(402). In addition, although illustrated as integral to the computer (402), in alternative

implementations, the application (407) can be external tothe computer (402).

[0081] There may be any number of computers (402) associated with, or external to, a
computer system containing a computer (402), wherein each computer (402)

communicates over network (430). Further, the term "client," "user," and other
appropriate terminology may be used interchangeably as appropriate without
departing from the scope of this disclosure. Moreover, this disclosure contemplates
that many users may use one computer (402), or that one user may use multiple

computers (402).

[0082] While the invention has been described with respect to a limited number of
embodiments, those skilled in the art, having benefit of this disclosure, will appreciate
that other embodiments can be devised which do not depart from the scope of the
disclosure as disclosed herein. Accordingly, the scope of the disclosure should be

limited only by the attached claims.
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CLAIMS

What is claimed is:

1. A method for performing a borehole operation, comprising:

determining (201) a characteristic diffusiontime (117) that corresponds to an undrained
response period or a non-monotonic pore pressure dissipation phase of a porous
medium surrounding a borehole;

determining (202), based on a pre-determined failure criterion, a critical time (118) of
the borehole that corresponds to when a failure of the porous medium occurs
within the characteristic diffusion time (117);

identifying (203) a failure region (119) of the failure occurring at the critical time (118)
of the borehole; and

performing (204), based on at least the identified failure region (119), the borehole

operation.

2. The method of claim 1,
wherein the borehole is an existing borehole,
wherein the failure that occurred during previous drilling of the borehole results in a
potential borehole breakout event, and
wherein the borehole operation comprises a maintenance operation to mitigate the

potential borehole breakout event.

3. The method of claim 1 or 2, further comprising:
determining, based on at least the identified failure region (119), an adjusted mud
weight with respect to time,
wherein the borehole operation is performed further based on the adjusted mud weight

with respect to time.

4. The method of claim 1 or 3 when not dependent on claim 2,
wherein the borehole is a planned borehole to be drilled,
wherein the failure is predicted to occur during a drilling operation of the planned

borehole to result in a potential borehole breakout event, and
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wherein the borehole operation comprises the drilling operation that is performed based
on drilling parameters (116) and equipment that are selected to mitigate the

potential borehole breakout event.

5. The method of claim 4, further comprising:
specifying, based on the identified failure region (119), the drilling parameters (116)

and the equipment of the drilling operation.

6. The method of any one of claims 1 to 5,
wherein the pre-determined failure criterion comprises one of Mohr-Coulomb criterion,

Drucker-Prager criterion, Hoek-Brown criterion, and Modified Lade criterion.

7. The method of any one of claims 1 to 6, wherein performing the borehole operation

comprises preventing a borehole breakout induced problem of tight hole or stuck pipe.

8. A data gathering and analysis system (160), comprising:
a computer processor (405); and
memory storing instructions, when executed, causing the computer processor (405) to:
determine (201) a characteristic diffusion time (117) that corresponds to an
undrained response period or a non-monotonic pore pressure dissipation
phase of a porous medium surrounding a borehole;
determine (202), based on a pre-determined failure criterion, a critical time
(118) of the borehole that corresponds to when a failure of the porous
medium occurs within the characteristic diffusion time (117);
identify (203) a failure region (119) of the failure occurring at the critical time
(118) of the borehole; and
perform (204), based at least on the identified failure region (119), a borehole

operation.

9. The data gathering and analysis system of claim 8,
wherein the borehole is an existing borehole,
wherein the failure that occurred during previous drilling of the borehole results in a
potential borehole breakout event, and
wherein the borehole operation comprises a maintenance operation to mitigate the

potential borehole breakout event.
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10. The data gathering and analysis system of claim 8 or 9, wherein the instructions, when
executed, further cause the computer processor (405) to:
determine, based on at least the identified failure region (119), an adjusted mud weight
with respect to time,
wherein the borehole operation is performed further based on the adjusted mud weight

with respect to time.

11. The data gathering and analysis system of claim 8 or 10 when not dependent on claim 9,
wherein the borehole is a planned borehole to be drilled,
wherein the failure is predicted to occur during a drilling operation of the planned
borehole to result in a potential borehole breakout event, and
wherein the borehole operation comprises the drilling operation that is performed based
on drilling parameters (116) and equipment that are selected to mitigate the

potential borehole breakout event.

12. The data gathering and analysis system of claim 11, wherein instructions, when executed,
further cause the computer processor (405) to:
specify, based on the identified failure region (119), the drilling parameters (116) and

the equipment of the drilling operation.

13. The data gathering and analysis system of any one of claims 8 to 12,
wherein the pre-determined failure criterion comprises one of Mohr-Coulomb criterion,

Drucker-Prager criterion, Hoek-Brown criterion, and Modified Lade criterion.

14. The data gathering and analysis system of any one of claims 8 to 13, wherein performing
the borehole operation comprises preventing a borehole breakout induced problem of tight

hole or stuck pipe.

15. A well system (106) comprising:
arg (101) fordrilling a borehole; and
a data gathering and analysis system (160) comprising functionality for:
determining (201) a characteristic diffusion time (117) that corresponds to an
undrained response period or a non-monotonic pore pressure dissipation

phase of a porous medium surrounding a borehole;

22



WO 2025/006264 PCT/US2024/034468

determining (202), based on a pre-determined failure criterion, a critical time
(118) of the borehole that corresponds to when a failure of the porous
medium occurs within the characteristic diffusion time (117),

identifying (203) a failure region (119) of the failure occurring at the critical time
(118) of the borehole; and

performing (204), using the rig (101) and based at least on the identified failure

region (119), a borehole operation.

16. The well system of claim 15,
wherein the borehole is an existing borehole,
wherein the failure that occurred during previous drilling of the borehole results in a
potential borehole breakout event, and
wherein the borehole operation comprises a maintenance operation to mitigate the

potential borehole breakout event.

17. The well system of claim 15 or 16, the data gathering and analysis system (160) further
comprising functionality for:
determining, based on at least the identified failure region (119), an adjusted mud
weight with respect to time,
wherein the borehole operation is performed further based on the adjusted mud weight

with respect to time.

18. The well system of claim 15 or claim 17 when not dependent on claim 16,
wherein the borehole is a planned borehole to be drilled,
wherein the failure is predicted to occur during a drilling operation of the planned
borehole toresult in a potential borehole breakout event, and
wherein the borehole operation comprises the drilling operation that is performed based
on drilling parameters (116) and equipment that are selected to mitigate the

potential borehole breakout event.

19. The well system of claim 18, the data gathering and analysis system (160) further
comprising functionality for:
specifying, based on the identified failure region (119), the drilling parameters (116)

and the equipment of the drilling operation.
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20. The well system of any one of claims 15 to 19,
wherein the pre-determined failure criterion comprises one of Mohr-Coulomb criterion,
Drucker-Prager criterion, Hoek-Brown criterion, and Modified Lade criterion,
and
wherein performing the borehole operation comprises preventing a borehole breakout

induced problem of tight hole or stuck pipe.
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