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(57) Abstract: Provided are embodiments that include: determining, based
on asymmetric spalling of rock at a wall of a wellbore of a hydrocarbon well,
that the wellbore is experiencing a spider web borehole failure (SWBF);
and in response to the determination: generating a forward model of rock
strength for the well (including a rock strength reduction function defining
a rock strength reduction factor (r) as a function of angular width of a bore-
hole failure (W)); determining an angular width of the SWBF (Wgwgr); de-
termining, based on application of the angular width of the SWBF (WswgF)
to the rock strength reduction function, a rock strength reduction factor (r)
for the well; determining, based on the rock strength reduction factor (r)
and an unconfined compressive strength of intact rock (C,), an unconfined
compressive strength of fractured rock (Cgyy); and operating the well based
on the unconfined compressive strength of fractured rock (Cep).

FIG. 1
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SYSTEMS AND METHODS TO IDENTIFY AND INHIBIT SPIDER
WEB BOREHOLE FAILURE IN HYDROCARBON WELLS

FIELD

[0001] Embodiments relate generally to developing wells, and more particularly to

operating hydrocarbons wells to inhibit spider web borehole failure.
BACKGROUND

[0002] A well generally includes a wellbore (or “borehole™) that is drilled into the earth to
provide access to a geologic formation below the earth’s surface (or “subsurface formation™).
The well may facilitate the extraction of natural resources, such as hydrocarbons and water,
from the subsurface formation, facilitate the injection of substances into the subsurface
formation, or facilitate the evaluation and monitoring of the subsurface formation. In the
petroleum industry, hydrocarbon wells are often drilled to extract (or “produce”) hydrocarbons,
such as oil and gas, from subsurface formations. The term “oil well” is often used to refer to a
well designed to produce oil. Similarly the term “gas well” is often used to refer to a well
designed to produce gas. In the case of an oil well, some natural gas is typically produced along
with oil. A well producing both oil and natural gas is sometimes referred to as an “oil and gas
well” or an “oil well.” The term “hydrocarbon well” is often used to describe wells that

facilitate the production of hydrocarbons, including oil wells and oil and gas wells.

[0003] Creating a hydrocarbon well typically involves several stages, including a drilling
stage, a completion stage and a production stage. The drilling stage normally involves drilling
a wellbore into a subsurface formation that is expected to contain a concentration of
hydrocarbons that can be produced. The portion of the subsurface formation expected to
contain hydrocarbons is often referred to as a “hydrocarbon reservoir” or “reservoir.” The
drilling process is normally facilitated by a drilling rig that sits at the earth’s surface. The
drilling rig can provide for operating a drill bit to cut the wellbore, hoisting, lowering and
turning drill pipe and tools, circulating drilling fluids in the wellbore, and generally controlling
various operations in the wellbore (often referred to as “down-hole” operations). The
completion stage involves making the well ready to produce hydrocarbons. In some instances,
the completion stage includes installing casing pipe into the wellbore, cementing the casing

pipe in place, perforating the casing pipe and cement, installing production tubing, installing
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downhole valves for regulating production flow, and pumping fluids into the well to fracture,
clean or otherwise prepare the reservoir and well to produce hydrocarbons. The production
stage involves producing hydrocarbons from the reservoir by way of the well. During the
production stage, the drilling rig is normally removed and replaced with a collection of valves
at the surface (often referred to as “surface valves” or a “production tree”), and valves are
installed into the wellbore (often referred to as “downhole valves™). These surface and
downhole valves can be operated to regulate pressure in the wellbore, to control production
flow from the wellbore and to provide access to the wellbore in the event further completion
work is needed. A pump jack or other mechanism can provide lift that assists in extracting
hydrocarbons from the reservoir, especially in instances where the pressure in the well is so
low that the hydrocarbons do not flow freely to the surface. Flow from an outlet valve of the
production tree is normally connected to a distribution network of midstream facilities, such as
tanks, pipelines and transport vehicles, which transport the production to downstream facilities,

such as refineries and export terminals.

[0004] The various stages of creating a hydrocarbon well often include challenges that are
addressed to successfully develop the well. During the drilling stage, a well operator may have
to monitor the condition of the wellbore to ensure it is advancing in a suitable trajectory, and it
1s not experiencing issues that may jeopardize the drilling of the wellbore or the overall success
of the well. For example, during drilling of a wellbore, a well operator may continually monitor
the wellbore for evidence of instability, including deformation and expansion of the wellbore,
such as keyseats, washouts, drilling-induced fractures (DIFs) and breakouts (BOs). A keyseat
can include a small-diameter channel worn into the side of a larger diameter wellbore, caused,
for example, by a sharp change in direction of the wellbore. A keyseat may include an
asymmetrical erosion of the wellbore wall due to mechanical impact of the drilling components
on the wellbore walls, resulting from a change in the wellbore azimuth or deviation (or
“dogleg™) or differential mechanical wear of hard and soft rock. A washout can include an
enlarged region of a wellbore, caused, for example, by weak or unconsolidated formation rock,
formation rock weakened by drilling fluids, high bit jet velocity, or mechanical wear by
downhole components. A washout may include an enlarged wellbore cross section in all
directions around the wellbore. DIFs and BOs can be systematically explained in terms of hoop
stresses around a wellbore, and can be used to assess stress and strength of formation rock
around the wall of a wellbore. A DIF includes a localized tensile deformation of a wellbore

wall, such as a crack, caused when a tensile hoop stress exceeds the tensile strength of the rock
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at the location of the DIF. A breakout (BO) can include a localized shear deformation of a
wellbore wall, manifested as localized rock spalling of the borehole, caused when a
compressive hoop stress at the location of the BO exceeds the unconfined compressive strength
of the rock at the location. DIFs and BOs typically occur offset from one another by 90 degrees
(*). For example, sets of DIFs may occur oriented at about 0° and 180° along a length of a

wellbore, accompanied by BOs oriented at about 90° and 270° along the length of a wellbore.
SUMMARY

[0005] Applicant has recognized that understanding, predicting and minimizing wellbore
instability, including wellbore deformation and expansion, can be critical to successfully
drilling and operating a well. Operating a hydrocarbon well, such as an oil well, can be difficult,
especially in instances in which the wellbore of the well is drilled into formation rock that is
susceptible to failures, including breakouts (BOs) and drilling-induced fractures (DIFs).
Applicant has also identified an additional mode of failure, spider web borehole failure
(SWBF), which can be critical to understand to successfully drill and operate a well, and have
developed techniques for identifying, characterizing and minimizing the occurrences and

effects of spider web borehole failures (SWBFs).

[0006] Applicant has recognized the four universally identified and reported wellbore
deformation phenomena: keyseats, washouts, BOs and drilling-induced fractures (DIFs). The
initiation and enlargement of BOs are symptomatic of compressive hoop stresses in the
wellbore reaching and exceeding the compressive strength of the formation rock forming the
wall of the wellbore and DIFs are symptomatic of tensile hoop stresses in the wellbore reaching
and exceeding the tensile strength of the formation rock forming the wall of the wellbore.
Existing techniques often attribute the enlargement to falling-off of formation rock (or
“spalling™) due to compressive shear failure at the formation rock forming the wall of the
wellbore, induced by maximum compressive stress on opposite sides of the wall of the
wellbore. Further, existing techniques often use this relationship and the angular width of BOs
and DIFs observed in a wellbore to identify maximum and minimum horizontal in-situ stresses
(ou and on), using Kirsch’s equation (Kirsch, 1898), described in more detail with regard to at
least Equation 1. Applicant has recognized that existing techniques generally attribute wellbore
enlargement to BOs, and in some instances, keyseats and washouts, and do not consider other
modes of failure, such as SWBFs. As a result, existing techniques may not recognize the true

cause of wellbore instability and enlargement, which can lead to misrepresentation of the
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stresses occurring at the wall of the wellbore and, in turn, inaccurate predictions of failure of

the formation rock at the wall of the wellbore.

[0007] Recognizing these and other shortcomings of existing techniques, Applicant has
developed techniques for identifying failure of formation rock at the walls of wellbores by way
of SWBF -- a failure mode that is not considered or accounted for by existing techniques -- and
have developed techniques for inhibiting the occurrence of, and reducing the effects of, the
failure of formation rock at the walls of wellbores by way of SWBF. In some embodiments, a
SWBF in a well is identified based on the presence of asymmetric borehole failure in a wellbore
of the well. This can include regions of spalling of formation rock that are not diametrically
opposed in the wall of wellbore or are not of a similar angular width. These asymmetric
characteristics may be attributable to natural fractures occurring in the formation rock. The
natural fractures may create areas of reduced rock strength that exhibit spalling failure at
relatively low stress levels in comparison to the stress level required to cause spalling of non-
fractured rock. As a result, the spalling may follow the natural fractures, resulting in spalling
patterns that are relatively asymmetric in comparison to the relatively linear spalling patterns

of traditional BOs.

[0008] In some embodiments, in response to identifying a SWBF in a wellbore of a well,
forward modeling of the wellbore is conducted to generate a rock strength reduction function
for the well. The rock strength reduction function may define a rock strength reduction factor
(1) as a function of the angular width of a borehole failure (W). The rock strength reduction
factor (r) may define a ratio of an unconfined compressive strength of fractured rock (Cem) to
an unconfined compressive strength of intact formation rock (Co). That is, the rock strength
reduction factor (r) may represent a reduction in compressive strength of formation rock that is
attributable to fractures present in the formation rock. The forward modeling may include
determining a predicted angular width of a borehole failure (W) for each of a plurality of
different unconfined compressive strengths of formation rock (Co) and corresponding rock
strength reduction factors (r). In some embodiments, an angular width of the SWBF (Wswsr)
is determined and applied to the rock strength reduction function to determine a corresponding
rock strength reduction factor (r) for the well. In some embodiments, the rock strength
reduction factor (r) for the well is multiplied by the unconfined compressive strength of intact
formation rock (Co) for the well to determine an unconfined compressive strength of fractured

rock (Cam) for the well. In some embodiments, in-situ stresses for the well, such as the
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maximum and minimum horizontal in-situ stresses (cu and on) in the wellbore of the well, are
determined using the unconfined compressive strength of fractured rock (Csm) for the well, as
opposed to the unconfined compressive strength of intact formation rock (Co) for the well. In
some embodiments, the well, or other wells in the same formation, are operated based on the
unconfined compressive strength of fractured rock (Crm) for the well or the in-situ stresses for
the well determined using the unconfined compressive strength of fractured rock (Cem) for the

well.

[0009] Provided in some embodiments is a method of operating a hydrocarbon well. The
method includes the following: conducting testing of the hydrocarbon well to acquire well data
indicative of characteristics of a wellbore of the hydrocarbon well; determining, based on the
well data, an unconfined compressive strength of intact rock (Co) corresponding to a
compressive strength of intact formation rock at a wall of the wellbore; identifying, based on
the well data, asymmetric spalling of the formation rock at the wall of the wellbore;
determining, based on the asymmetric spalling of the formation rock at the wall of the wellbore,
that the wellbore is experiencing a SWBF; and in response to determining that the wellbore is
experiencing the SWBF: generating a forward model of rock strength for the hydrocarbon well,
the forward model of rock strength for the hydrocarbon well including a rock strength reduction
function defining a rock strength reduction factor (r) as a function of angular width of a
borehole failure (W); determining an angular width of the SWBF (Wswsr); determining, based
on application of the angular width of the SWBF (Wswar) to the rock strength reduction
function, a rock strength reduction factor (r) for the hydrocarbon well; determining, based on
the rock strength reduction factor (r) for the hydrocarbon well and the unconfined compressive
strength of intact rock (Co), an unconfined compressive strength of fractured rock (Cem)
corresponding to a compressive strength of fractured formation rock at the wall of the wellbore;
and operating the hydrocarbon well based on the unconfined compressive strength of fractured

rock (Crm).

[0010] In some embodiments, operating the hydrocarbon well based on the unconfined
compressive strength of fractured rock (Cem) includes: determining a drilling fluid weight
based on the unconfined compressive strength of fractured rock (Csm); and drilling the wellbore
of the well using drilling fluid of the determined drilling fluid weight. In certain embodiments,
operating the hydrocarbon well based on the unconfined compressive strength of fractured rock

(Cam) includes: determining parameters of an injection operation based on the unconfined
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compressive strength of fractured rock (Csm); and conducting an injection operation at the well
in accordance with the parameters of the injection operation. In some embodiments, operating
the hydrocarbon well based on the unconfined compressive strength of fractured rock (Cgrm)
includes: determining, based on the unconfined compressive strength of fractured rock (Cgm),
a circumferential hoop stress (coe) for the hydrocarbon well; and operating the hydrocarbon
well based on the circumferential hoop stress (cee) for the hydrocarbon well. In certain
embodiments, identifying asymmetric spalling of the formation rock at the wall of the wellbore
includes determining that regions of spalling of the formation rock at the wall of the wellbore
are not diametrically opposed. In some embodiments, identifying asymmetric spalling of the
formation rock at the wall of the wellbore includes determining that regions of spalling of the
formation rock at the wall of the wellbore are not of similar angular widths. In certain
embodiments, conducting testing of the hydrocarbon well to acquire well data indicative of
characteristics of a wellbore of the hydrocarbon well includes conducting an ultrasonic logging
operation to acquire an ultrasonic image of the wall of the wellbore, and the well data includes
the ultrasonic image of the wall of the wellbore. In some embodiments, the method further
includes: conducting testing of a second hydrocarbon well to acquire second well data
indicative of second characteristics of a second wellbore of the second hydrocarbon well;
determining, based on the second well data, a second unconfined compressive strength of intact
rock (Co) corresponding to a compressive strength of intact formation rock in the second
wellbore; identifying, based on the second well data, symmetric spalling of the formation rock
at a wall of the second wellbore; determining, based on the symmetric spalling of the formation
rock at the wall of the second wellbore, that the second wellbore is experiencing a borehole
failure; and in response to determining that the second wellbore is experiencing the borehole
failure: determining, based on the second unconfined compressive strength of intact rock (Co),
a circumferential hoop stress (coo) for the second hydrocarbon well; and operating the second
hydrocarbon well based on the circumferential hoop stress (coo) for the second hydrocarbon
well. In certain embodiments, the method further includes, in response to determining that the
wellbore is experiencing the SWBF, conducting a calibration operation including: for one or
more depths in the wellbore: identifying core sample characteristics including characteristics
of natural fractures of a core sample of formation rock extracted from the depth in the wellbore;
identifying image characteristics including characteristics of images of rock forming the wall
of the wellbore at the depth in the wellbore; and associating the core sample characteristics
with the image characteristics; and generating, based on the associated core sample

characteristics and image characteristics for each of the one or more depths in the wellbore, a
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mapping of core sample characteristics to image characteristics, where the mapping can be
used to identify characteristics of formation rock based on characteristics of images of the

formation rock.

[0011] Provided in some embodiments is a method that includes the following: identifying
asymmetric spalling of formation rock at a wall of a wellbore of a hydrocarbon well;
determining, based on the asymmetric spalling of the formation rock at the wall of the wellbore,
that the wellbore is experiencing a SWBF; and in response to determining that the wellbore is
experiencing the SWBF: generating a forward model of rock strength for the hydrocarbon well,
the forward model of rock strength for the hydrocarbon well including a rock strength reduction
function defining a rock strength reduction factor (r) as a function of angular width of a
borehole failure (W); determining an angular width of the SWBF (Wswsr); determining, based
on application of the angular width of the SWBF (Wswsr) to the rock strength reduction
function, a rock strength reduction factor (r) for the hydrocarbon well; determining, based on
the rock strength reduction factor (r) for the hydrocarbon well and an unconfined compressive
strength of intact rock (Co) corresponding to a compressive strength of intact formation rock at
the wall of the wellbore, an unconfined compressive strength of fractured rock (Cgm)
corresponding to a compressive strength of fractured formation rock at the wall of the wellbore;
and operating the hydrocarbon well based on the unconfined compressive strength of fractured

rock (Crm).

[0012] In some embodiments, operating the hydrocarbon well based on the unconfined
compressive strength of fractured rock (Cem) includes: determining a drilling fluid weight
based on the unconfined compressive strength of fractured rock (Csm); and drilling the wellbore
of the well using drilling fluid of the determined drilling fluid weight. In certain embodiments,
operating the hydrocarbon well based on the unconfined compressive strength of fractured rock
(Cam) includes: determining parameters of an injection operation based on the unconfined
compressive strength of fractured rock (Csm); and conducting an injection operation at the well
in accordance with the parameters of the injection operation. In some embodiments, operating
the hydrocarbon well based on the unconfined compressive strength of fractured rock (Cgrm)
includes: determining, based on the unconfined compressive strength of fractured rock (Csm),
a circumferential hoop stress (coe) for the hydrocarbon well; and operating the hydrocarbon
well based on the circumferential hoop stress (cee) for the hydrocarbon well. In certain

embodiments, identifying asymmetric spalling of the formation rock at the wall of the wellbore
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includes determining that regions of spalling of the formation rock at the wall of the wellbore
are not diametrically opposed. In some embodiments, identifying asymmetric spalling of the
formation rock at the wall of the wellbore includes determining that regions of spalling of the
formation rock at the wall of the wellbore are not of similar angular widths. In certain
embodiments, the method further includes conducting an ultrasonic logging operation to
acquire an ultrasonic image of the wall of the wellbore, and the asymmetric spalling of
formation rock at the wall of the wellbore of the hydrocarbon well is based on the ultrasonic
image of the wall of the wellbore. In some embodiments, the method further includes:
identifying symmetric spalling of formation rock at a wall of a second wellbore of a second
hydrocarbon well; determining, based on the symmetric spalling of the formation rock at the
wall of the second wellbore, that the second wellbore is experiencing a borehole failure; and in
response to determining that the second wellbore is experiencing the borehole failure:
determining a second unconfined compressive strength of intact rock (Co) corresponding to a
compressive strength of intact formation rock in the second wellbore; determining, based on
the second unconfined compressive strength of intact rock (Co), a circumferential hoop stress
(ooe) for the second hydrocarbon well; and operating the second hydrocarbon well based on

the circumferential hoop stress (geo) for the second hydrocarbon well.

[0013] Provided in some embodiments is a system that includes: a processor; and a non-
transitory computer readable storage medium including program instructions stored thereon
that are executable by the processor to perform the following operations: identifying
asymmetric spalling of formation rock at a wall of a wellbore of a hydrocarbon well;
determining, based on the asymmetric spalling of the formation rock at the wall of the wellbore,
that the wellbore is experiencing a SWBF; and in response to determining that the wellbore is
experiencing the SWBF: generating a forward model of rock strength for the hydrocarbon well,
the forward model of rock strength for the hydrocarbon well including a rock strength reduction
function defining a rock strength reduction factor (r) as a function of angular width of a
borehole failure (W), determining an angular width of the SWBF (Wswsr); determining, based
on application of the angular width of the SWBF (Wswar) to the rock strength reduction
function, a rock strength reduction factor (r) for the hydrocarbon well; determining, based on
the rock strength reduction factor (r) for the hydrocarbon well and an unconfined compressive
strength of intact rock (Co) corresponding to a compressive strength of intact formation rock at
the wall of the wellbore, an unconfined compressive strength of fractured rock (Cgm)

corresponding to a compressive strength of fractured formation rock at the wall of the wellbore;
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and operating the hydrocarbon well based on the unconfined compressive strength of fractured

rock (Crm).

[0014] In some embodiments, operating the hydrocarbon well based on the unconfined
compressive strength of fractured rock (Csm) includes: determining a drilling fluid weight
based on the unconfined compressive strength of fractured rock (Csm); and drilling the wellbore
of the well using drilling fluid of the determined drilling fluid weight. In certain embodiments,
operating the hydrocarbon well based on the unconfined compressive strength of fractured rock
(Cam) includes: determining parameters of an injection operation based on the unconfined
compressive strength of fractured rock (Csm); and conducting an injection operation at the well
in accordance with the parameters of the injection operation. In some embodiments, operating
the hydrocarbon well based on the unconfined compressive strength of fractured rock (Cgrm)
includes: determining, based on the unconfined compressive strength of fractured rock (Csm),
a circumferential hoop stress (coe) for the hydrocarbon well; and operating the hydrocarbon
well based on the circumferential hoop stress (cee) for the hydrocarbon well. In certain
embodiments, identifying asymmetric spalling of the formation rock at the wall of the wellbore
includes determining that regions of spalling of the formation rock at the wall of the wellbore
are not diametrically opposed. In some embodiments, identifying asymmetric spalling of the
formation rock at the wall of the wellbore includes determining that regions of spalling of the
formation rock at the wall of the wellbore are not of similar angular widths. In certain
embodiments, the operations further including conducting an ultrasonic logging operation to
acquire an ultrasonic image of the wall of the wellbore, and the asymmetric spalling of
formation rock at the wall of the wellbore of the hydrocarbon well is based on the ultrasonic
image of the wall of the wellbore. In some embodiments, the method further includes:
identifying symmetric spalling of formation rock at a wall of a second wellbore of a second
hydrocarbon well; determining, based on the symmetric spalling of the formation rock at the
wall of the second wellbore, that the second wellbore is experiencing a borehole failure; and in
response to determining that the second wellbore is experiencing the borehole failure:
determining a second unconfined compressive strength of intact rock (Co) corresponding to a
compressive strength of intact formation rock in the second wellbore; determining, based on
the second unconfined compressive strength of intact rock (Co), a circumferential hoop stress
(ooe) for the second hydrocarbon well; and operating the second hydrocarbon well based on

the circumferential hoop stress (geo) for the second hydrocarbon well.
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[0015] Provided in some embodiments is a non-transitory computer readable storage
medium including program instructions stored thereon that are executable by a processor to
perform the following operations: identifying asymmetric spalling of formation rock at a wall
of a wellbore of a hydrocarbon well; determining, based on the asymmetric spalling of the
formation rock at the wall of the wellbore, that the wellbore is experiencing a SWBF; and in
response to determining that the wellbore is experiencing the SWBF: generating a forward
model of rock strength for the hydrocarbon well, the forward model of rock strength for the
hydrocarbon well including a rock strength reduction function defining a rock strength
reduction factor (r) as a function of angular width of a borehole failure (W); determining an
angular width of the SWBF (Wswsr); determining, based on application of the angular width
of the SWBF (Wswsr) to the rock strength reduction function, a rock strength reduction factor
(1) for the hydrocarbon well; determining, based on the rock strength reduction factor (1) for
the hydrocarbon well and an unconfined compressive strength of intact rock (Co) corresponding
to a compressive strength of intact formation rock at the wall of the wellbore, an unconfined
compressive strength of fractured rock (Cim) corresponding to a compressive strength of
fractured formation rock at the wall of the wellbore; and operating the hydrocarbon well based

on the unconfined compressive strength of fractured rock (Csm).
BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is diagram that illustrates a well environment, in accordance with one or

more embodiments.

[0017] FIGS. 2A and 2B are cross-sectional diagrams of a wellbore that illustrate example
hoop stresses acting on the wellbore and associated modes of failure, in accordance with one

or more embodiments.

[0018] FIGS. 3A-3C are diagrams that illustrate example breakouts (BOs), drilling-
induced fractures (DIFs) and spider web borehole failures (SWBFs), in accordance with one or

more embodiments.

[0019] FIG. 4A is a flowchart that illustrates a method of identifying and characterizing
SWBFs in a hydrocarbon well, and operating the hydrocarbon well based on the SWBFs, in

accordance with one or more embodiments.

10
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[0020] FIG. 4B is a graphic chart that illustrates example results of calibrating the SWBFs
occurrence in a hydrocarbon well versus the natural fracture occurrence and density, in

accordance with one or more embodiments

[0021] FIG. 5 is a table that illustrates example well data, including example rock

mechanical parameters, in accordance with one or more embodiments.

[0022] FIGS. 6A and 6B are diagrams that illustrate forward modeling in accordance with

one or more embodiments.

[0023] FIG. 7 is a diagram that illustrates an example computer system, in accordance with

one or more embodiments.

[0024] While this disclosure is susceptible to various modifications and alternative forms,
specific embodiments are shown by way of example in the drawings and will be described in
detail. The drawings may not be to scale. It should be understood that the drawings and the
detailed descriptions are not intended to limit the disclosure to the particular form disclosed,
but are intended to disclose modifications, equivalents, and alternatives falling within the scope

of the present disclosure as defined by the claims.
DETAILED DESCRIPTION

[0025] Described are embodiments of novel systems and methods for identifying and
characterizing failure of formation rock in the wellbore of wells by way of spider web borehole
failure (SWBF), and for inhibiting the occurrence of, and reducing the effects of, the failure of
formation rock at the walls of wellbores of wells by way of SWBF. In some embodiments, a
SWBF in a well is identified based on the presence of asymmetric borehole failure in a wellbore
of the well. This can include regions of spalling of formation rock that are not diametrically
opposed in the wall of a wellbore or are not of a similar angular width. These asymmetric
characteristics may be attributable to natural fractures occurring in the formation rock. The
natural fractures may create areas of reduced rock strength that exhibit spalling failure at
relatively low stress levels in comparison to the stress level required to cause spalling of non-
fractured rock. As a result, the spalling may follow the natural fractures, resulting in spalling
patterns that are relatively asymmetric in comparison to the relatively linear spalling patterns

of traditional BOs.
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[0026] In some embodiments, in response to identifying a SWBF in a wellbore of a well,
forward modeling of the wellbore is conducted to generate a rock strength reduction function
for the well. The rock strength reduction function may define a rock strength reduction factor
(1) as a function of the angular width of a borehole failure (W). The rock strength reduction
factor (r) may define a ratio of an unconfined compressive strength of fractured rock (Csrm) to
an unconfined compressive strength of intact formation rock (Co). That is, the rock strength
reduction factor (r) may represent a reduction in compressive strength of formation rock that is
attributable to fractures present in the formation rock. The forward modeling may include
determining a predicted angular width of a borehole failure (W) for each of a plurality of
different unconfined compressive strengths of formation rock (Co) and corresponding rock
strength reduction factors (r). In some embodiments, an angular width of the SWBF (Wswsr)
is determined and applied to the rock strength reduction function to determine a corresponding
rock strength reduction factor (r) for the well. In some embodiments, the rock strength
reduction factor (r) for the well is multiplied by the unconfined compressive strength of intact
formation rock (Co) for the well to determine an unconfined compressive strength of fractured
rock (Cam) for the well. In some embodiments, in-situ stresses for the well, such as the
maximum and minimum horizontal in-situ stresses (cu and on) in the wellbore of the well, are
determined using the unconfined compressive strength of fractured rock (Csm) for the well, as
opposed to the unconfined compressive strength of intact formation rock (Co) for the well. In
some embodiments, the well, or other wells in the same formation, are operated based on the
unconfined compressive strength of fractured rock (Csm) for the well or the in-situ stresses for
the well determined using the unconfined compressive strength of fractured rock (Cem) for the
well. Although certain embodiments are described in the context of developing hydrocarbon
wells, the techniques described may be applied in other context, such as in the development of

water wells and other types of wells.

[0027] FIG. 1 is a diagram that illustrates a well environment 100 in accordance with one
or more embodiments. In the illustrated embodiment, the well environment 100 includes a
reservoir (“reservoir”’) 102 located in a subsurface formation (“formation™) 104, and a well

system (“well”) 106.

[0028] The formation 104 may include a porous or fractured rock formation that resides
underground, beneath the Earth’s surface (“surface™ 108. The reservoir 102 may be a

hydrocarbon reservoir, and the well 106 may be a hydrocarbon well, such as an oil well. In the
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case of the well 106 being a hydrocarbon well, the reservoir 102 may be a hydrocarbon
reservoir defined by a portion of the formation 104 that contains (or that is at least determined
to or expected to contain) a subsurface pool of hydrocarbons, such as oil and gas. The formation
104 and the reservoir 102 may each include different layers of rock having varying
characteristics, such as varying degrees of permeability, porosity, and fluid saturations. In the
case of the well 106 being operated as a production well, the well 106 may facilitate the
extraction of hydrocarbons (or “production™) from the reservoir 102. In the case of the well
106 being operated as an injection well, the well 106 may facilitate the injection of substances,
such as gas or water, into the reservoir 102. In the case of the well 106 being operated as a
monitoring well, the well 106 may facilitate the monitoring of various characteristics of the

formation 104 or the reservoir 102, such reservoir pressure.

[0029] The well 106 may include a wellbore 120 and a well control system (“control
system™) 122. The control system 122 may control various operations of the well 106, such as
well drilling operations, well completion operations, well production operations, or well and
formation monitoring operations. In some embodiments, the control system 122 includes a
computer system that is the same as or similar to that of computer system 1000 described with

regard to at least FIG. 7.

[0030] During drilling operations, drilling fluid, such as drilling mud, may be circulated in
the wellbore 120. This can provide hydrostatic pressure to support wall of the wellbore 120, to
prevent formation fluids from flowing into the wellbore 120, to cool and clean a drill bit, and
to carry drill cuttings away from a drill bit and out of the wellbore 120. During a well logging
operation, a logging tool may be lowered into the wellbore 120 and be operated to measure
characteristics of the wellbore 120 as it is moved along a length of the wellbore 120. In some
instances, the measurements are recorded in a corresponding well log that provides a mapping
of the measurements versus depth in the wellbore 120. During completion operations, various
components may be installed (e.g., casing or production tubing) in the wellbore 120, or certain
operations may be undertaken (e.g., injection operations including pumping substances into the
wellbore 120 to fracture the reservoir 102 or clean the wellbore 120) to make the well 106
ready to produce hydrocarbons. During production operations, a drilling rig used to drill the
well 106 may be removed and replaced with a collection of valves (or “production tree). The
production tree may be employed to regulate pressure in the wellbore 120, to control production

flow from the wellbore 120, and to provide access to the wellbore 120. Flow from an outlet
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valve of the production tree may be coupled to a distribution network, such as pipelines, storage

tanks, and transport vehicles used to transport the production to refineries and export terminals.

[0031] The wellbore 120 (or “borehole”) may include a bored hole that extends from the
surface 108 into a target zone of the formation 104, such as the reservoir 102. An upper end of
the wellbore 120, at or near the surface 108, may be referred to as the “up-hole” end of the
wellbore 120. A lower end of the wellbore 120, terminating in the formation 104, may be
referred to as the “down-hole” end of the wellbore 120. The wellbore 120 may be created, for
example, by a drill bit boring through the formation 104 and the reservoir 102. The wellbore
120 may provide for the circulation of drilling fluids during drilling operations, the flow of
hydrocarbons (e.g., oil and gas) from the reservoir 102 to the surface 108 during production
operations, the injection of substances (e.g., water) into the formation 104 or the reservoir 102
during injection operations, or the communication of monitoring devices (e.g., logging tools)
into one or both of the formation 104 and the reservoir 102 during monitoring operations (e.g.,
during in situ logging operations). In some embodiments, the wellbore 120 includes cased or
uncased (or “open-hole™) portions. A cased portion may include a portion of the wellbore 120
lined with casing 124 (e.g., the up-hole end of the wellbore 120 lined with casing pipe and
cement). An uncased portion may include a portion of the wellbore 120 not lined with casing

124 (e.g., the open-hole, down-hole end of the wellbore 120).

[0032] In some embodiments, the control system 122 stores, or otherwise has access to,
well data 126. The well data 126 may include data that is indicative of various characteristics
of the well 106, the formation 104 or the reservoir 102. The well data 126 may include, for
example, a well location, a well trajectory, well logs (e.g., caliper logs, ultrasonic logs,
resistivity logs or density logs for the well 106), and well and formation characteristics. A well
location may include coordinates defining the location at which the up-hole end of the wellbore
120 penetrates the earth’s surface 108. A well trajectory may include coordinates defining a
path of the wellbore 120, from the up-hole end of the wellbore 120 to a down-hole end of the
wellbore 120.

[0033] In some embodiments, the control system 122 stores, or otherwise has access to,
SWBF parameters 128. The SWBF parameters 128 may specify values for use in identifying
and characterizing SWBFs. The SWBF parameters 128 may be predefined, for example, by a
well operator. The SWBF parameters 128 may include a specified SWBF angular offset
threshold (bswarthres), a specified opposing failure angular offset threshold (dopethres), or a
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specified SWBF angular width threshold (Winres). The specified threshold angular offset (dbthres)
may be 5°, indicating that opposing spallings may be determined to be diametrically opposed
(symmetrical) if the angular offset (¢ swsr) between the two spallings is in the range of 175°
to 185°, and may be determined to be non-diametrically opposed (asymmetrical) if the angular
offset (¢ swar) between the two spallings is outside the range of 175° to 185°. The opposing
failure angular offset threshold (¢poprires) may be 10°, indicating that opposing spallings may
be determined to be non-diametrically opposed if the angular offset (¢ swsr) between the two
spallings is in the range of 170° to 175° or 185°-190°. The SWBF angular width threshold
(Winres) may be 10%, indicating that opposing spallings may be determined to be of similar size
(symmetrical or a “mirror-image” of each other) if their angular widths are within 10% of one
another, and may be determined to not be of similar size (asymmetrical) if their angular widths

are not within 10% of one another.

[0034] As described, the control system 122 may assess the formation 104 and the wellbore
120 to determine whether the wellbore 120 is experiencing borehole failures, or to characterize
borehole failures in the wellbore 120. For example, the control system 122 may identify and
characterize a SWBF in the wellbore 120 based on ultrasonic image logs (or “acoustic image
logs™) of the well 106. In some embodiments, the control system 122 determines characteristics
of the well 106 based on the presence or absence of borehole failures in the well 106 and
associated characteristics. For example, in response to identifying a SWBF in the wellbore 120,
the control system 122 may characterize the formation rock around the wellbore 120 as has
having an unconfined compressive strength corresponding to fractured rock. In some
embodiments, the control system 122 controls operation of the well 106 based on the
identification or characterization of the borehole failures. For example, the control system 122
may determine drilling parameters (e.g., a drilling fluid weight (or “mud weight™)) or injection
parameters (e.g., an injection rate) based on the identification and characterization of a SWBF

in the wellbore 120, and control the well 106 to operate in accordance with the parameters.

[0035] In some embodiments, the control system 122 generates, stores or executes a well
development plan 130. A well development plan 130 may specify parameters for developing
the well 106 (or other wells in the formation 104) to inhibit wellbore failures, including
SWBFs. The parameters may specify parameters for drilling fluid used to drill the well 106 (or
other wells in the formation 104) to inhibit the occurrence of, and reduce the effects of, SWBFs,

such as a particular weight of drilling fluid (e.g., balanced weight drilling fluid), or a drilling
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fluid additive (e.g., lost circulation materials (LCMs)). The parameters may specify completion
parameters for the well 106 (or other wells in the formation 104) to inhibit the occurrence of,
and reduce the effects of, SWBFs, such as certain intervals of the wellbore 120 to be cased.
The parameters may specify production operating parameters for the well 106 (or other wells
in the formation 104) to inhibit the occurrence of, and reduce the effects of, SWBFs, such as
production rates and pressures. The parameters may specify simulation parameters for the well
106 (or other wells in the formation 104) to inhibit the occurrence of, and reduce the effects of,
SWBFs, such as constraints including use of drilling fluid having equal to or less than a
threshold drilling fluid density, installing casing in wellbore segments susceptible to SWBFs,
or operating at or below a maximum production rate or at or above a minimum bottom-hole

pressure (BHP).

[0036] Understanding in-situ stresses of a formation and resulting modes of borehole
failure can be helpful in understanding the described embodiments. FIGS. 2A and 2B are cross-
sectional diagrams of a wellbore that illustrate example hoop stresses acting on the wellbore
and associated modes of failure, in accordance with one or more embodiments. FIG. 2A
illustrates examples of BOs and DIFs type failures. FIG. 2B illustrates examples of SWBFs
and DIF type failures. Each of the diagrams illustrates locations of maximum horizontal in-situ
stresses (on) and locations of minimum horizontal in-situ stresses (on) in a circular wellbore of
a radius (R). As illustrated, the locations of maximum horizontal in-situ stresses (o) may be
located opposite one another, and the locations of minimum horizontal in-situ stresses (on) may
be located opposite one another and offset from the locations of maximum horizontal in-situ
stresses (on) by an angle of about 90°. One of the locations of maximum horizontal in-situ
stress (on) may be assigned an orientation or angular location on the wellbore circumference
(©) of 0° for the purpose of further assessment, including application of Kirsch’s equation
(described in more detail with regard to at least Equation 1). As illustrated, BOs may occur
parallel to the direction of minimum horizontal in-situ stresses (o1). The BOs may occur due to
a resulting compressive hoop stress acting on the formation rock in the area of the BOs
exceeding a compressive strength (Co) of the formation rock. DIFs may occur parallel to the
direction of maximum horizontal in-situ stresses (ou). The DIF may occur due to a resulting
tensile hoop stress acting on the formation rock in the area of the DIFs exceeding a tensile
strength (To) of the formation rock. A wellbore that is not susceptible to SWBFs (e.g., a
wellbore surrounded by intact, non-fractured formation rock) may exhibit BO or DIF type

failures, but not SWBFs, as illustrated in FIG. 2A.
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[0037] A wellbore that is susceptible to SWBFs (e.g., a wellbore surrounded by fractured
formation rock) may experience SWBFs, in addition to DIF type failures, as illustrated in FIG.
2B. A SWBF may be characterized by asymmetrical spalling of formation rock around the wall
of the wellbore. As described, the relative locations of asymmetrical spallings of a SWBF may
be defined by an angular offset (¢ swsr) between the spallings. As described, the extent of a
SWBF may be expressed as an angular width of the SWBF (Wswsr). As can be seen, locations
of the spallings forming an SWBF (e.g., SWBF1 and SWBFz) may not be directly opposite
from one another (e.g., ¢ swsr # 180°), and may each have different sizes (e.g., Wswsr1 #
Wswer2). Spallings may be characterized as a SWBF based on comparisons of the angular
offset of the SWBF (¢ swsr) and the angular width of the SWBF (Wswsr) to an SWBF angular
offset threshold (dpswertares), an opposing failure angular offset threshold (dopptures), and a
specified SWBF angular width threshold (Wires). The occurrence of a SWBF can make it
difficult to assess the characteristics of the formation rock and, thus, in turn, can make it
difficult to assess how best to operate the well or other wells in the formation. Embodiments
are directed to identifying and characterizing SWBFs, characterizing formation rock based on
the identification and characterization of the SWBFs, and operating wells in the formation
based on the identification and characterization the SWBFs and the corresponding

characterizations of the formation rock.

[0038] FIGS. 3A-3C are diagrams that illustrate example BOs, DIFs and SWBFs, in
accordance with one or more embodiments. Each of the diagrams includes a flattened image
representing formation rock around the circumference of a wellbore (e.g., from 0° to 360°),
along a length of the wellbore (L). These types of images may be logs generated by way of a
logging operation, such as an ultrasonic logging operation or a caliper logging operation. The
angular location (©) of 0" may be assigned to the angle at which a maximum horizontal in-situ
stress (on) occurs, for the purpose of consistency with further assessment of the wellbore,
including application of Kirsch’s equation (described in more detail with regard to at least
Equation 1). In some embodiments, the angular direction of geographic North is assigned the
angular location (©) of 0" (e.g., © = 0” at the direction of geographic North). FIG. 3A is a first
image of formation rock around the circumference of a wellbore experiencing BOs 302 and
DIFs 304. The occurrence of BOs paired with DIFs is one mode of failure, often characterized
by longitudinally oriented sets of DIFs 304 occurring along opposite lengths of the wall of the
wellbore (e.g., separated from one another by an angle about 180°) at locations of minimum

hoop stress (parallel to maximum horizontal in-situ stress) acting on the formation rock forming
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the wall of the wellbore, and longitudinally oriented sets of BOs 302 occurring along opposite
lengths of the wall of the wellbore (e.g., separated from one another by an angle of about 180°)
at locations of maximum hoop stress (parallel to minimum horizontal in-situ stress) acting on
the formation rock forming the wall of the wellbore, with the longitudinally oriented sets of
DIFs 304 and the longitudinally oriented sets of BOs 302 being offset from one another by an
angle of about 90°. FIG. 3B is a second image of formation rock around the circumference of
a wellbore experiencing DIFs 304 and SWBFs 306. FIG. 3C is an ultrasonic image log of
formation rock around the circumference of a wellbore experiencing DIFs 304 and SWBFs
306, further illustrating the nature of SWBFs. The occurrence of SWBFs is a mode of failure
recognized by Applicant. Applicant has determined that this mode of failure can include
failures in locations similar to that of BOs (e.g., between location of DIFs), but the failures may
be exhibit asymmetrical spalling in comparison to traditional BOs. For example, locations of
spalling forming an SWBF may not be directly opposite from one another (e.g., ¢ swsr # 180°),
may not be of the same size (e.g., Wswer1 # Wswasr2), and may have an asymmetrical
appearance, including areas of spalling defining a body 308 (e.g., an elongated region of failure
having a rectangular shape) and legs 310 that extend from the body 308. The legs 310 may
form a spider-like pattern that interconnects adjacent bodies 308 of the SWBF 306. The legs
310 may form, for example, due to natural fractures occurring in the formation rock. As
described, the natural fractures may create areas of reduced rock strength that exhibit spalling
failure at relatively low stress levels in comparison to the stress level required to cause spalling
of non-fractured (or “intact”) rock. As a result, the spalling may follow the natural fractures,
resulting in spalling patterns that are relatively non-symmetric in comparison to the relatively

linear spalling patterns of traditional BOs.

[0039] Applicant has recognized that SWBFs are often mistaken for BOs and, as a result,
corresponding formation rock is inaccurately characterized based on characteristics of BOs.
For example, an unconfined compressive rock strength may be determined for a formation
based on characteristics of a BO type failure, although the failure is actually a SWBF. As a
result, the formation may be designated as having a relatively high unconfined compressive
rock strength associated with non-fractured formation rock, although the formation has a
relatively low unconfined compressive rock strength associated with fractured formation rock.
As a result, the well may be operated based on too high of an unconfined compressive rock
strength, which can lead to complications in operating the well, including additional borehole

failures (e.g., excessive occurrence of DIFs) that can compromise the well.
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[0040] FIG. 4A is a flowchart that illustrates a method 400 of identifying and
characterizing SWBFs in a hydrocarbon well, and operating the hydrocarbon well based on the
SWBFs, in accordance with one or more embodiments. In the context of the well 106, the
operations of the method 400 may be performed, for example, by the well control system 122
or another operator of the well 106. A processing module of the well control system 122 may
perform one or more of the data processing operations described, such as those directed to
determining whether the well 106 is experiencing a SWBF, characteristics of any SWBFs and
corresponding characteristics of the formation 104. A well operator, such as a control module
of the well control system 122 or well personnel, may operate the well 106 (or other wells in
the formation 104) based on the characteristics of the formation 104. For example, an operator
may operate the well 106 (or other wells in the formation 104) based on an unconfined
compressive strength of fractured rock (Csm) in the formation 104 that corresponds to an

angular width (Wswsr) of an identified SWBF.

[0041] In some embodiments, the method 400 includes drilling a well (block 402). Drilling
a well may include drilling a hydrocarbon wellbore into a formation. For example, drilling the

well 106 may include drilling the wellbore 120 into the formation 104.

[0042] In some embodiments, the method 400 includes conducting testing of the well
(block 404). Conducting testing of the well may include performing one or more tests of a
wellbore of the well to assess various characteristics of the wellbore. Testing may include well
logging, injection testing, core testing, measuring a mud weight gradient (Mw) and measuring

a reservoir temperature (Tres) of the well.

[0043] Well logging may include caliper logging, ultrasonic image logging, resistivity
image logging, or density logging. Caliper logging of a well may include moving a caliper tool
along a length of the wellbore of the well to generate size and shape data and corresponding
caliper logs of the wellbore, including caliper mapping of a length of the formation rock
forming the wall of the wellbore of the well. Ultrasonic image logging of a well may include
moving an ultrasonic borehole imager along a length of the wellbore of the well to generate
ultrasonic data and corresponding ultrasonic image logs of the wellbore, including ultrasonic
images of a length of the formation rock forming the wall of the wellbore of the well. In some
embodiments, caliper or ultrasonic image loggings and the corresponding caliper or ultrasonic
logs are used to determine various characteristics of the wellbore and the formation, such as to

identify the absence or presence of wellbore failures. This can include identifying the absence
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or presence of BOs, DIFs and SWBFs, and corresponding characteristics of the failures, such
as locations and widths of the failures. The caliper logs may indicate the presence of borehole
failure in terms of enlarged or tightened hole. However they may not provide for the detection
of DIFs and SWBFs. The detection of DIFs and SWBFs may require a circumferential coverage
of the wellbore wall by acoustic image logs, such as ultrasonic image logs of the wellbore. In
some embodiments an SWBF may occur in a vertical or horizontal well. In a well having a
horizontally oriented wellbore, the SWBF may not be detectable using acoustic image logs, but
may be may be detected by other means, such as LWD (logging while drilling) borehole
imaging. Thus, in the case of a well having a horizontally oriented wellbore, the wellbore may
be logged using a high resolution LWD borehole imager that generates images of the wellbore
that can be used to identify and characterize SWBFs in the horizontally oriented wellbore. In
some embodiments, the angular location of maximum horizontal in-situ stresses (cH) can be
determined based on the location of the borehole failures. Resistivity logging of a well may
include moving a resistivity logging tool along a length of the wellbore of the well to generate
resistivity data and corresponding resistivity logs of the wellbore, including a mapping of
resistivity vs. depth across a length of the formation rock forming the wall of the wellbore.
Density logging of a well may include moving a density logging tool along a length of the
wellbore of a well to generate density data and corresponding resistivity logs of the wellbore,
including a mapping of density vs. depth across a length of the formation rock forming the wall
of the wellbore. In some embodiments, density loggings and the corresponding density logs are
used to determine various characteristics of the wellbore and the formation, such as vertical in-

situ stresses (ov) of formation rock at the wall of the wellbore.

[0044] Injection testing of a well may include injecting fluid into the reservoir by way of
the wellbore of the well and monitoring a pressure response in the wellbore to generate pressure
versus time curves. Injection tests can include one or more of the following: micro-fracture
tests, mini-fracture tests, leak-off tests and massive hydraulic fracturing. The results of the
injection test can dictate, for example, the maximum pressure or mud weight that may be
applied to the well during drilling operations. In some embodiments, injections tests and the
corresponding results are used to determine various characteristics of the wellbore and the
formation, such as a pore pressure (Po), and minimum horizontal in-situ stresses (on) of
formation rock at the wall of the wellbore. The maximum horizontal in-situ stresses (cx) may
be estimated using the measured formation (Po), and the minimum horizontal in-situ stresses

(on) of formation rock at the wall of the wellbore from the injection test of the wellbore. The
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magnitude of vertical in-situ stress (ov) may be determined from integrating the rock bulk

density acquired from sonic and or density logs.

[0045] Core testing may include extracting a sample of formation rock (or “core sample™)
from a wellbore and testing various aspects of the sample. In some embodiments, the core
sample is extracted by way of a coring operation. For example, a coring operation may
conducted using a coring bit to extract a cylindrical shaped sample of the formation during
drilling of the wellbore of the well. The coring sample may be transported to a laboratory,
where it is subjected to a variety of geologic tests to determine characteristics of the core sample
and the portion of the formation surrounding the location from which the core sample was
extracted. In some embodiments, core testing is employed to determine various characteristics
of the wellbore and the formation, such as an unconfined compressive strength (Co,), internal

friction and Poisson’s ratio of formation rock at the wall of the wellbore.

[0046] The results of the testing of the well (e.g., including core and logs analysis), may be
stored for use in assessing the well. For example, results of testing of the well 106, such as the
identities and characteristics of boreholes failures (e.g., the absence or presence of BOs, DIFs
and SWBF, and corresponding locations and widths of the failures), angular location of
minimum horizontal in-situ stress (on), maximum horizontal in-situ stresses (on), magnitude of
vertical in-situ stress (ov), pore pressure (Po), maximum horizontal in-situ stresses (om),
minimum horizontal in-situ stresses (on), unconfined compressive strength (Co), internal
friction, and Poisson’s ratio of formation rock at the wall of the wellbore 120, and the mud
weight gradient (Mw) and the reservoir temperature (Tres) for the well 106, may be stored in
the well data 126 for the well 106. FIG. 5 is a table that illustrates an example well data 126,

including example rock mechanical parameters, in accordance with one or more embodiments.

[0047] In some embodiments, method 400 includes determining whether a borehole
spalling failure is present (block 406). Determining whether a borehole spalling failure is
present may include determining, based on the well data for the well, whether spalling
consistent with a BO, or a SWBEF is present at the wall of the wellbore of the well. For example,
determining whether a borehole spalling failure is present in the wellbore 120 of the well 106
may include determining whether the spalling consistent with a BO or a SWBF is present at
the wall of the wellbore 120. This can include, for example, assessing ultrasonic image logs or

other circumferential images of the wellbore 120 to identify the absence or presence of
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elongated spalling extending along a length of the walls of the wellbore 120, consistent with a
BO or a SWBF.

[0048] In some embodiments, method 400 includes in response to determining that a
borehole spalling failure is not present, proceeding to operating the well based on borehole
non-spalling conditions (block 408). Operating the well based on borehole non-spalling
conditions may include determining operating parameters of the well based on the unconfined
compressive strength (Co) of the intact formation rock, and a determination that the maximum
circumferential hoop stress (coe™?Y) is less than the unconfined compressive strength (Co) of
the formation rock at the wall of the wellbore, and the minimum circumferential hoop stress
(c0e™") is greater than the tensile strength (To) of the formation rock at the wall of the
wellbore. For example, operating the well 106 based on borehole non-spalling conditions may
include determining operating parameters, such as a drilling fluid type and weight, a production
rate, an operating pressure, or an injection rate for the well 106, based on a determination that
the maximum circumferential hoop stress (cee*") in the wellbore 120 is less than the
unconfined compressive strength (Co) of the rock of the formation 104 at the wall of the
wellbore 120, and the minimum circumferential hoop stress (coo*”") is greater than the tensile
strength (To) of the rock of the formation 104 at the wall of the wellbore 120, and operating the

well 106 in accordance with the determined operating parameters.

[0049] In some embodiments, method 400 includes, in response to determining that a
borehole spalling failure is present, proceeding to determining whether the spalling failure is
symmetric (block 410). Determining whether the spalling failure is symmetric may include
determining whether locations of opposing spallings are diametrically opposed and are of
similar size or shape consistent with a SWBF. In some embodiments, a spalling failure may be
determined to be symmetric if locations of opposing spallings of the spalling failure are
diametrically opposed and the opposing spallings are of similar size, and a spalling failure may
be determined to be asymmetric if locations of opposing spallings of the spalling failure are
not diametrically opposed or the opposing spallings are not of the same or similar size, or may
be determined to be asymmetric if locations of opposing spallings exhibit a shape that is

consistent with a SWBF (e.g., a body with spider-like legs).

[0050] In some embodiments, determining whether locations of opposing spallings are
diametrically opposed includes determining whether the locations of the spalling are angularly

offset from one another by an angle of about 180°. For example, opposing spallings may be
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determined to be diametrically opposed if the angular offset (¢ swsr) between the two spallings
satisfy a specified SWBF angular offset threshold (dpswartires) and a specified opposing failure
angular offset threshold (dboppetres). Continuing with the above example, spallings may be
determined to be diametrically opposed if the angular offset (¢ swsr) is within about 5° of 180°
(e.g., 175° < ¢ swer < 185°). Referring to FIG. 2B, spallings SWBF1 and SWBF2 may be
determined to be diametrically opposed if the angular offset (¢ swsr) between the two spallings
is in the range of 175° to 185°, and may be determined to be non-diametrically opposed
(asymmetric) if the angular offset (¢ swsr) between the two spallings is in the range of 170° to
175° or 185°-190°. In some embodiments, the angular location of a spalling is defined as the
angular direction passing through a center of the spalling region. As illustrated in FIG. 2B, the
angular location of the spalling of SWBF1 (¢ swsr1) may be defined by the dotted line bisecting
the angle of the dashed lines extending to the extents of the region of the spalling occurring at
the wall of the cylindrical wellbore, and the angular location of the spalling of SWBF2 (¢ swsr2)
may be defined by the dotted line bisecting the angle of the dashed lines extending to the extents
of the region of the spalling of SWBF2 occurring at the wall of the cylindrical wellbore.

[0051] In some embodiments, determining whether opposing spallings are of similar size
includes determining whether the angular widths of the opposing spallings are similar. For
example, opposing spallings may be considered to be of similar size if the difference in their
angular widths satisfies the SWBF angular width threshold (Winres). Continuing with the above
example, opposing spallings may be considered to be of similar size if their angular widths are
within 10% of one another. Referring to FIG. 2B, opposing spallings SWBF1 and SWBF2 may
be determined to be of similar size if their angular widths (Wswsr1 and Wswsr2) are within 10%
of one another, and may be determined to not be of similar size if their angular widths (Wswsr!1

and Wswar2) are not within 10% of one another.

[0052] In some embodiments, determining whether opposing spallings are of a shape that
is consistent with a SWBF includes determining from logs (e.g., acoustic image logs) whether
opposing spallings have areas of spalling defining a body (e.g., an elongated region of failure
having a rectangular shape) and legs that extend from the body. The legs may form a spider-

like pattern that interconnects adjacent bodies of the SWBF.

[0053] In some embodiments, method 400 includes in response to determining that the

spalling failure is symmetric, proceeding to assessing characteristics of the well and to
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operating the well based on techniques for assessing BO and DIF type failures. In some
embodiments, this includes determining circumferential hoop stress of the well based on the
symmetric spalling (block 412) and operating the well based on the unconfined compressive
strength of non-fractured (intact) formation rock (Co) or the circumferential hoop stress for the

well (block 414).

[0054] In some embodiments, determining the circumferential hoop stress of the well based
on the symmetric spalling includes determining the circumferential hoop stress of the wellbore
of the well using Kirsch’s equation (Kirsch, 1898) for identifying hoop stresses (¢oo) around

a cylindrical vertical hole, defined by the following relationship:

cee = ou + on— 2 (0u - on ) C0s20-P, — Py, (1)

where cee is the circumferential hoop stress at a given angular location at the circumference of
the wall of the wellbore, defined by an angle (©) between the angular location and an angular
location of the maximum horizontal in-situ stress (on) at the circumference of the wall of the
wellbore, on is the maximum horizontal in-situ stress around the circumference of the wall of
the wellbore, on is the minimum horizontal in-situ stress around the circumference of the wall
of the wellbore, P, is the formation rock pore pressure, and Py is the pressure of drilling fluid
in the wellbore. In the context of the well 106, these parameters may be obtained from the well
data 126 for the well 106. In some embodiments, the angular direction of geographic North is
assigned as a reference for the angular location (0) (e.g., © = 0° at the direction of geographic
North). Determining circumferential hoop stress of the wellbore based on the symmetric
spalling can include determining maximum and minimum horizontal in-situ stresses (cu and
oh). The maximum and minimum horizontal in-situ stresses (ou and on) can be determined, for
example, based on modeling of the stresses of the formation rock at and around the wellbore,
or the observations of the failure (or lack of failure) of formation rock along the wall of the
wellbore. In some embodiments, the maximum horizontal in-situ stress (on) is based on the
observed angular width of BOs in the wellbore. In some embodiments, the minimum horizontal
in-situ stress (on) is based on the occurrence of DIFs or the occurrence and width of BOs in the
wellbore. The on is also measured from injection tests of wellbore. Kirsch’s equation (equation
1) expresses maximum and minimum circumferential hoop stresses around a vertical borehole

in terms of maximum and minimum horizontal in-situ stresses (cu and on), the formation rock
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pore pressure (Po), and the contrast (AP) between pore pressure (Po) and drilling fluids pressure

(Pw). The maximum circumferential hoop stress (cee’Y) can be defined as follows:

000" =30y - o1 - 2Py — AP-0 AT (2)
The minimum circumferential hoop stress (coe*") can be defined as follows:

000" =301 - o1 - 2P - AP-0 AT (3)

where ¢ 2T is a thermal cooling stress, which is valid for high-temperature reservoirs (e.g.,
reservoirs with wellbores having bottom-hole temperatures of greater than about 300°F
(149°QC)). A positive circumferential hoop stress (coo) indicates a compressive circumferential
hoop stress, and a negative circumferential hoop stress (coe) indicates a tensile circumferential
hoop stress. It can be determined that BOs are likely to occur when the maximum
circumferential hoop stress (coo’?Y) is positive, and equal to or greater than a compressional
strength (Co) of the formation rock at the wall of the wellbore. It can be determined that tensile
fractures, such as DIFs, are likely to occur when the minimum circumferential hoop stress
(coe™Y) is negative, and less than or equal to a tensile strength (T,) of the formation rock at

the wall of the wellbore.

[0055] In some embodiments, operating the well based on the unconfined compressive
strength of rock (Co) or circumferential hoop stress for the well includes controlling
characteristics of drilling fluid circulated into the wellbore during drilling operations (e.g.,
using an oil-based drilling fluid, as opposed to a water-based drilling fluid), drilling the well
using drilling fluids having a fluid density that is within the threshold drilling fluid density
(e.g., using a balanced drilling fluid in the wellbore 120 to constrain the hoop stresses (see
equation 2 and 3) to alevel that inhibits the development of BOs and DIFs in the wellbore 120),
conducting completion or production operations to inhibit the occurrence of BOs and DIFs
(e.g., casing a segment of the wellbore 120 to inhibit the BOs and DIFs in the segment of the
wellbore 120), operating at or below a maximum production rate (or at or above the minimum
BHP) (e.g., operating the well 106 at a maximum production rate (or at or above the minimum
BHP in the wellbore 120)). In some embodiments, operating the well based on the unconfined

compressive strength of rock (Co) or circumferential hoop stress for the well includes operating
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the well based on a well design based on the unconfined compressive strength of rock (Co) or

the determined circumferential hoop stresses for the well.

[0056] In the context of well stimulation operations (e.g., hydraulic fracturing or
“hydrofracturing™), well models, field models and well designs and associated field
development plans (FDPs) inhibiting BOs and DIFs, may be constrained in view of the
unconfined compressive strength of rock (Co) or circumferential hoop stress for the well. A
well simulation may constrain the well 106 to use of an oil based drilling fluid having equal to
or less than the threshold drilling fluid density and at least the threshold amount of lost
circulation materials (LCMs), casing in a segment of the wellbore 120, operating the well 106
at or below the maximum production rate, or operating the well 106 at or above a minimum
BHP, in an effort to inhibit BOs and DIFs. As a further example, stimulation operations
parameters may be adjusted and an injection operation may be performed using those
parameters (e.g., an injection rate or pressure of the injection operation may be decreased below
threshold values estimated for intact/non-fractured rock), in the wellbore 120. In some
embodiments, the occurrence of SWBF in a target hydrocarbon reservoir may indicate that
hydrofracture stimulation operation is not necessary to produce the hydrocarbon. In such an
instance, performance of borehole cleaning by acid or other compatible fluids, or a
minifracking job may be sufficient, and the borehole may flow without the need for major

hydrofracturing job.

[0057] In some embodiments, method 400 includes in response to determining that the
spalling failure is not symmetric (or is “asymmetric”), proceeding to identify the spalling
failure as a SWBF of the well (block 415), and proceeding to assess and operate the well 106
based on characteristics of the SWBF. The assessment may including conducting a calibration
operation for the well 106 and forward modeling the well 106 to identify characteristics of the

well 106, and operating the well 106 based on the identified characteristics.

[0058] In some embodiments, the method 400 includes conducting a calibration operation
for the well (block 416). For SWBFs a calibration with resistivity image logs or laboratory
testing of drill core samples (e.g., acquired from the same wellbore at the same depth as the
acoustic image logs) may be used to verify the presence of natural fractures. In some
embodiments, calibrating from acoustic image logs, resistivity images and drill cores includes
identifying and associating areas in each of the images and drill cores that demonstrate

opposing spallings have areas of spalling defining a body (e.g., an elongated region of failure
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having a rectangular shape) and legs that extend from the body. The legs may form a spider-
like pattern that interconnects adjacent bodies of the SWBF. The calibration operation can, for

example, include the following:
(1) extracting, from each of one or more depths in a wellbore, a core sample of rock;

(2) acquiring, for each of the one or more depths in the wellbore, images of rock at the

wall of the wellbore;

(3) for each of the one more depths in the wellbore, conducting an “image log analysis™

that includes the following:

(a) characterizing the core sample for the depth, including, for example,
identifying and characterizing natural fractures of the core sample of
rock extracted from the given depth (“core sample characteristics™ for
the depth) (e.g., identifying locations (depths), orientations and densities
of natural fractures in the core sample of rock extracted from the given

depth);

(b) characterizing the images of rock at the wall of the wellbore for the depth,
including, for example, identifying characteristics of the images of the
rock at the wall of the wellbore at the given depth (“image
characteristics” for the depth) (e.g., identifying locations (depths),
orientations and widths of SWBFs in the images of rock at the wall of

the wellbore for the depth), and

(c) associating the core sample characteristics for the depth with the image
characteristics for the depth (e.g., associating the locations (depths),
orientations and densities of natural fractures in the core sample of rock
extracted from the given depth with the locations (depths), orientations
and widths of SWBFs in the images of rock at the wall of the wellbore
for the depth); and

(4) generating, using the associations for each of the one or more depths, a mapping of
characteristics of natural fractures to characteristics of SWBFs identified from

the images of rock (e.g., a mapping of the result of calibrating the SWBFs
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occurrence in the well, including a mapping of SWBFs occurrence versus

natural fracture occurrence and density).

[0059] FIG. 4B illustrates an example mapping 450 of the result of calibrating the SWBFs
occurrence in a hydrocarbon well, in accordance with one or more embodiments. The mapping
400 includes a graphic chart that illustrates mapping of SWBFs occurrence in a well versus
natural fracture occurrence and density in the well. Such a mapping can be used, for example,
to identify characteristics of formation rock (and natural fractures contained in the formation
rock) based on characteristics of images of the formation rock. Such calibration may be
essential for the first well drilled in a particular area or field to identify the presence and
character of natural fractures in the particular area or field. A characterization of SWBFs from
acoustic images may include, for example, the depths, angular locations and angular widths of

SWBFs.

[0060] In some embodiments, the method 400 includes determining a width of the SWBF
versus depth (block 418). Determining a width of the SWBF versus depth may include
determining an angular width of the spalling identified as a SWBF, or angular widths of other
areas of spalling identified as a SWBF at other depths in the wellbore of the well . In some
embodiments, the angular width associated with the SWBF is a width of one or both of two
regions of spalling associated with the SWBF. For example, referring to FIG. 2B illustrating
two regions of spalling (SWBF1 and SWBF2) associated with a SWBF, the angular width of
the SWBF may be determined to be the larger of the two angular widths (e.g., Wswsr = WswaF1,
Wswer1>Wswsr2). That is, the angular width of the SWBF may be angular width of the most
developed spalling body in terms of length and width of the SWBF body observed on acoustic
borehole images. (See, e.g., FIGS. 2B, 3B and 3C). Using the larger of the two angular widths
may identify a critical threshold of (Co) at which spalling advances rapidly and thus poses a
higher risk to wellbore stability.

[0061] In some embodiments, the method 400 includes generating a forward model of rock
strength for the well (block 420). The forward model of rock strength for the well may define
arock strength reduction factor (1) as a function of angular width of a borehole failure, such as
a SWBF. The rock strength reduction factor (r) may represent a ratio of an unconfined
compressive strength of fractured rock (Csm) to an unconfined compressive strength of intact

rock (Co). The rock strength reduction factor (r) may be defined as follows:
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c
r=2 “
[0062] Generating the forward modeling may include predicting the occurrence of BOs
and DIFs, and corresponding angular widths of the BOs, in formation rock for each of various
values of unconfined compressive strength of formation rock (Co ). Each of the various values
of unconfined compressive strength of formation rock (Co) may be less than an unconfined
compressive strength of intact rock (Co). The unconfined compressive strength of intact
formation rock (Co) may be determined, for example, by way of laboratory testing of a core
sample of the formation. For example, an unconfined compressive strength of intact formation
rock (Co) for the well 106 stored in well data 126 may be determined by way of laboratory
testing of a core sample of rock of the formation 104 extracted from the wellbore 120. The
forward modeling of the well 106 may include predicting corresponding angular widths of BOs
(if any) in the wellbore 120 for each of a plurality of different unconfined compressive strengths
of formation rock (Co), determining a rock strength reduction function defining the rock
strength reduction factor (r) as a function of angular width of a borehole failure (W). In some
embodiments, the angular width of a borehole failure in a wellbore for each of the plurality of
different unconfined compressive strengths of formation rock (Co) is determined based on a
corresponding set of input parameters, including a vertical in-situ stress (ov), a pore pressure
(Po), drilling fluids pressure (Pw) (where AP = P, - Pw), a maximum horizontal in-situ stress
(on), a minimum horizontal in-situ stress (on), an unconfined compressive strength (Co), an
internal friction, and a Poisson’s ratio of the formation rock at the wall of the wellbore. As
described, these values may be determined based on testing of the well (block 404) or obtained

from well data for the well (e.g., well data 126).

[0063] FIGS. 6A and 6B are diagrams that illustrate forward modeling in accordance with
one or more embodiments. FIG. 6A is a diagram that illustrates forward modeling data for an
unconfined compressive strength of intact formation rock (Co) having a value 15,927 psi, and
including predicting corresponding angular widths of compressional, symmetrical borehole
failures (BOs) for each of the following unconfined compressive strengths of formation rock
(Co): 6,200 psi; 6,100 psi; 6,050 psi; 5,500 psi; 5,000 psi; 4,500 psi; 4,000 psi; 3,000 psi; 2,000
psi; and 1,000 psi. FIG. 6B is a plot that illustrates points corresponding to the respective
determined angular widths for each of the unconfined compressive strengths of formation rock
(Co), and a best fit line defining a rock strength reduction function (e.g., r = -0.005*W + 0.431)

that defines the rock strength reduction factor (r) as a function of an angular width of a borehole
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failure (W). As described, the SWBF angular width (Wswsr) may be substituted for the angular
width of a borehole failure (W) to determine a rock strength reduction factor (r) corresponding

to the SWBF.

[0064] In some embodiments, the method 400 includes determining a rock strength
reduction factor (r) for the well based on the forward model of rock strength for the well and
the width of the SWBF of the well (block 422). This can include applying the determined width
of the SWBF of the well to the rock strength reduction function for the well to determine the
rock strength reduction factor (r) for the well. For example, referring to FIGS. 6A and 6B, if
the angular width of a SWBF in the well 106 (Wswsr) is determined to be 10°, then the value
of 10° may be substituted for the angular width of a borehole failure (W) in the rock strength
reduction function (r = -0.005*W + 0.431) to arrive at a rock strength reduction factor (r) of

0.381 for the well.

[0065] In some embodiments, the method 400 includes determining an unconfined
compressive strength of fractured rock (Ctm) for the well based on the rock strength reduction
factor (r) (block 424). This can include multiplying the unconfined compressive strength of
intact formation rock (Co) for the well by the rock strength reduction factor (r) for the well to
arrive at the unconfined compressive strength of fractured rock (Ctm) for the well. For example,
determining an unconfined compressive strength of fractured rock (Csm) for the well 106 based
on the rock strength reduction factor (r) may include multiplying the unconfined compressive
strength of intact formation rock (Co) for the well 106 by the rock strength reduction factor (1)
for the well 106 to arrive at the an unconfined compressive strength of fractured rock (Ctm) for

the well 106 of 6,068 psi (e.g., 6,068 psi = 15,927 psi * 0.381).

[0066] In some embodiments, the method 400 includes determining circumferential hoop
stress (oeo) of the well where SWBFs have occurred based on the unconfined compressive
strength of fractured rock (Csm) for the well (block 426). In some embodiments, determining
circumferential hoop stress of the well based on the unconfined compressive strength of
fractured rock (Csm) for the well includes determining maximum and minimum horizontal in-
situ stresses (ou and on) based on the unconfined compressive strength of fractured rock (Cerm)
for the well, and applying the maximum and minimum horizontal in-situ stresses (on and on)
to equations 1, 2 and 3 to determine hoop stress (dee) at one or more angular locations around

the wellbore of the well, maximum circumferential hoop stress (cee’Y) around the wellbore
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of the well, and the minimum circumferential hoop stress (ee*"") around the wellbore of the

well, respectively.

[0067] In some embodiments, method 400 includes operating the well based on the
unconfined compressive strength of fractured rock (Cem) for the well or the circumferential
hoop stress of the well (block 428). This can include, for example, the control system 122 (or
another operator of the well 106, such as well personnel) controlling operations of the well 106
to inhibit the occurrence of additional SWBFs, or to reduce negative effects of existing SWBFs.
In some embodiments, the operating includes controlling characteristics of drilling fluid
circulated into the wellbore during drilling operations. For example, operating the well 106
may include using an oil-based drilling fluid, as opposed to a water-based drilling fluid. As
another example, operating the well 106 may include determining a threshold drilling fluid
density to inhibit the occurrence of SWBFs (or at least minimize the effect of SWBFs), and
circulating, into the wellbore 120, drilling fluids having a fluid density that is equal to the
threshold drilling fluid density. A balanced fluid density may reduce the maximum hoop stress
(see equation 2) to a level below that required to develop the SWBFs and thereby inhibit the
occurrence of SWBFs. In some embodiments, operating the well 106 includes conducting
completion or production operations to inhibit the occurrence of SWBFs. For example, if the
wellbore 120 is determined to contain or SWBFs, operating the well 106 may include casing
the segment of the wellbore 120 to inhibit the occurrence of additional SWBFs (or at least
minimize the effect of SWBFs) in the segment of the wellbore 120. As a further example,
operating the well 106 may include determining a maximum production rate (or minimum
BHP) to inhibit the occurrence of SWBFs (or at least minimize the effect of SWBFs) in the
wellbore 120, and operating the well 106 at or below the maximum production rate (or at or

above the minimum BHP).

[0068] In the context of well design, well stimulation operations (e.g., hydraulic fracturing
or “hydrofracturing™), well models, field models and field development plans (FDPs), these
may be constrained by parameters to inhibit the occurrence of SWBFs. Continuing with the
above example, a well simulation may constrain the well 106 to use of a drilling fluid within
the threshold drilling fluid density, casing the segment of the wellbore 120 determined to have
SWBFs, operating the well 106 at the maximum production rate, or operating the well 106 at
or above the minimum BHP. SWBFs may indicate that stimulation operations may not be

required because the natural fractures in the formation (evident from the SWBFs) may be
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sufficient to allow production after just cleaning the borehole by special fluids or a minifracking
job. As a further example, if the well 106 is determined to exhibit SWBFs, stimulation
operations parameters may be adjusted and an injection operation be performed using those
parameters (e.g., an injection rate or pressure of the injection operation may be decreased below

the values estimated from Co of non-fractured rock).

[0069] FIG. 7 is a diagram that illustrates an example computer system (or “system’) 1000
in accordance with one or more embodiments. In some embodiments, the system 1000 is a
programmable logic controller (PLC). The system 1000 may include a memory 1004, a
processor 1006 and an input/output (I/O) interface 1008. The memory 1004 may include non-
volatile memory (e.g., flash memory, read-only memory (ROM), programmable read-only
memory (PROM), erasable programmable read-only memory (EPROM), electrically erasable
programmable read-only memory (EEPROM)), volatile memory (e.g., random access memory
(RAM), static random access memory (SRAM), synchronous dynamic RAM (SDRAM)), or
bulk storage memory (for example, CD-ROM or DVD-ROM, hard drives). The memory 1004
may include a non-transitory computer-readable storage medium having program instructions
1010 stored thereon. The program instructions 1010 may include program modules 1012 that
are executable by a computer processor (e.g., the processor 1006) to cause the functional
operations described, such as those described with regard to the well control system 122 or the

method 400.

[0070] The processor 1006 may be any suitable processor capable of executing program
instructions. The processor 1006 may include a central processing unit (CPU) that carries out
program instructions (e.g., the program instructions of the program modules 1012) to perform
the arithmetical, logical, or input/output operations described. The processor 1006 may include
one or more processors. The I/0 interface 1008 may provide an interface for communication
with one or more I/O devices 1014, such as a joystick, a computer mouse, a keyboard, or a
display screen (for example, an electronic display for displaying a graphical user interface
(GUD). The 1/0 devices 1014 may include one or more of the user input devices. The 1/O
devices 1014 may be connected to the I/O interface 1008 by way of a wired connection (e.g.,
an Industrial Ethernet connection) or a wireless connection (e.g., a Wi-Fi connection). The 1/0
interface 1008 may provide an interface for communication with one or more external devices

1016. In some embodiments, the I/O interface 1008 includes one or both of an antenna and a
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transceiver. In some embodiments, the external devices 1016 include logging tools, lab test

systems, well pressure sensors, or well flowrate sensors.

[0071] Further modifications and alternative embodiments of various aspects of the
disclosure will be apparent to those skilled in the art in view of this description. Accordingly,
this description is to be construed as illustrative only and is for the purpose of teaching those
skilled in the art the general manner of carrying out the embodiments. It is to be understood
that the forms of the embodiments shown and described herein are to be taken as examples of
embodiments. Elements and materials may be substituted for those illustrated and described
herein, parts and processes may be reversed or omitted, and certain features of the embodiments
may be utilized independently, all as would be apparent to one skilled in the art after having
the benefit of this description of the embodiments. Changes may be made in the elements
described herein without departing from the spirit and scope of the embodiments as described
in the following claims. Headings used herein are for organizational purposes only and are not

meant to be used to limit the scope of the description.

[0072] It will be appreciated that the processes and methods described herein are example
embodiments of processes and methods that may be employed in accordance with the
techniques described herein. The processes and methods may be modified to facilitate
variations of their implementation and use. The order of the processes and methods and the
operations provided may be changed, and various elements may be added, reordered,
combined, omitted, modified, and so forth. Portions of the processes and methods may be
implemented in software, hardware, or a combination of software and hardware. Some or all
of the portions of the processes and methods may be implemented by one or more of the

processors/modules/applications described here.

[0073] As used throughout this application, the word “may” is used in a permissive sense
(i.e., meaning having the potential to), rather than the mandatory sense (i.e., meaning must).

PN

The words “include,” “including,” and “includes” mean including, but not limited to. As used
throughout this application, the singular forms “a”, “an,” and “the” include plural referents
unless the content clearly indicates otherwise. Thus, for example, reference to “an element”
may include a combination of two or more elements. As used throughout this application, the
term “or” is used in an inclusive sense, unless indicated otherwise. That is, a description of an
element including A or B may refer to the element including one or both of A and B. As used

throughout this application, the phrase “based on” does not limit the associated operation to
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being solely based on a particular item. Thus, for example, processing “based on” data A may
include processing based at least in part on data A and based at least in part on data B, unless
the content clearly indicates otherwise. As used throughout this application, the term “from™
does not limit the associated operation to being directly from. Thus, for example, receiving an
item “from” an entity may include receiving an item directly from the entity or indirectly from
the entity (e.g., by way of an intermediary entity). Unless specifically stated otherwise, as

apparent from the discussion, it is appreciated that throughout this specification discussions

% < % <<

utilizing terms such as “processing,” “computing,” “calculating,” “determining,” or the like
refer to actions or processes of a specific apparatus, such as a special purpose computer or a
similar special purpose electronic processing/computing device. In the context of this
specification, a special purpose computer or a similar special purpose electronic
processing/computing device is capable of manipulating or transforming signals, typically
represented as physical, electronic or magnetic quantities within memories, registers, or other
information storage devices, transmission devices, or display devices of the special purpose

computer or similar special purpose electronic processing/computing device.
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CLAIMS
What 1s claimed is:

1. A method of operating a hydrocarbon well, the method comprising:
conducting testing of the hydrocarbon well to acquire well data indicative of
characteristics of a wellbore of the hydrocarbon well;
determining, based on the well data, an unconfined compressive strength of intact rock
(Co) corresponding to a compressive strength of intact formation rock at a wall
of the wellbore;
identifying, based on the well data, asymmetric spalling of the formation rock at the
wall of the wellbore;
determining, based on the asymmetric spalling of the formation rock at the wall of the
wellbore, that the wellbore is experiencing a spider web borehole failure
(SWBF); and
in response to determining that the wellbore is experiencing the SWBF:
generating a forward model of rock strength for the hydrocarbon well, the
forward model of rock strength for the hydrocarbon well comprising a
rock strength reduction function defining a rock strength reduction
factor (1) as a function of angular width of a borehole failure (W);
determining an angular width of the SWBF (Wswsr);
determining, based on application of the angular width of the SWBF (Wswsr)
to the rock strength reduction function, a rock strength reduction factor
(v) for the hydrocarbon well;
determining, based on the rock strength reduction factor (r) for the hydrocarbon
well and the unconfined compressive strength of intact rock (Co), an
unconfined compressive strength of fractured rock (Ctm) corresponding
to a compressive strength of fractured formation rock at the wall of the
wellbore; and
operating the hydrocarbon well based on the unconfined compressive strength

of fractured rock (Crim).

2. The method of claim 1, wherein operating the hydrocarbon well based on the

unconfined compressive strength of fractured rock (Csm) comprises:
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determining a drilling fluid weight based on the unconfined compressive strength of
fractured rock (Ctm); and

drilling the wellbore of the well using drilling fluid of the determined drilling fluid
weight.

3. The method of claim 1 or claim 2, wherein operating the hydrocarbon well based on
the unconfined compressive strength of fractured rock (Csm) comprises:
determining parameters of an injection operation based on the unconfined compressive
strength of fractured rock (Ctm); and
conducting an injection operation at the well in accordance with the parameters of the

injection operation.

4. The method of any preceding claim, wherein operating the hydrocarbon well based on
the unconfined compressive strength of fractured rock (Csm) comprises:
determining, based on the unconfined compressive strength of fractured rock (Csm), a
circumferential hoop stress (cee) for the hydrocarbon well; and
operating the hydrocarbon well based on the circumferential hoop stress (coo) for the

hydrocarbon well.

5. The method of any preceding claim, wherein identifying asymmetric spalling of the
formation rock at the wall of the wellbore comprises determining that regions of spalling of the

formation rock at the wall of the wellbore are not diametrically opposed.

6. The method of any preceding claim, wherein identifying asymmetric spalling of the
formation rock at the wall of the wellbore comprises determining that regions of spalling of the

formation rock at the wall of the wellbore are not of similar angular widths.

7. The method of any preceding claim, wherein conducting testing of the hydrocarbon
well to acquire well data indicative of characteristics of a wellbore of the hydrocarbon well
comprises conducting an ultrasonic logging operation to acquire an ultrasonic image of the wall
of the wellbore, and wherein the well data comprises the ultrasonic image of the wall of the

wellbore.
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8. The method of any preceding claim, further comprising:
conducting testing of a second hydrocarbon well to acquire second well data indicative
of second characteristics of a second wellbore of the second hydrocarbon well;
determining, based on the second well data, a second unconfined compressive strength
of intact rock (Co) corresponding to a compressive strength of intact formation
rock in the second wellbore;
identifying, based on the second well data, symmetric spalling of the formation rock at
a wall of the second wellbore;
determining, based on the symmetric spalling of the formation rock at the wall of the
second wellbore, that the second wellbore is experiencing a borehole failure;
and
in response to determining that the second wellbore is experiencing the borehole failure:
determining, based on the second unconfined compressive strength of intact
rock (Co), a circumferential hoop stress (oeo) for the second
hydrocarbon well; and
operating the second hydrocarbon well based on the circumferential hoop stress

(0oe) for the second hydrocarbon well.

9. The method of any preceding claim, further comprising, in response to determining that
the wellbore is experiencing the SWBF, conducting a calibration operation comprising:
for one or more depths in the wellbore:
identifying core sample characteristics comprising characteristics of natural
fractures of a core sample of formation rock extracted from the depth in the wellbore;
identifying image characteristics comprising characteristics of images of rock
forming the wall of the wellbore at the depth in the wellbore; and
associating the core sample characteristics with the image characteristics; and
generating, based on the associated core sample characteristics and image
characteristics for each of the one or more depths in the wellbore, a mapping of core sample
characteristics to image characteristics, wherein the mapping is used to identify characteristics

of formation rock based on characteristics of images of the formation rock.

10. A method comprising;
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identifying asymmetric spalling of formation rock at a wall of a wellbore of a
hydrocarbon well;
determining, based on the asymmetric spalling of the formation rock at the wall of the
wellbore, that the wellbore is experiencing a spider web borehole failure
(SWBF); and
in response to determining that the wellbore is experiencing the SWBF:
generating a forward model of rock strength for the hydrocarbon well, the
forward model of rock strength for the hydrocarbon well comprising a
rock strength reduction function defining a rock strength reduction
factor (r) as a function of angular width of a borehole failure (W);
determining an angular width of the SWBF (Wswsr);
determining, based on application of the angular width of the SWBF (Wswsr)
to the rock strength reduction function, a rock strength reduction factor
(v) for the hydrocarbon well;
determining, based on the rock strength reduction factor (r) for the hydrocarbon
well and an unconfined compressive strength of intact rock (Co)
corresponding to a compressive strength of intact formation rock at the
wall of the wellbore, an unconfined compressive strength of fractured
rock (Ctm) corresponding to a compressive strength of fractured
formation rock at the wall of the wellbore; and
operating the hydrocarbon well based on the unconfined compressive strength

of fractured rock (Crim).

11. The method of claim 10, wherein operating the hydrocarbon well based on the
unconfined compressive strength of fractured rock (Csm) comprises:
determining a drilling fluid weight based on the unconfined compressive strength of
fractured rock (Ctm); and
drilling the wellbore of the well using drilling fluid of the determined drilling fluid
weight.

12. The method of claim 10 or claim 11, wherein operating the hydrocarbon well based on
the unconfined compressive strength of fractured rock (Csm) comprises:
determining parameters of an injection operation based on the unconfined compressive

strength of fractured rock (Ctm); and
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conducting an injection operation at the well in accordance with the parameters of the

injection operation.

13. The method of any one of claims 10-12, wherein operating the hydrocarbon well based
on the unconfined compressive strength of fractured rock (Csm) comprises:
determining, based on the unconfined compressive strength of fractured rock (Csm), a
circumferential hoop stress (cee) for the hydrocarbon well; and
operating the hydrocarbon well based on the circumferential hoop stress (coo) for the

hydrocarbon well.

14. The method of any one of claims 10-13, wherein identifying asymmetric spalling of the
formation rock at the wall of the wellbore comprises determining that regions of spalling of the

formation rock at the wall of the wellbore are not diametrically opposed.

15. The method of any one of claims 10-14, wherein identifying asymmetric spalling of the
formation rock at the wall of the wellbore comprises determining that regions of spalling of the

formation rock at the wall of the wellbore are not of similar angular widths.

16. The method of any one of claims 10-15, further comprising conducting an ultrasonic
logging operation to acquire an ultrasonic image of the wall of the wellbore, and wherein the
asymmetric spalling of formation rock at the wall of the wellbore of the hydrocarbon well is

based on the ultrasonic image of the wall of the wellbore.

17. The method of any one of claims 10-16, further comprising:
identifying symmetric spalling of formation rock at a wall of a second wellbore of a
second hydrocarbon well;
determining, based on the symmetric spalling of the formation rock at the wall of the
second wellbore, that the second wellbore is experiencing a borehole failure;
and
in response to determining that the second wellbore is experiencing the borehole failure:
determining a second unconfined compressive strength of intact rock (Co)
corresponding to a compressive strength of intact formation rock in the

second wellbore;
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determining, based on the second unconfined compressive strength of intact
rock (Co), a circumferential hoop stress (oeo) for the second
hydrocarbon well; and

operating the second hydrocarbon well based on the circumferential hoop stress

(0oe) for the second hydrocarbon well.

18. A system comprising:
a processor; and
a non-transitory computer readable storage medium comprising program instructions stored
thereon that are executable by the processor to perform the following operations:
identifying asymmetric spalling of formation rock at a wall of a wellbore of a
hydrocarbon well;
determining, based on the asymmetric spalling of the formation rock at the wall of the
wellbore, that the wellbore is experiencing a spider web borehole failure
(SWBF); and
in response to determining that the wellbore is experiencing the SWBF:
generating a forward model of rock strength for the hydrocarbon well, the
forward model of rock strength for the hydrocarbon well comprising a
rock strength reduction function defining a rock strength reduction
factor (r) as a function of angular width of a borehole failure (W);
determining an angular width of the SWBF (Wswsr);
determining, based on application of the angular width of the SWBF (Wswsr)
to the rock strength reduction function, a rock strength reduction factor
(v) for the hydrocarbon well;
determining, based on the rock strength reduction factor (r) for the hydrocarbon
well and an unconfined compressive strength of intact rock (Co)
corresponding to a compressive strength of intact formation rock at the
wall of the wellbore, an unconfined compressive strength of fractured
rock (Ctm) corresponding to a compressive strength of fractured
formation rock at the wall of the wellbore; and
operating the hydrocarbon well based on the unconfined compressive strength

of fractured rock (Crim).
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19. The system of claim 18, wherein operating the hydrocarbon well based on the
unconfined compressive strength of fractured rock (Csm) comprises:
determining a drilling fluid weight based on the unconfined compressive strength of
fractured rock (Ctm); and
drilling the wellbore of the well using drilling fluid of the determined drilling fluid
weight.

20. The system of claim 18 or claim 19, wherein operating the hydrocarbon well based on
the unconfined compressive strength of fractured rock (Csm) comprises:
determining parameters of an injection operation based on the unconfined compressive
strength of fractured rock (Ctm); and
conducting an injection operation at the well in accordance with the parameters of the

injection operation.

21. The system of any one of claims 18-20, wherein operating the hydrocarbon well based
on the unconfined compressive strength of fractured rock (Csm) comprises:
determining, based on the unconfined compressive strength of fractured rock (Csm), a
circumferential hoop stress (cee) for the hydrocarbon well; and
operating the hydrocarbon well based on the circumferential hoop stress (cee) for the

hydrocarbon well.

22. The system of any one of claims 18-21, wherein identifying asymmetric spalling of the
formation rock at the wall of the wellbore comprises determining that regions of spalling of the

formation rock at the wall of the wellbore are not diametrically opposed.

23. The system of any one of claims 18-22, wherein identifying asymmetric spalling of the
formation rock at the wall of the wellbore comprises determining that regions of spalling of the

formation rock at the wall of the wellbore are not of similar angular widths.

24, The system of any one of claims 18-23, the operations further comprising conducting
an ultrasonic logging operation to acquire an ultrasonic image of the wall of the wellbore, and
wherein the asymmetric spalling of formation rock at the wall of the wellbore of the

hydrocarbon well is based on the ultrasonic image of the wall of the wellbore.
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25.  The system of any one of claims 18-24, further comprising:
identifying symmetric spalling of formation rock at a wall of a second wellbore of a
second hydrocarbon well;
determining, based on the symmetric spalling of the formation rock at the wall of the
second wellbore, that the second wellbore is experiencing a borehole failure;
and
in response to determining that the second wellbore is experiencing the borehole failure:
determining a second unconfined compressive strength of intact rock (Co)
corresponding to a compressive strength of intact formation rock in the
second wellbore;
determining, based on the second unconfined compressive strength of intact
rock (Co), a circumferential hoop stress (cee) for the second
hydrocarbon well; and
operating the second hydrocarbon well based on the circumferential hoop stress

(0oe) for the second hydrocarbon well.
26. A non-transitory computer readable storage medium comprising program instructions

stored thereon that are executable by a processor to perform the method operations of any one

of claims 1-17.
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