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ABSTRACT

Logging while drilling (LWD) images are widely used for the analysis of borehole stability. In this
context, borehole breakouts are a crucial indication of rock failure developing when the circumferential
stress around the borehole exceeds the yield value of the rock. This study investigates the impact
of drilling-related processes (DRPs) on the origin of borehole breakouts. DRPs, for instance, include
connections or tripping operations. For this purpose, we analyze data from 12 boreholes in different
geological settings throughout the Norwegian and Danish North Sea, containing a total of 208 borehole
breakouts. The extensive data acquisition of LWD offers the unique possibility to link the imaging to
real-time drilling operations and to monitor anomalies of e.g., bottom hole pressure. These records
allow us to connect any thermal, hydraulic, or mechanical interaction next to the borehole wall to
perturbations of the stress field. This analysis resulted in an apparent strong coincidence of borehole
breakouts, representing major stress perturbations, with DRPs. The causal relationship is highlighted
by one order of magnitude higher occurrence of DRPs in depth sections containing breakouts. Major
pressure reductions in the annulus of the borehole seem to be the most significant cause of drilling-
related wellbore failures. This applies in particular to shutting off the pumps during connections,
where pressure reductions of up to 16 % of the annulus pressure led to higher circumferential stresses.
This process will increase the likelihood of compressive and shear failure, therefore causing borehole
breakouts. These observations further open the perspective of counteracting wellbore instabilities by
pressure modification. In addition to the initiation of breakouts, their temporal evolution - as seen in
relogs - can also be ascribed to DRPs. This study indicates that not only plasticity but also mechanical

interaction from DRPs is a key driver of the temporal growth of borehole breakouts.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

by wireline logging® "2

(LWD) tools are gaining more importance.

, whereas recently, logging while drilling
2,13-15

In drilling operations, wellbore stability is crucial for preserv-
ing the drilling investments.'”™* In a given stress field, possible
wellbore instabilities are typically due to low rock strength re-
sulting in compressive borehole breakouts, which potentially lead
to the collapse of the borehole.” Using image logs, the orientation
of the stress components®® and the stress magnitude around
wellbores>*!? are determined. Borehole instabilities can further
be used to derive characteristic geomechanical parameters for
reservoir models. In the past, they have been monitored mostly
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Borehole breakouts develop when concentrations of the cir-
cumferential stress around the borehole exceed the yield value of
the rock. Their average orientation corresponds to the minimum
stress component Sy;,. In contrast, tensile fractures (e.g. hydraulic
fractures or so-called drilling-induced fractures (DIFs)) originate
from the drilling process and are caused when the circumferential
stress falls below the tensile strength of the rock.”!® They are
oriented in the direction of the maximum stress component,
Smax. The azimuthal orientation and inclination of a borehole in
the subsurface additionally influence the circumferential stress
state and thus the development of both, breakouts and tensile
fractures.'” Besides their geological origin - thus as a conse-
quence of high tectonic differential stresses, they may be caused
through drilling operations.'®-?° Mechanical erosion by reciproca-
tion or rotation of the drill string or hydraulic pressure through
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excessive mud circulation are typical sources that yield stress
concentrations locally exceeding the yield value of the rock.?!
Also, an inappropriate selection of the mud weight may induce
borehole instabilities when the pressure level cannot be kept
in the window defined by collapse and fracture pressure.!'®?
Throughout this paper, we will refer to all compressive bore-
hole failure phenomena as “borehole breakouts”. This includes
borehole breakouts occurring in areas with extensive reaming or
circulation.

While the physical principles for the occurrence of borehole
breakouts are mathematically well described, their temporal de-
velopment remains controversial. Whereas Zoback (2007)° states
that breakouts tend to deepen over time but generally show no
increase in width, other studies describe a temporal growth of
breakouts in all dimensions.?>?* Advances in technologies, such
as enhanced digital communication between bit and surface or
recent improvements in LWD measurements (e.g. high-resolution
LWD images) are now opening the pathway for real-time well-
bore stability services.'” Especially, it is now possible to investi-
gate the dynamic processes in a borehole and to combine multiple
types of LWD datasets with drilling-related processes (DRPs).

Today modern LWD techniques enable the combined evalu-
ation of formation imaging with operational drilling data. In this
paper, we utilize the extensive data acquisition of LWD to expand
the standard interpretation of borehole breakouts, as being the
result of heterogeneities in stress state and rock strength, to-
wards the impact of DRPs. This innovative approach leads to new
data analysis methods that allow for the differentiation between
drilling-induced breakouts and breakouts of purely geological ori-
gin. We analyze LWD image logs and their relog sections (image
recordings during tripping procedures) as well as other real-time
measured drilling-related parameters (such as the mud pressure)
by extending standard industry application tools to improve the
general understanding of the origin of breakouts. Next, the impact
of DRPs on the dynamic hydraulic conditions in the borehole and
their implications on the origin of breakouts is investigated. Fi-
nally, relog sections and recordings of multiple imaging tools are
analyzed to investigate the time-dependent behavior of break-
outs. Conclusively, this should deepen the understanding of the
influence of DRPs on the development of breakouts and open the
perspective of adapting drilling operations to counteract wellbore
instabilities.

2. Background information
2.1. Geomechanical models around boreholes

Failure of rock depends on the effective stress and is well
described in literature on rock mechanics (e.g. Refs. 5, 25) . The
Mohr circle illustrates the relationship between the failure of rock
and the stress state (Fig. 1). The yield envelope indicates the limit
of elasticity, beyond which permanent deformations occur. At
low confining pressures, the yield envelope can be interpreted
as a failure threshold. Various failure criteria are described in
literature (e.g. Ref. 26), a detailed consideration of these criteria
is beyond the scope of this study. The increase of pore pressure
leads to a reduction of the effective stress and consequently to a
stress state closer to failure.”

In a far-field stress field, the removal of material through
the drilling process leads to a stress concentration around the
borehole.>?’” When the maximum magnitude of effective circum-
ferential stress ag’},f”efﬁ exceeds the yield value, borehole breakouts
will occur at this orientation. At the wall of a vertical borehole
where the normal vertical stress is one of the principal stresses,
a(;';,“’efff is_ parallel to the minimum principal horizontal stress, Sy,
and 1s given by

ogn'sy = 3Su — Sh— 2Pp — AP — ! (1)
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Fig. 1. Mohr circles with yield envelope (or failure curve) f(o) defining the limit
of elasticity, beyond which permanent deformations (or failure for low confining
pressure) occur. o is the stress normal to the failure plane. 7 is the shear stress
on the failure plane.

Source: Adapted from Ref. 25.

Where Sy is the maximum principal horizontal stress, P, the
pore pressure of the formation, AP the difference between the
wellbore pressure and the formation pore pressure, and 47 the
thermal stress caused by the temperature difference between
drilling mud and formation.’

Assuming a given stress state, it becomes clear that the varia-
tion of the pressure in the wellbore affects oj,%; and thus the
stability of the wellbore. A pressure decrease in the wellbore
(resulting in a decrease of AP) increases U(T@‘f)éff and can lead
to the occurrence of breakouts. In contrast, a pressure increase
decreases the effective circumferential stress, potentially leading
to tensional failure.” Even though the calculation of the circum-
ferential stress for inclined boreholes is slightly more complex
(see Ref. 17), the effect of changes in the wellbore pressure are
comparable to vertical boreholes.

In standard breakout models, changes in the circumferential
stress around the borehole are considered for the initial devel-
opment of breakouts (e.g. Ref. 5). These static models neglect
dynamic changes. However, in other disciplines, the dynamic
impact on pressure/stress changes is well-known e.g. for water
hammering in pipes?® or during blasting excavation in tunnels
(e.g. Ref. 29). For the latter, blast loading and transient unloading
lead to strong dynamic stress fluctuations in the range of millisec-
onds that finally lead to the failure of the rock.”® We may consider
this recurring influence as being an approximate analog of the
short-time-scale pressure perturbations occurring during DRPs,
which lead to dynamic changes in the effective circumferential
stress.

2.2. Drilling-related processes and logging while drilling (LWD) bore-
hole measurements

Various processes are necessary for a smooth continuation of a
drilling operation, including connections and different variations
of pipe trips.>® These processes can cause thermal, hydraulic,
and mechanical loads on the rock surrounding the borehole,
potentially leading to conditions that are favorable for borehole
instabilities. In this section, we will shortly review how these
perturbations may impact the mechanical stability of the rock,
especially at the bottom of the borehole (e.g. Ref. 31). Both the
execution of connections (i.e. stop pumping down hole*® and
tripping operations (pulling the drill string out of the borehole®?)
lead to pressure reductions (swab pressures) within the annulus
of the borehole. This further leads to an increase in the effective
circumferential stress around the borehole wall’; consequently,
borehole breakouts may occur if the yield value at the borehole
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Table 1
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Overview of the analyzed data in this study (confidential data was omitted). All data is older than two years and thus available on the Diskos Well
Database of the Norwegian Petroleum Directorate.>> Non-confidential analyzed data has been made available in an online repository.>®

Field name Well name Depth extent Inclination [°] Analyzed logs Sources for geology and
(MD) [m] geomechanics

30/6-E-5 B 3647-6259 65.7-90.0 ACL, DEN, CAL, P, T
30/6-E-8 A 3490-5837 63.4-90.0 ACL, DEN, CAL, P, T

Oseber 30/6-H-2 2741-4022 54.3-88.4 ACL, ACH, DEN, CAL, P, T Refs. 37. 38

& 30/6-H-8 AY1 3308-4219 81.2-90.0 ACL, DEN, CAL, P, T B

30/9-B-11 B 5170-6149 69.7-90.0 ACL, DEN, CAL, P, T
30/9-F-17 CT2 4800-5531 74.5-90.0 ACL, DEN, CAL, P, T

Rolvsnes 16/1-28 S 3244-4782 86.8-90.0 ACL, DEN, CAL, P, T Ref. 39
31/2-L-22 2001-4805 88.0-90.0 ACL, DEN, CAL, P, T

Troll 31/2-N-22 2151-4345 88.0-90.0 ACL, DEN, CAL P, T Refs. 37, 40, 41

Valhall 2/8-G-17 3459-5289 84.1-90.0 ACL, ACH, DEN, CAL, P, T Refs. 42-44

wall is exceeded by this stress.'® On the contrary, lowering the
drill string too fast into the hole leads to significant pressure
increases (surging effect®®). This decreases the effective circum-
ferential stress around the borehole, facilitating the generation of
tensile fractures if this stress drops below the tensile strength of
the rock.” In addition to their influence on hydraulic conditions
within a borehole, tripping operations also exert mechanical loads
on boreholes and may affect their stability. They are frequently
part of so-called reaming operations to clean a borehole, e.g. be-
fore a connection, and are reported to have a direct (negative)
influence on the wellbore stability.>!*

In contrast to wireline logging, which relies mainly on gravity
to run the device into the borehole, LWD measurements can be
easily utilized in inclined or horizontal boreholes with complex
geometries. The LWD tools are installed within drill collars at the
lowermost part of the drill string and allow the real-time quan-
tification of perturbations (e.g. pressure) while drilling as well
as their impact on wellbore stability.*> The acquisition timing of
LWD is the central advantage compared to wireline logging?®,
opening the pathway to investigate the relationship between
DRPs and borehole breakouts.

Among other measurements, LWD tools can be used to record
an image of the wellbore wall by measuring different physical
properties. This includes, for instance, acoustic, density, and elec-
trical images.”” Acoustic image logs are based on the reflection of
acoustic signals from the borehole wall, allowing to record both
the amplitude and the travel time of these signals with a large
bandwidth of possible applications.*® Density image logs rely on
the scattering of Gamma rays that are sent into the formation
depending on the density thereof. Borehole enlargements become
apparent through measurement values below the expected bulk
density due to increased drilling fluid fraction in the measured
sample volume.*® Electrical image logs enable the measurement
of the shape of the borehole wall based on the resistivity contrast
between the drilling mud and the formation surrounding the
borehole. The shallow depth of investigation of ca. 0.5 in for
modern LWD tools allows for a detailed shape determination of
borehole enlargements.*’+>°

2.3. Data and methods

2.3.1. Data overview

The data sets used for this study were acquired in multiple
geological settings throughout the Norwegian and Danish North
Sea.’! In total, we analyzed data originating from 12 boreholes
located in six hydrocarbon fields with varying inclinations, mostly
either strongly inclined or horizontal (Table 1). The data comprise
various image log types that range from electrical, over density,
to low- and high-resolution acoustic images. Furthermore, sup-
plementary information from caliper, pressure, and temperature

logs were utilized. Table 1 gives an overview of the used logs for
each investigated borehole.

Most of the data originate from the reservoir level of the
respective wells. Logs acquired in the Northern Viking Graben
cover thinly laminated mud rocks of the Late Jurassic age Heather
Formation and interbedded sandstone, paleosol, and coal inter-
vals of the Middle Jurassic Brent Group (Oseberg Field). On the
Horda Platform, image logs originate from Middle to Late Jurassic
tide-dominated delta sandstone sequences (Troll Field). Data from
the Central Graben and the Norwegian-Danish Basin are mainly
acquired in chalk carbonates of the Late Cretaceous age (Valhall
Field). To extend the variety of lithofacies covered, additional
data from in-situ and weathered magmatic basements were used
(Rolvsnes Field).>> All formations within the sedimentary se-
quence are situated in a normal faulting environment, close to
isotropic stresses.” The stress regime in the basement is assumed
to be unrelated to that in the sedimentary sequence.’* References
to the geology and the geomechanics of the hydrocarbon fields
are provided in Table 1.

2.3.2. Analysis concept

To evaluate the relationship between breakouts and DRPs,
multiple image log types (acoustic, density, and electrical) are
used to identify breakouts. The identification of the breakouts
and the discrimination of them from other deformations has been
performed according to prior research on this topic.®'>*° The
analysis of caliper logs further supports the selection of break-
outs. The occurrence and frequency of DRPs and their relationship
to the origin of borehole breakouts are analyzed under the appli-
cation of different methods. First, the frequency of occurrence of
DRPs is determined for all selected breakouts, and subdivided into
pump shut-off events (e.g. connections) as well as minor (<5 m)
and major (>5 m) tripping operations. Afterward, the frequency
of occurrence of tripping operations and pump shut-off events
within and outside of breakout sections is compared. Further,
mud pressure anomalies in the wellbore are analyzed due to
their strong influence on the effective circumferential stress at the
borehole wall. This may impact the wellbore stability, e.g., when
the effective circumferential stress exceeds the yield value of the
rock. The described procedure was applied to the borehole image,
supplementary caliper, and pressure data that was obtained from
12 boreholes located in six hydrocarbon fields.

In the case image relog data (data recorded over the same
depth interval, but at later times during tripping operations) are
available for the respective borehole breakout, potential temporal
geometrical changes, as described in Ref. 5, can be analyzed.
These time-dependent changes of breakouts were additionally
used for the identification of a relationship between the breakout
occurrence and the performed DRPs during this time frame.
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Travel time (ms)

Depth (m)

180 360 8.80 9.60 10.40
Angle (°)
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Fig. 2. Examples of breakouts that were identified in a high-resolution (256-sector) LWD ultrasonic image obtained from well 2/8 — G — 17 in the Valhall field on
the Norwegian continental shelf (a) and an electrical image obtained from the Valdemar field on the Danish continental shelf (b). The identification of the breakouts
was aided by the recomputed average caliper log (blue curves). The horizontal dashed green lines indicate the vertical extent of each breakout, whereas the filled
green circles mark the orientation of the two opposed parts of the respective breakout.. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

3. Results
3.1. Observed borehole instabilities

In the investigated data sets breakouts occur frequently. In
total, 208 breakout sections were identified. Detailed information
on their location (i.e. the well they have been identified in)
and their geometry (i.e. their depth, length, or orientation) is
provided in the supplementary material of this study.®® Fig. 2
shows examples of breakout sections that were identified in a
high-resolution ultrasonic image (Fig. 2a) and a high-resolution
electrical image (Fig. 2b).

Various other borehole instabilities can be observed in the
investigated datasets. Frequently, breakout sections contain su-
perimpositions of a breakout and an additional borehole en-
largement, which e.g. occurs along a bedding plane. This kind of
superimposition occurs for a third of all breakout sections (70
out of 208) and is mostly related to beds with a lower den-
sity than the surrounding rock. Reasons for these enlargements
comprise generally unstable formations, shales that are prone to
roof collapse due to reduced arch support, or sloughing. Thus, in
such formations, the origin of borehole breakouts may be further
linked to the respective bedding structure, leading to failure
structures with a broader azimuthal extent. Very rarely breakouts
are superimposed by borehole enlargements that extend over the
complete azimuthal section of the well (i.e. washouts) or with the
scraping of the bit on either the low (probably a key seat) or the
top side of the borehole. All mentioned instability phenomena
are not limited to a superimposition with breakouts but can
also occur individually. In conclusion, however, most investigated
breakout sections (138 out of 208) seem to be unrelated to a
specific lithology or other geological reasons.

3.2, Relationship between drilling-related processes and borehole
breakouts

The investigated data, comprising 208 identified breakouts in
16 runs of 12 different boreholes, is impacted by a large number

of the before-described DRPs. The analysis of the data shows that
190 out of 208 breakouts are associated with one or more of these
processes. This is illustrated by the gray bar in Fig. 3a. Conversely,
this means that only 18 breakouts (or ca. 10 % of the investi-
gated data) occur without any relation to drilling procedures and
are most likely caused by the stress state around the borehole.
With only one exception, drilling-controlled breakout sections are
always accompanied by at least one pump shut-off event (red
bar in Fig. 3a). This can be expected as connections need to be
performed to continue the drilling operation. In addition to pump
shut-offs, minor tripping events (<5 m; green bar), without any
relation to connections, and major tripping events (>5 m; blue
bar), such as wiper trips, are present in ca. 30 % of the investigated
breakouts.

Fig. 3b shows the frequency histogram of all DRPs occur-
ring during the investigated breakout sections. Moreover, the
number of pump shut-off events (Fig. 3c), minor (Fig. 3d), and
major (Fig. 3e) tripping operations are displayed. The color of
the histograms corresponds to the respective bars in Fig. 3a; the
x-axes of all histograms are further limited to a maximum of
ten processes per breakout for better visibility. Fig. 3b illustrates
the frequency distribution of all DRPs occurring during drilling-
controlled breakout sections that are associated with at least one
DRP. The vast majority (148) of these breakouts are related to less
than five DRPs, whereas only a smaller amount of these breakout
sections (31) is affected by up to ten DRPs. Breakouts that are
related to more than ten DRPs are even scarcer (not displayed in
the figure).

Breakout sections that comprise a relation to one or two DRPs
are mostly related to pump shut-off events during connections,
which are regularly performed while drilling (i.e. adding new
stands of drill pipe to the drill string). This is underpinned by
the frequency distribution of pump shut-off events displayed in
Fig. 3c, showing that 156 out of 190 drilling-controlled breakout
sections contain one or two pump shut-off events. Consequently,
breakout sections comprising more than one or two DRPs are very
likely additionally influenced by tripping operations. Fig. 3d and
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the web version of this article.)

3e show the frequency distributions of minor and major trip-
ping operations, respectively. The frequency distributions show
that most breakouts that are related to tripping operations only
include a relatively low number of these operations. However,
minor tripping operations tend to occur more frequently with
higher absolute numbers, than their major counterpart does.

In the next step, we compared the frequency of occurrence
of tripping operations and pump shut-off events within and out-
side of breakout sections. The intention was to improve our
understanding of the relationship between the drilling procedure
and breakouts. For tripping operations, this analysis has been
limited to major trips with a length of more than five meters.

It can be shown that both tripping operations and pump shut-
off events occur significantly more frequently within breakout
sections than outside. Tripping operations tend to occur by one
order of magnitude more frequently within breakout sections
than outside of these sections (9.27 compared to 0.92 tripping
operations per 100 m measured depth (MD)). Similarly, pump
shut-off events (e.g. connections) are also significantly more com-
mon within breakout intervals than outside (0.16 compared to
0.03 events per m MD). This illustrates that in depth intervals
with breakouts more DRPs, which are not necessarily related to
the normal drilling procedure, were performed. In addition, it can
be stated that either these DRPs contribute to the causation of
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Fig. 4. Relationship between major tripping operations and pump shut-off
events for different wells. Both processes occur more frequently within breakout
sections (blue) than outside (red), pointing at a potential causal relationship. The
data related to the breakout sections shows an increasing trend between the two
processes, whereas outside of breakouts no trend is visible. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

breakouts or that their execution is a reaction to the breakout
occurrence.

The increased frequency of occurrence of tripping operations
and pump shut-off events within breakout sections can be further
identified within a cross-plot (Fig. 4). The data are sorted by
the wells they are originating from. The frequency of tripping
operations and pump shut-off events for each well is represented
by one marker for depths within breakouts (blue crosses) and
outside of breakouts (red circles), respectively. The separation
between the frequency of the two processes within breakout
sections and outside of these is clearly visible, further pointing
to a causal relationship between DRPs and the development of
breakouts. Outside of breakout sections, both tripping operations
and pump shut-off events occur very infrequently (except for
one outlier) and show no clear relationship between the two
parameters. Within breakout sections, however, the investigated
data shows a linear trend between pump shut-off events and
related major tripping operations. This means that individual
trips were accompanied by a multitude of pump shut-off events,
indicating a high likelihood that the breakouts in the respective
wells were caused or enhanced by the interaction with these
processes. This interpretation, however, is solely based on the
statistical relationship between pump shut-off events and re-
lated major tripping operations. This means that as no individual
breakouts were analyzed here, the actual stress state of the rocks
surrounding the borehole, i.e. how close they already were to
failure without the influence of the DRPs, was not considered.

3.3. Impact of drilling-related processes on borehole hydraulics

A multitude of negative pressure anomalies, which deviate
from the hydrostatic pressure profile, were observed in the in-
vestigated breakout sections. Additionally, some positive pressure
anomalies occur as well. The most prominent pressure variations
are linked to connections (89 occurrences), tripping operations
(74 occurrences), or other periods with shut-off pumps (21 oc-
currences). The pressure variations related to connections do not
only comprise pressure decreases, initiated by the pumps shut-off
during the connection itself but also generate smaller pressure
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decreases after the pumps are switched on again. In total, about
two-thirds of all investigated breakout sections (139 out of 208)
comprise at least one negative pressure anomaly related to these
processes. Furthermore, additional negative pressure anomalies
related to downlinks, i.e. communication between the surface and
the tools in the bottom hole assembly (BHA), could be observed in
about a third of all breakout sections (61 out of 208). This means
that most of the investigated breakouts contain reductions in the
annulus pressure that are related to the drilling procedure and
may contribute to the development of breakouts.

The observed pressure reductions are not only caused by dif-
ferent types of DRPs but also vary strongly in their magnitudes.
Fig. 5 illustrates the normalized distributions of pressure re-
ductions related to swab pressures, downlinks, and pump shut-
off events. To minimize the influence of depth changes on the
data (i.e. increasing hydrostatic pressure with depth), the his-
tograms displayed in Fig. 5 show the distribution of the pressure
reductions normalized to the average annulus pressure of the
respective breakout section. Both, swab pressures and pressure
reductions related to downlinks, vary in the range of 0 - 2 MPa,
reaching up to four and eight percent of the average annulus pres-
sure, respectively. Pump shut-off pressures comprise a broader
range and reach much higher reductions of up to 6.5 MPa or 16%
of the average annulus pressure. Such pressure reductions have a
strong impact on the effective circumferential stress around the
borehole, increasing it significantly. This enhances the likelihood
of rock failure (e.g. breakouts) as the effective circumferential
stress may exceed the yield value of the rock (Peska and Zoback
1995°). Hence, the high sensitivity of the annulus pressure and
consequently also the effective circumferential stress on e.g. swab
pressures?’ or pump shut-off events®® have been investigated by
various numerical studies.

Fig. 6 illustrates the relation between pressure drop anomalies
and DRPs during an exemplary breakout section. Fig. 6a shows
the MD of the drill bit (blue) and the image tool sensor (red) as
a function of time. The deviations from a monotonous increase
are caused by various pump shut-off events (P) and tripping
operations (T). Fig. 6b shows the corresponding anomalies in
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Fig. 6. Relationship between pressure anomalies and various drilling-related
processes (DRPs) for an exemplary breakout section (the gray bar in (a)
highlights its depth extent). (a) Bias between the occurrence of the breakout
at the drill bit (blue) and detection at the image sensor (red), 27 m apart. (b)
Pressure and temperature values recorded next to the drill bit in the breakout
section. The labels T1, T2, and T3 mark different tripping operations (highlighted
by black ovals in (b)); whereas the labels P1 and P2 mark two pump shut-
off events. The labels apply both to variations in the depth of the drill bit
and the image tool sensor (a) and their respective influences on pressure and
temperature (b). Gray ovals further highlight pressure decreases that are related
to downlinks. The displayed data originate from the Valdemar field in the Danish
continental shelf. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

pressure and temperature caused by these DRPs. It is depicted
that tripping operations (e.g. T1 - T3) often cause a rather slow
pressure decrease, followed by a very sharp increase in pressure
(black ovals). These pressure variation patterns can be attributed
to swabbing and surging pressures. Connections (or generally
pump shut-off events) are associated with the strongest pressure
reductions (dotted blue lines). Their magnitude of ca. 1.5 MPa
for this example is seven times larger than the pressure reduc-
tions related to tripping operations (0.2 MPa). Both examples in
Fig. 6 (P1 and P2) are additionally accompanied by minor tripping
operations and multiple additional pump shut-off events.

Gray ovals highlight additional pressure reductions that are
related to downlinks. The first and third downlink overlap with
tripping operations that precede a connection. This can be ex-
plained by the communication of the team at the surface of the
rig with the tools in the BHA preceding a connection, potentially
during a reaming procedure. In contrast, the second downlink
follows the completion of a connection. Tripping operation T1
may represent a reaming procedure occurring directly before
connection P1. Here, in addition to the hydraulic influence caused
by the pressure reduction, lateral mechanical forces are applied to
the wellbore wall, potentially leading to both ductile and brittle
failure of the rocks surrounding the borehole.””

3.4. Time-dependent borehole instabilities

In addition to the investigation of DRPs, LWD further offers the
advantage of evaluating the mechanical development at logged
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Fig. 7. Original image log (left) with a breakout section between 2860-2866 m
and two relogs of the same depth interval illustrating breakout growth over
time. Relog 1 (center) was recorded 112 min after the original log, whereas
relog 2 (right) was recorded shortly afterward at a time lag of 124 min.

sections. Here, we show the evolution of the resistivity image
during relogs of the same depth interval. Fig. 7 illustrates such a
development with an associated breakout growth during drilling,
both in the azimuthal and in the MD direction. We compare the
initial image to relog 1 recorded 112 min and relog 2 recorded
124 min after the logging of the respective depth section has
taken place. Growth in breakout length and the opening angle
is visible, even for the relatively small period between the two
relogs.

Fig. 7 exposes a primary growth of the breakouts in length
to be ca. 2.5 m downwards and ca. 5 m upwards from an initial
length of ca. 6 m. In the azimuthal direction, the growth is also
visible with relog widths of up to 165° from initially 118°. Such
observation adds to earlier analyses of azimuthal growth. As such,
Zoback (2007)° distinguishes between stable wells with initial
breakout widths of less than 60° and unstable wells that are
prone to temporal growth and subsequently increase the risk of
failure due to their high initial breakout width of more than 90°.
In this context, our observation resembles the second type of
breakouts.

4. Discussion
4.1. Breakouts originating from dynamic borehole processes

The existence of dynamic processes in the borehole (e.g. pres-
sure fluctuations caused by DRPs) is well-known for many
years.>”*3 However, only now with the rise of fully monitored
LWD technology they can also be brought into context to bore-
hole breakouts. Meng et al. (2019)°® emphasized the need for the
consideration of dynamic hydraulic conditions in the borehole by
numerical and experimental analyses highlighting the influence
of these conditions on borehole stability.

The analyses of 208 breakout datasets, presented herein, high-
light the possible impact of dynamic processes. This first in-
vestigation already enables a statistical assessment that should
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Fig. 8. Temporal geometrical changes of a breakout from a BHA with multiple
imaging tools: a resistivity image with ~16 m offset to the bit (left) and a
density image with ~31 m offset to the bit (right).

be further refined in the future. We observed strong pressure
fluctuations of up to 16 % of the absolute annulus pressure in the
open-hole sections occurring within minutes after being drilled
(Fig. 5). There are clear indications that they have been caused
by DRPs, most prominently by pump shut-off events. These pres-
sure changes consequently result in fluctuations in the effective
circumferential stress around the borehole leading to possible
rock failure (i.e. breakouts). Our results further show that these
pressure (and subsequent stress) fluctuations occur in almost
every investigated breakout section. This points out the need
of controlling such pressure fluctuations in well operations for
improving wellbore stability.

4.2. Temporal development of borehole breakouts

The exemplary result in chapter 3.4 (Fig. 7) shows that break-
outs may grow in both length and opening angle. When a BHA
contains multiple imaging tools that are installed at different
offsets to the bit, it will acquire images at different times after the
formation has been drilled. This opens the pathway to analyzing
breakout geometries at different acquisition times in addition to
utilizing relogs. Fig. 8 shows the recording of such a BHA having
both, a resistivity and a density image tool, with offsets to the bit
of 16 and 31 m, respectively. It can be seen that the breakout
appears to widen slightly in the density image with a more
pronounced shape, especially in the upper part of the breakout,
which is only indicated in the resistivity image. Additionally, the
different depth of investigation (DOI) of the two tools has to
be considered. Whereas the resistivity image has a DOI of ca.
0.5 in, representing a breakout width directly at the borehole
wall, the density image reading is related to a DOI of ca. 3.5 in.
This results in an underestimation of the breakout width in the
density image. Thus, it can be concluded that the breakout width
grew significantly over time between the acquisitions of the two
images.

A similar analysis approach was described by Moore et al.
(2011)* evaluating changes in breakout width between two dif-
ferent images in the same BHA observed under constant hydraulic
conditions. In contrast to these findings, the breakout develop-
ment shown in Fig. 8 was influenced by pressure fluctuations
due to a connection, which was performed during the acquisition
of the resistivity image (closer to the bit). Hence, the annulus
pressure was reduced by approximately 1.5 MPa. The connection,
however, was already finished before the density image was
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recorded. This succession may lead to the conclusion that the
borehole conditions captured by the density image were more
strongly influenced by the connection than at the time when the
resistivity image was acquired. These differences are especially
prevalent in the shallower part of the images: the breakout is only
slightly indicated in the resistivity image, whereas it is visible in
the density image.

This observation over time may also explain earlier studies
of the temporal development of breakouts.>>*° It illustrates the
influence of dynamic conditions on breakout development. It also
has consequences for the derivation of far-field stress magnitudes
as they are directly related to the breakout width.’

5. Conclusions

Our investigation provides a clear correlation between the
occurrence of borehole breakouts and DRPs exists, mostly due to
connections and tripping operations. When major DRP activities
took place in a specific borehole interval, it also exhibits a strong
breakout signature. The fact that in breakout sections, DRPs were
conducted ten times more often than in other drilling sections
points to a causal relationship between the drilling activity and
the origin of breakouts. It is therefore suggested that their oc-
currence not only depends on rock strength and the naturally
occurring stress state already beyond the yield envelope but also
on drilling activities leading to an effective stress state beyond
failure. This concept could only be obtained using modern LWD
technology with real-time drilling data acquisition - traditional
wireline logging would not allow for this observation. It has the
potential to lead to novel breakout analyses.

DRPs have also a significant impact on the conditions within
and around a borehole. This includes the pressure and tem-
perature fields as well as mechanical rock properties. Frequent
dynamic changes in pressure and temperature at the bottom
hole may serve as a proxy for breakouts. We observed that dy-
namic drilling-induced pressure changes may directly contribute
to wellbore failure. Especially pump shut-off events (e.g. dur-
ing connections) could be related to significant pressure drop
anomalies of up to 16% of the average annulus pressure.

These findings can also support decision processes to secure
borehole stability. They demonstrate the necessity to control the
downhole pressure to prevent changes in the effective stresses
around a well. When an unexpected pressure change is observed,
possible countermeasures such as mud weight adaptation should
be taken. Alternatively, a larger safety margin on the pre-drilling
pressure window could be applied. In contrast to these preventive
measures, actively initiated pressure changes and related per-
turbations of the effective stress can cause wellbore instabilities
in specific sections. DRPs could also influence the occurrence
of tensile fractures (i.e. DIFs or hydraulic fractures parallel to
Smax) Or compressive borehole breakouts (i.e. parallel to S, ). The
results of this study show that drilling can accidentally stimulate
a borehole and future drilling operations have to be adapted.

In terms of research on mechanical behavior, relogs of break-
out intervals open the perspective of investigating the time-
dependency of breakouts and the influence of DRPs thereof. Our
analysis shows that breakouts may tend to grow both azimuthally
and in the measured depth direction, confirming the findings
published earlier.

It adds an important component for geomechanical analyses
when using the azimuthal width of breakouts to determine the
magnitude of the maximum horizontal stress. We could further
show that running a BHA with different image tools additionally
enables us to investigate time-dependent borehole failure and to
show the direct impact of DRPs on breakout growth.

The data used in this study only rarely included abundant
relog sections or multiple images with sufficient quality. In a
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thorough investigation, this data basis should be improved to
better quantify the causality of the relationship between DRPs
and the occurrence of breakouts. For this purpose, future research
should focus on clarifying this causality between DRPs and break-
outs. This could be realized by comparing two nearby boreholes
with one having previously performed DRPs and the other rather
avoiding it in similar depths.
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