(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(10) International Publication Number

(43) International Publication Date WO 2016 /060684 Al
21 April 2016 (21.04.2016) WIPOIPCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
E21B 44/00 (2006.01) G06G 7/48 (2006.01) kind of national protection available): AE, AG, AL, AM,
21) International Aoolication Number: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ, CA. CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
PCT/US2014/061128 DO, DZ. EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
17 October 2014 (17.10.2014) KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
. MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
(25) Filing Language: English PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(26) Publication Language: English SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(71) Applicant: LANDMARK GRAPHICS CORPORA- ) o
TION [US/US]; 2107 City West Boulevard, Building 2, (84) Designated States (uniess otherwise indicated, for every
Houston, TX 77042 (US). kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
(72) Inventors: ANIKET, .; 3003 Seagler Road, Apt # 1220, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
Houston, TX 77042 (US). SAMUEL, Robello; 11306 TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
Dawnheath Dr., Cypress, TX 77433 (US). DURSUN, DK, FE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
Serkan; 12903 Sugar Ridge Blvd., Apt. #4903, Stafford, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
TX 77477 (US). SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,

(74) Agents: KRUEGER, Daniel J. et al.; Krueger Iselin LLP, GW, KM, ML, MR, NE, SN, TD, TG).

P.O. Box 1906, Cypress, TX 77410-1906 (US).

Published:

with international search report (Art. 21(3))

(54) Title: CASING WEAR PREDICTION USING INTEGRATED PHY SICS-DRIVEN AND DATA-DRIVEN MODELS

(57) Abstract: A casing wear estimation

wo 2016/060684 A1 |} JI ¥ A1 0V 0 A A A A0

200 method includes obtaining a set of input
\ parameters associated with extending a
partially-cased borehole and applying the
3 set of input parameters to a physics-driven
302 OBTANADJ 206 DESIGNDRILLING model to obtain an estimated casing wear
TTROREHOLEPARAMLE L 1 PARAM. & BOREHOLE log. The method also includes employing a
MEAS, CASING WFAR LOG BROFILE data-driven model to produce a predicted
casing wear log based at least in part on
the estimated casing wear log. The method
- also includes storing or displaying inform-
204 TRAIN DATA-DRIVEN 08 APPLY PHYSICS- _ ation based on the predicted casing wear

MODEL DRIVEN MODEL TO OBTAIN log.

. L LASING WEAR LOG

210 APELY DATA-DRIVEN
“MODEL TO GET PRED.
CASING WEARLOG

TRAINED PRED. MODEL

212 STORE OR DISPLAY
PRED. CASING WEAR LOG

FiG. 4



10

15

20

25

30

WO 2016/060684 PCT/US2014/061128

CASING WEAR PREDICTION USING INTEGRATED PHYSICS-DRIVEN AND
DATA-DRIVEN MODELS

BACKGROUND

In the search for hydrocarbons and development of hydrocarbon-bearing wells,
oilfield operators drill boreholes and perform well completion operations. Example well
completion operations include installation of casing sections along a borehole, where each
casing section includes multiple casing segments. The drilling crew attaches the casing
segments together to form the casing section as it is being lowered into the borehole to a
desired position. Once the crew achieves the desired length and position for a particular
casing section, they cement it in place to create a permanent casing section installation. The
crew may then extend the borehole by drilling through the terminus of the installed casing
section. The process of installing casing sections and extending a borehole can be repeated
as desired.

During drilling and/or well completion operations, the rotation of the drill string
causes frictional wearing along the contact surfaces between the drill string and the casing.
Over time, such wearing reduces casing side-wall thickness, degrading the casing strength
and integrity. Failure of a casing segment due to wear may result in expensive well repair
operations and/or abandoning a well.

Several wireline logging techniques have been developed to measure casing wear.
Available wireline logging techniques involve lowering or raising logging tools along the
interior of the one or more installed casing sections. Example casing wear logging tools
employ acoustic, electromagnetic (EM), or multi-finger caliper technology. While it may
be possible to reduce casing failures by frequently and repeatedly deploying casing wear
logging tools, such a procedure is not economically feasible as it increases costs and
significantly slows the drilling process. Other economically undesirable options to reduce
casing failure include using excessively thick casing segments or the employment of high-
grade and high-quality piping materials.

As an alternative to the use of overly-conservative thick casing, expensive high-
grade casing materials, or the frequent re-logging of casing thickness, some operators rely
on physics-driven models to estimate casing wear. Such models often become unworkably

complex and/or exhibit large inaccuracies, despite repeated recalibration efforts.
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BRIEF DESCRIPTION OF THE DRAWINGS

Accordingly, there are disclosed herein methods and systems for predicting casing
wear using a physics-driven model and a data-driven model. In the drawings:

FIG. 1A is a schematic diagram of an illustrative drilling environment.

FIG. 1B is a schematic diagram of an illustrative wireline logging environment.

FIG. 1C is a function-block diagram of an illustrative directional drilling system.

FIG. 2 is a diagram of an illustrative casing and drill string tension scenario showing
high-wear areas.

FIG. 3A is a cross-sectional view showing a tension scenario for a drill string in a
casing.

FIG. 3B is a cross-sectional view showing a compression scenario for a drill string
in a casing.

FIG. 3C is cross-sectional view showing an illustrative casing wear logging tool in
a borehole.

FIG. 4 is a block diagram of a process for predicting casing wear during a wellbore
planning phase.

FIG. 5 is a block diagram of a process for predicting casing wear during a wellbore
drilling phase.

FIG. 6 is a chart showing an illustrative type of predicted casing wear log.

FIG. 7 is a chart showing another illustrative type of predicted casing wear log.

FIG. 8 is an illustrative casing wear prediction system.

It should be understood, however, that the specific embodiments given in the
drawings and detailed description thereto do not limit the disclosure. On the contrary, they
provide the foundation for one of ordinary skill to discern the alternative forms, equivalents,
and modifications that are encompassed together with one or more of the given

embodiments in the scope of the appended claims.

DETAILED DESCRIPTION
The rapid increase in the number of horizontal, extended-reach, and multi-lateral
wells being currently drilled has brought about an additional challenge of casing failure due
to drill string-induced casing wear. Disclosed herein are methods and a system for
predicting casing wear using both a physics-driven model and a data-driven model. As used
herein, a physics-driven model refers to a model that employs well-understood physics

principles, such as frictional forces, force balancing, energy conservation, and erosion rates
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to formulate a casing wear prediction in the form of an analytical equation or a parameter-
indexed table of numerical solutions. A physics-driven model may, for example, compute
casing wear by integrating differential equations stemming from Newton’s laws and/or
other laws describing the effect of contact between a drill string and a casing. Example
parameters used for physics-driven models include a wear factor, a side force (or
parameters related to a side force), drilling parameters that affect the amount, location, and
forcefulness of contact (e.g., rotation speed, weight-on-bit, drilling direction), and/or
operation time.

Examples of physics-driven models include, but are not limited to, the specific
energy model, the linear wear efficiency model, the non-linear casing wear model, the
Hertzian model, the impact wear model, and the wellbore energy model. Wellbore
parameters used by these models may include, but are not limited to, wear volume, the
inside diameter of the casing, and the outside diameter of the joint. The specific energy
model relates casing wear to the amount of energy required to excavate a unit volume of
material, which is an important parameter used for performance prediction of drilling and
associated wear rates. The linear wear efficiency model relates casing wear to the amount
of energy dissipated as friction in the wear process. The non-linear casing wear model uses
the wellbore parameters to estimate the extent of a casing wear groove. Once this model is
run, the resultant differential wear factor is the slope (derivative) of the wear groove volume
versus work function curve. The Hertzian model involves the solution of two elastic bodies
with curved surfaces in contact with one another, as in the case where a drill string is in
contact with a casing wall. The impact wear model simulates phenomena consistent with
downhole vibration and its contribution towards wear of the casing walls. Finally, the
wellbore energy model provides a mathematical criterion to quantify the borehole quality
and incorporates the parameters of borehole curvature and the wellbore torsion. The casing
wear estimated by the wellbore energy model is an integral function of these two
parameters. Hence, a combined “wear-energy” model is used to estimate casing wear in
curved sections of the wellbore that have the drill string lying on its low side. The
fundamental assumption of this model is that the volume worn away from the casing wall
is proportional to the work done by friction on its inner wall by the joints only.

As used herein, a data-driven model refers to a model that correlates input data with
a given output without regard to the principles that govern their relationship. The
correlations established for a data-driven model may be the result of statistics, adaptive

learning algorithms, and/or other data analysis techniques. In some embodiments, data-
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driven models may combine both adaptive and non-adaptive elements. Further, data-driven
models can vary in complexity from those with only one or two layers of single-direction
logic to models employing complicated multi-input, multi-layer, and multi-directional
feedback loops. As desired, "weights" can be applied to model parameters, model outputs,
or model feedback loops. The correlation training process for data-driven models can be
based on sensor-based measurements and/or simulated data. The rules for correlation
training may vary and, in some embodiments, are self-taught and/or dynamic. In at least
some embodiments, the data-driven model is a regression-based model.

In at least some embodiments, an example method includes obtaining a set of input
parameters and applying the set of input parameters to a physics-driven model to obtain an
estimated casing wear log. The method also includes employing a data-driven model to
produce a predicted casing wear log based at least in part on the estimated casing wear log
from the physics-driven model. The method also includes storing or displaying information
based on the predicted casing wear log. Various input parameter options, data-driven model
training options, and predicted casing wear use options are disclosed herein.

In at least some embodiments, the data-driven model is trained based on casing wear
estimates by a physics-driven model and actual casing wear measurements. Once trained,
the data-driven model is able to predict casing wear based on subsequent casing wear
estimates from a physics-driven model. (Actual casing wear measurements are no longer
needed, but may be input to further train the data-driven model). Along with estimated
casing wear from a physics-driven model, other input parameters that may be used for
training a data-driven model or predicting casing wear using a data-driven model include
wellbore parameters (e.g., temperature, fluid viscosity, pressure), casing and drill string
parameters (flexibility, resistance to wear, diameter, thickness), and/or drilling parameters
(weight-on-bit, rotation rate, torque). In at least some embodiments, such input parameters
may correspond to sensor-based data collected from one well or multiple wells. The
predicted casing wear output from the data-driven model may correspond to data points or
a log for eroded volume, groove depth, wall thickness, safety margin, and/or probability of
integrity failure as a function of position along a casing.

In some embodiments, the data-driven model predicts casing wear during a
wellbore planning phase (before a drilling project begins). For example, the predicted
casing wear may be stored or displayed for use by well planners before a drilling project
begins. With the predicted casing wear, well planners may select or update planned drilling

parameters (e.g., limits for weight-on-bit, rotation speed, rate of penetrations, or drilling
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direction), a planned borehole trajectory, and/or a planned casing wall thickness. In other
embodiments, the predicted casing wear is stored or displayed for use by drilling operations
during a wellbore drilling project. For example, the drilling operators may use the predicted
casing wear to update drilling parameters or a borehole trajectory. Further, drilling
operators may decide to stop drilling, to perform casing wear logging, or to perform other
tasks related to completing a drilling project while reducing the likelihood of casing failure.

In at least some embodiments, the predicted casing wear can be compared to a
predetermined threshold indicative of casing failure likelihood. If the predicted casing wear
exceeds the predetermined threshold, a warning or other information (e.g., options for
reducing the likelihood of casing failure) may be displayed.

FIG. 1A shows an illustrative drilling environment. A drilling platform 2 supports a
derrick 4 having a traveling block 6 for raising and lowering a drill string 8. A drill string
kelly 10 supports the rest of the drill string 8 as it is lowered through a rotary table 12. The
rotary table 12 rotates the drill string 8, thereby turning a drill bit 14. Additionally or
alternatively, rotation of the drill bit 14 is controlled using a mud motor or other rotation
mechanism. As the drill bit 14 rotates, it creates a borehole 16 (represented using dashed
lines) that passes through various formations 18. A pump 20 circulates drilling fluid through
a feed pipe 22 to the kelly 10, downhole through the interior of drill string 8, through orifices
in the drill bit 14, back to the surface via the annulus 9 around the drill string 8, and into a
retention pit 24. The drilling fluid transports cuttings from the borehole 16 into the retention
pit 24 and aids in maintaining the integrity of the borehole 16.

The drill bit 14 is just one piece of a bottom-hole assembly 25 that includes one or
more drill collars 26 and logging tool 28. Drill collars 26 are thick-walled steel pipe sections
that provide weight and rigidity for the drilling process. The logging tool 28 (which may be
built into one of the drill collars) gathers measurements of various drilling or formation
parameters. Without limitation, logging tool 28 may be integrated into the bottom-hole
assembly 25 near the bit 14 to collect measurements. The collected measurements may be
plotted and used for steering the drill string 8, monitoring drilling performance, and/or to
analyze formation properties.

Measurements from the logging tool 28 can be acquired by a telemetry sub (e.g.,
integrated with logging tool 28) to be stored in internal memory and/or communicated to the
surface via a communications link. Mud pulse telemetry is one common technique for
providing a communications link for transferring logging measurements to a surface receiver

30 and for receiving commands from the surface, but other telemetry techniques can also be
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used.

The telemetry signals are supplied via a wired or wireless communications link 36
to a computer 38 or some other form of a data processing device. Computer 38 operates in
accordance with software (which may be stored on information storage media 40) and user
input via an input device 42 to process and decode the received signals. The resulting
telemetry data may be further analyzed and processed by computer 38 to generate a display
of useful information on a computer monitor 44 or some other form of a display device
including a tablet computer. For example, an operator could employ this system to obtain
and monitor drilling parameters or formation properties.

In at least some embodiments, measurements collected by the logging tool 28
and/or other sensors (downhole or surface) of the drilling environment of FIG. 1A are used
an input parameters to a physics-driven model that estimates casing wear. As described
herein, casing wear estimates from a physics-driven model can be input to a data-driven
model that predicts casing wear. In some embodiments, such a physics-driven model and a
data-driven model are employed by a computer system such as computer 38. The predicted
casing wear output from the data-driven model (or related data such as a warning) may be
displayed, for example, via computer monitor 44. Further, the computer system employing
the physics-driven model and data-driven model may provide a user interface for viewing,
selecting, and adjusting physics-driven model options, data-driven model options, training
options, warning options, and/or prediction validation options. The computer 38 or another
computer may also enable a drilling operator to adjust drilling operations based on the
predicted casing wear output from a data-driven model (or related data such as a warning).

In the drilling environment of FIG. 1A, some well completion operations,
including installation of a casing 52 representing at least one casing section, have been
performed. Installation of each casing section involves joining modular casing segments
until a desired casing section length is reached and/or lowering the casing section to a
desired position in borehole 16. Once a desired length and position for a particular casing
section is achieved, cementing operations are performed, resulting in a permanent casing
section installation. As needed, the borehole 16 is extended by drilling through cement at
an installed casing section terminus. The process of installing casing sections and extending
16 borehole can be repeated as desired. During drilling and/or well completion operations,
the drill string 8 is routinely removed from the borehole 16, optionally reconfigured, and

put back into the borehole 16 to continue the drilling process.
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In the drilling environment of FIG. 1A, casing wear occurs due to contact between
drill string 8 and casing 52. Such contact occurs, for example, during drill string operations,
causing wear whenever the drill string 8 rotates. Contact between the drill string 8 and
casing 52 is prolonged in curved, sloped, and horizontal portions of the casing 52. Further,
it should be appreciated that changing drilling and/or drill string rotation parameters can
change the rate of casing wear as well as the points of contact. Over time, contact between
the drill string 8 and casing 52 reduces the side-wall thickness of casing 52, degrading the
casing strength and integrity.

FIG. 1B shows an illustrative wireline logging environment that may represent the
environment of FIG. 1A with the drill string 8 removed from the borehole 16 or another
similar environment. In FIG. 1B, a first casing section 113 and a second casing section 140
have been installed in a borehole 112. A wireline cable 142 suspends a wireline logging tool
144 in the borehole 112 and couples the tool 144 to a logging facility or vehicle 146, which
may include one or more computer systems. A pulley 148 (shown to be part of a wireline
truck boom, but alternatively affixed to a platform 102 with a rig 104) enables the wireline
logging tool 144 to be lowered and raised along the borehole 112 at a controlled speed. The
wireline cable 142 includes electrical and/or optical conductors for transporting measurement
data to the logging facility or vehicle 146 and optionally conveying electrical power to the
tool 144. In some embodiments, the wireline logging tool 144 may have pads and/or
centralizing members to maintain the tool centered in the borehole 112 during logging
operations. The wireline logging tool 144 may acquire various types of data related to
formation properties or downhole conditions. In accordance with at least some
embodiments, the wireline logging tool 144 corresponds to a casing wear logging tool that
collects acoustic, electromagnetic (EM), or caliper measurements that can be analyzed to
derive a casing wear log as a function of position along the first casing section 113 or
second casing section 140.

The logging facility or vehicle 146 receives the measurements collected by the
wireline logging tool 144 (e.g., via a wired or wireless link) and a related computer system
stores, processes, and/or displays the measurements or related information. In at least some
embodiments, casing wear measurements collected by the wireline logging tool 144 are
used as input parameters to train a data-driven model as described herein. Further, other
measurements collected by the wireline logging tool 144 and/or other sensors/tools may be
used as input parameters to a physics-driven model that estimates casing wear. Again,

casing wear estimates from a physics-driven model can be input to a data-driven model that
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predicts casing wear. In some embodiments, such a physics-driven model and a data-driven
model are employed by a computer system associated with logging facility or vehicle 146.
The predicted casing wear output from the data-driven model (or related data such as a
warning) may be displayed, for example, via a computer monitor. Further, a computer
system employing the physics-driven model and data-driven model may provide a user
interface for viewing, selecting, and adjusting physics-driven model options, data-driven
model options, training options, warning options, and/or prediction validation options. In
at least some embodiments, a computer associated with logging facility or vehicle 146 or
another computer enables a drilling operator to adjust drilling parameters based on the
predicted casing wear output from a data-driven model (or related data such as a warning).
The adjusted drilling parameters may apply after well completion operations add another
casing section in the borehole 112 and/or after drill string operations positions a drill string
in borehole 112.

In at least some embodiments, an estimated casing wear log from a physics-driven
model and a measured casing wear log associated with a first borehole segment are used to
train a data-driven model. Thereafter, a subsequent estimated casing wear log is obtained
from a physics-driven model. The trained data-driven model uses the subsequent estimated
casing wear log to predict casing wear for a second borehole segment. As desired, at least
one drilling component can be directed based on the predicted casing wear. Such direction
may be manual or automated. Further, the amount of adjustment to drilling parameters may
vary depending on the rate of wear or other calculations performed using the predicted casing
wear.

FIG. 1C is a function-block diagram of an illustrative directional drilling system
(e.g., as in FIG. 1A), though the illustrated modules are also largely representative of a
wireline logging system (e.g., as in FIG. 1B). In FIG. 1C, one or more downhole tool
controllers 202 (e.g., processors) collect measurements from a set of downhole sensors 204.
Example sensors 204 include navigational sensors, drilling parameter sensors, and
formation parameter sensors. The output of the sensors 204 are digitized and stored with
optional downhole processing to compress the data, improve the signal-to-noise ratio,
and/or to derive parameters of interest from the measurements. In at least some
embodiments, the downhole sensors 204 measure casing wear by employing EM coils,
acoustic sensors, and/or multi-finger calipers.

A telemetry system 208 conveys at least some of the measurements or derived

parameters to a processing system 210 at the surface. The processing system 210 also may
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collect, record, and process measurements from sensors 212 on and around a drilling
platform (e.g., platform 2 in FIG. 1A) in addition to downhole measurements. The
processing system 210 outputs information for display on interactive user interface 214.
Examples of information that may be displayed include, for example, measurement logs, a
borehole trajectory, a casing trajectory, a predicted casing wear log, and recommended
drilling parameters to reduce a risk of casing failure to below a threshold. The processing
system 210 may further accept user inputs and commands and direct operations in response
to such inputs to, e.g., transmit commands and configuration information via telemetry
system 208 to the tool controllers 202. Such commands may alter the settings of a steering
mechanism 206 or other controllable drilling parameters.

As illustrated by FIG. 2, a casing 52 may have multiple curves resulting in multiple
contact regions 17A-17E between drill string 8 and casing 52 with the drill string 8 moving
upward in a tension scenario. The amount of casing wear that occurs due to contact between
drill string 8 and casing 52 is affected by the number of curves along casing 52, the angle
of curves along casing 52, the flexibility of the casing material, the flexibility of the drill
string material, the casing diameter, and the drill string diameter. In general, a casing
trajectory with higher “dogleg” trajectory changes will experience more casing wear. In at
least some embodiments, the operator may reduce casing wear by modifying drilling
parameters including, but not limited to, changing the well profile, changing parameters to
reduce contact force, changing the material properties of the drill string, drill bit, or casing
to a higher quality material, or adding drill pipe protection equipment (not shown). Drill
pipe protection equipment includes a cover that envelops the drill string circumference in
a plastic sleeve, said sleeve’s outer surface does not rotate when the drill string is rotating,
thus reducing contact force and subsequent casing wear.

FIG. 3A shows a tension scenario 50 as seen in FIG. 2 in greater detail for a drill
string in a casing. In tension scenario 50, the drill string 8 is being withdrawn or pulled in
an upward direction 62 in relation to the borehole 16. The drill string 8, under tension,
creates a normal force 54A that causes a joint 56 along the drill string 8 to contact inner
wall 60 of casing 52, contributing to casing wear. Significantly, the drill string drill bit 14
(seen in FIG. 1A) contributes the majority of wear to a casing 52 during drilling operations.
Over time, the resulting casing wear removes casing material and may surpass a threshold
58 corresponding to a casing integrity threshold. Such casing wear can be continuous or in
isolated areas along casing 52. In either case, casing wear may eventually result in failure

of the casing 52 such that fluids are able to enter or escape the casing 52.
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FIG. 3B is a cross-section of a compression scenario 75. In compression scenario
75, the drill string & is being inserted or pushed in a downward direction 66 in relation to
the borehole 16. The drill string 8, under compression, creates a normal force 54B that
causes a joint 56 along the drill string 8 to contact inner wall 64 of casing 52, contributing
to casing wear. Over time, the resulting casing wear removes casing material and may
surpass a threshold 58 corresponding to a casing integrity threshold. Such casing wear can
be continuous or in isolated arcas along casing 52. In either case, casing wear may
eventually result in failure of the casing 52 such that fluids are able to enter or escape the
casing 52.

As repairing a casing such as casing 52 is difficult, the disclosed casing wear
prediction methods and systems are employed to minimize or avoid casing failure. In at
least some embodiments, casing wear prediction involves obtaining an estimated casing
wear from a physics-driven model and applying the estimated casing wear as an input to a
data-driven model. The data-driven model produces a predicted casing wear log based at
least in part on the estimated casing wear.

In accordance with at least different embodiments, the physics-driven model that
estimates casing wear may account for different casing trajectories (see FIG. 2). Such
casing trajectories can be simulated via software and/or can be estimated from
position/orientation data collected by measurement-while-drilling (MWD) or logging-
while-drilling (LWD) tools during a drilling process and/or by wireline logging tools.
Further, the physics-driven model that estimates casing wear may account for different
contact/force scenarios (see FIGS. 3A and 3B). For example, a side force (e.g., normal
forces 54A or 54B in FIGS. 3A and 3B) may be estimated as a function of bending stiffness
and various forces operating on a drill string inside a casing such as viscous drag, torque,
gravity, buoyancy, compression, and vibration. Without limitation, a physics-driven model
may also account for other parameters including a wear factor, a rotation rate, and a
measure of the drilling time. The rotation rate and drilling time may be measured by
downhole or surface sensors. Meanwhile, the wear factor may be based on the materials of
the casing and drill strings and/or may be derived from laboratory tests.

In different embodiments, the estimated casing wear output from a physics-driven
model may be expressed in various formats such as an eroded volume, a groove depth, a
casing wall thickness, a safety margin, or a probability of integrity failure. The predicted
casing wear output from a data-derived model may likewise be expressed in various formats

and may or may not have the same format as the estimated casing wear provided as input
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to the data-driven model.

FIG. 3C shows a casing wear logging tool 154 deployed along a casing 113 in a
borehole 112 to measure casing wear. In at least some embodiments, the casing wear
logging tool 154 may be deployed as a wireline logging tool (see e.g., FIG. 1B). For
wireline logging embodiments, power delivery, telemetry, and positioning for the casing
wear logging tool 154 may be supported by a wireline case 142. Alternatively, some casing
wear logging tools 154 may correspond to logging-while-drilling (LWD) tools. For LWD
tool embodiments, the casing wear logging tool 154 may be part of a bottom-hole assembly
(BHA) (e.g., BHA 25 as in FIG. 1A). The casing wear logging tool 154 employs sensors
158 and possibly a signal source 156 to directly or indirectly measure a casing thickness
160 as a function of position along casing 113. For acoustic sensing of casing wear, signal
source 156 emits an acoustic signal and sensors 158 receive corresponding acoustic
reflections. The timing of reflections relative to the emitted acoustic signals can be used to
derive the position of the reflective surface (the casing wall). The position of the reflective
surface varies depending on the amount of casing wear. For EM sensing of casing wear,
signal source 156 emits an EM signal and sensors 158 detect a corresponding magnetic
field. As the strength of the magnetic field detected by the sensors 158 is affected by the
thickness of the casing 113, casing thickness can be derived from the magnetic field
measurements. For multi-finger caliper sensing of casing wear, a signal source 156 is not
needed and the sensors 158 measure small movements or tension of finger (prong) calipers
dragged along the surface of casing 113. Casing thickness can be derived from the
movement or tension variation of the finger calipers. In at least some embodiments, one or
more measured casing wear logs obtained from a casing wear logging tool 154 are used to
train the data-driven model. While exceptions are possible, the availability of measured
casing wear logs to train a data-driven model is usually limited due to expense. Once
trained, the data-driven model is employed to predict casing wear without the use of
measured casing wear logs. Of course, if more measured casing wear logs become
available, the training of the data-driven model can be updated accordingly.

FIG. 4 presents an illustrative process 200 for predicting casing wear during a
wellbore planning phase. The process 200 may be implemented by computer 38 (FIG. 1A)
and/or another computer. At block 202, input parameters and a measured casing wear log
from an adjacent borehole are obtained. At block 204, the input attributes and the measured
casing wear log is used to train a data-driven model. The output of block 204 is a trained

casing wear prediction model. At block 206, design drilling parameters and borehole profile
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information are obtained. At block 208, the design drilling parameters and borehole profile
information obtained at block 206 are applied to a physics-driven model to obtain an
estimated casing wear log. The physics-driven model may be one of several available
models, e.g., a specific energy model, a linear wear-efficiency model, a non-linear casing
wear model, a Hertzian model, an impact wear model, or a wellbore energy model. At block
210, the trained data-driven model obtained at block 204 is used to produce a predicted
casing wear log based at least in part on the estimated casing wear log obtained at block
208. At block 212, the predicted casing wear log is displayed or stored for use by a well
planner before drilling begins.

FIG. 5 presents an illustrative process 220 for predicting casing wear during a
wellbore drilling phase. The process 220 may be implemented by computer 38 (FIG. 1A)
and/or another computer. At block 222, input parameters are obtained. The input
parameters may correspond to drilling parameters, borechole trajectory parameters,
downhole condition parameters, casing attributes, drill string attributes, and/or other
parameters employed by physics-driven models. At block 224, a physics-driven model is
applied to obtain an estimated casing wear log based on the input parameters obtained at
block 222. Again, the physics-driven model may be one of several available models, ¢.g.,
a specific energy model, a linear wear-efficiency model, a non-linear casing wear model, a
Hertzian model, an impact wear model, or a wellbore energy model. At block 226, casing
wear is measured. For example, a measured casing wear log may be obtained using a casing
wear logging tool 154 deployed as a LWD tool or wireline tool. At block 228, the prediction
data-driven model is trained using measured casing wear obtained at block 226 and the
input parameters obtained at block 222. At block 230, the data-driven model is applied to
produce a predicted casing wear log based on subsequent input parameters obtained while
drilling. At block 232, the predicted casing wear log is stored or displayed for use by an
operator during drilling operations. The drilling operator may, for example, select to adjust
controllable drilling parameters so as to reduce the likelihood of casing failure. In some
embodiments, a drilling controller and/or drilling components (to direct weight-on-bit,
rotation rate, rate of penetration, and/or drilling fluid parameters) can be directed
automatically in accordance with the predicted casing wear log or related values output
from the data-driven model. Alternatively, drilling suggestions (e.g., reduce rotation speed
by 10%, reduce weight-on-bit by 5%, change trajectory to reduce dogleg angle by 8%) may

be presented to an operator in accordance with the predicted casing wear log.
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FIG. 6 is an illustrative chart of a type of predicted casing wear log output from the
data-driven model in block 230. In FIG. 6, wear volume (in cubic inches) is plotted as a
function of measured depth. The wear volume represented in FIG. 6 may be an estimate of
existing casing wear, based on a set of collected input parameters, or a prediction of the
amount of material that, based on a set of proposed input parameters, will be removed from
the inner wall of the casing due to contact between the drill string and the casing.

FIG. 7 is a similarly illustrative chart of another type of predicted casing wear as a
function of depth, with casing wear expressed in terms of groove depth rather than as the
wear volume of Fig. 6. In different logs, groove depth can alternatively be represented as a
percentage of wall thickness worn away, a percentage of wall thickness remaining, or a
percentage of wall strength deteriorated.

In accordance with at least some embodiments, the disclosed methods and systems
related to predicting casing wear may be implemented in digital electronic circuitry, or in
computer software, firmware, or hardware, including the structures disclosed in this
specification and their structural equivalents, or in combinations of one or more of them.
Computer software may include, for example, one or more modules of instructions,
encoded on computer-readable storage medium for execution by, or to control the operation
of, a data processing apparatus. Examples of a computer-readable storage medium include
random access memory (RAM) devices, read only memory (ROM) devices, optical devices
(e.g., CDs or DVDs), and disk drives.

The term “data processing apparatus” encompasses all kinds of apparatus, devices,
and machines for processing data, including by way of example a programmable processor,
a computer, a system on a chip, or multiple ones, or combinations, of the foregoing. The
apparatus can include special purpose logic circuitry, e.g., an FPGA (field programmable
gate array) or an ASIC (application specific integrated circuit). The apparatus can also
include, in addition to hardware, code that creates an execution environment for the
computer program in question, ¢.g., code that constitutes processor firmware, a protocol
stack, a database management system, an operating system, a cross-platform runtime
environment, a virtual machine, or a combination of one or more of them. The apparatus
and execution environment can realize various different computing model infrastructures,
such as web services, distributed computing, and grid computing infrastructures.

A computer program (also known as a program, software, software application,
script, or code) can be written in any form of programming language, including compiled

or interpreted languages, declarative, or procedural languages. A computer program may,
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but need not, correspond to a file in a file system. A program can be stored in a portion of
a file that holds other programs or data (e.g., one or more scripts stored in a markup
language document), in a single file dedicated to the program in question, or in multiple
coordinated files (e.g., files that store one or more modules, sub programs, or portions of
code). A computer program can be deployed to be executed on one computer or on multiple
computers that are located at one site or distributed across multiple sites and interconnected
by a communication network.

Some of the processes and logic flows described in this specification can be
performed by one or more programmable processors executing one or more computer
programs to perform actions by operating on input data and generating output. The
processes and logic flows can also be performed by, and apparatus can also be implemented
as, special purpose logic circuitry, e.g., an FPGA (field programmable gate array) or an
ASIC (application specific integrated circuit).

Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors and processors of any kind of
digital computer. Generally, a processor will receive instructions and data from a read-only
memory or a random access memory or both. A computer includes a processor for
performing actions in accordance with instructions and one or more memory devices for
storing instructions and data. A computer may also include, or be operatively coupled to
receive data from or transfer data to, or both, one or more mass storage devices for storing
data, e.g., magnetic, magneto optical disks, or optical disks. However, a computer need not
have such devices. Devices suitable for storing computer program instructions and data
include all forms of non-volatile memory, media and memory devices, including by way
of example semiconductor memory devices (e.g., EPROM, EEPROM, flash memory
devices, and others), magnetic disks (e.g., internal hard disks, removable disks, and others),
magneto optical disks, and CD-ROM and DVD-ROM disks. The processor and the memory
can be supplemented by, or incorporated in, special purpose logic circuitry.

To provide for interaction with a user, operations can be implemented on a computer
having a display device (e.g., a monitor, or another type of display device) for displaying
information to the user and a keyboard and a pointing device (e.g., a mouse, a trackball, a
tablet, a touch sensitive screen, or another type of pointing device) by which the user can
provide input to the computer. Other kinds of devices can be used to provide for interaction
with a user as well; for example, feedback provided to the user can be any form of sensory

feedback, e.g., visual feedback, auditory feedback, or tactile feedback; and input from the
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user can be received in any form, including acoustic, speech, or tactile input. In addition, a
computer can interact with a user by sending documents to and receiving documents from
a device that is used by the user; for example, by sending web pages to a web browser on
a user’s client device in response to requests received from the web browser.

A computer system may include a single computing device, or multiple computers
that operate in proximity or generally remote from each other and typically interact through
a communication network. Examples of communication networks include a local area
network (“LAN”) and a wide area network (“WAN?), an inter-network (e.g., the Internet),
a network comprising a satellite link, and peer-to-peer networks (e.g., ad hoc peer-to-peer
networks). A relationship of client and server may arise by virtue of computer programs
running on the respective computers and having a client-server relationship to each other.

FIG. 8 shows an illustrative system 300. The prediction system 300 may correspond
to the computer system 38 mentioned in FIG. 1A and/or another computer system involved
with obtaining input parameters, obtaining measured casing wear logs, obtaining estimated
casing wear logs from a physics-driven model, training a data-driven model, using a trained
data-driven model to predict casing wear, and/or using the predicted casing wear output
from a data-driven model to plan future wells, to adjust drilling operations in real-time, or
to perform other tasks as described herein.

The system 300 includes a processor 310, a memory 320, a storage device 330, and
an input/output device 340. Each of the components 310, 320, 330, and 340 can be
interconnected, for example, using a system bus 350. The processor 310 is capable of
processing instructions for execution within the system 300. In some embodiments, the
processor 310 is a single-threaded processor, a multi-threaded processor, or another type of
processor. The processor 310 is capable of processing instructions stored in the memory
320 or on the storage device 330. The memory 320 and the storage device 330 can store
information within the computer system 300.

The input/output device 340 provides input/output operations for the system 300.
In some embodiments, the input/output device 340 can include one or more network
interface devices, e.g., an Ethernet card; a serial communication device, ¢.g., an RS-232
port; and/or a wireless interface device, e.g., an 802.11 card, a 3G wireless modem, or a 4G
wireless modem. In some embodiments, the input/output device can include driver devices
configured to receive input data and send output data to other input/output devices, e.g.,
keyboard, printer and display devices 360. In some embodiments, mobile computing

devices, mobile communication devices, and other devices can be used.

15



10

15

20

25

30

WO 2016/060684 PCT/US2014/061128

The disclosed options for predicting casing wear should not be construed as
limitations on the scope of what may be claimed, but rather as descriptions of features
specific to particular examples. Certain features that are described in this specification in
the context of separate embodiments can also be combined. Conversely, various features
that are described in the context of a single embodiment can also be implemented in
multiple embodiments separately or in any suitable combination.

Numerous other modifications, equivalents, and alternatives, will become apparent
to those skilled in the art once the above disclosure is fully appreciated. It is intended that
the following claims be interpreted to embrace all such modifications, equivalents, and
alternatives where applicable.

Embodiments disclosed herein include:

A: A casing wear estimation method that comprises obtaining a set of input
parameters associated with extending a partially-cased borehole, applying the set of input
parameters to a physics-driven model to obtain an estimated casing wear log, employing a
data-driven model to produce a predicted casing wear log based at least in part on said
estimated casing wear log, and storing or displaying information based on the predicted
casing wear log.

B: A casing wear estimation system that comprises at least one processor, a memory
in communication with the at least one processing and storing instructions that, when
executed, causes the at least one processor to obtain a set of input parameters, apply the set
of input parameters associated with extending a partially-cased borehole to a physics-driven
model to obtain an estimated casing wear log, employ a data-driven model to produce a
predicted casing wear log based at least in part on said estimated casing wear log, and store
or display information based on the predicted casing wear log.

C: A drilling system that comprises a processor configured to obtain an estimated
casing wear log from a physics-driven model and a measured casing wear log associated with
a first borehole segment, train a data-driven model using the estimated casing wear log and
the measured casing wear log, acquire a subsequent estimated casing wear log from a
physics-driven model, use the trained data-driven model and the subsequent estimated casing
wear log to predict casing wear for a second borchole segment, and at least one drilling
component in communication with the processor, wherein the processor directs an operation
of the at least one drilling component based on the predicted casing wear log.

Each of embodiments A, B, and C may have one or more of the following additional

elements in any combination: Element 1: further comprising training the data-driven model
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based on casing wear measurements associated with a previously drilled borehole. Element
2: further comprising training the data-driven model based on casing wear measurements
associated with a borehole that is being drilled. Element 3: further comprising training the
data-driven model based on at least one wellbore parameter. Element 4: further comprising
training the data-driven model based on at least one drilling parameter. Element 5: wherein
the data-driven model is regression-based. Element 6: further comprising comparing at least
some of the predicted casing wear logs to a predetermined threshold and displaying a warning
based on the comparison. Element 7: wherein said employing the data-driven model occurs
during a wellbore planning phase and wherein the method further comprises modifying a
drilling plan based at least in part on the predicted casing wear log. Element 8: wherein the
modified drilling plan includes at least one modified limit on at least one drilling parameter
selected from the list consisting of weight on bit, rotation rate, rate of penetration, and
torque. Element 9: wherein the modified drilling plan includes at least one modified
parameter including modifying the well profile, changing the drilling parameters to reduce
contact force, changing the materials properties, and the addition of drill pipe protection
equipment. Element 10: wherein said employing the data-driven model occurs during a
wellbore drilling phase and wherein the method further comprises modifying a drilling
parameter for a wellbore being drilled based at least in part on the predicted casing wear
log. Element 11: wherein the physics-driven model corresponds to at least one of a specific
energy model, a linear wear-efficiency model, a non-linear casing wear model, a Hertzian
model, an impact wear model, and a wellbore energy model. Element 12: wherein the
predicted casing wear log is a function of at least one casing wear value selected from the
list consisting of an eroded volume, a groove depth, a wall thickness, a safety margin, and
a probability of integrity failure. Element 13: wherein the instructions further cause the at
least one processor to train the data-driven model based on casing wear measurements
associated with a previously drilled borehole. Element 14: wherein the instructions further
cause the at least one processor to train the data-driven model based on casing wear
measurements associated with a borehole that is being drilled. Element 15: wherein the
instructions further cause the at least one processor to train the data-driven model based on
at least one of a wellbore parameter and a drilling parameter. Element 16: wherein the
instructions further cause the at least one processor to compare at least some of the predicted
casing wear log to a predetermined threshold and to display a warning based on the
comparison. Element 17: wherein the instructions further cause the at least one processor to

modify a drilling plan for a future wellbore based at least in part on the predicted casing

17



WO 2016/060684 PCT/US2014/061128

wear log. Element 18: wherein the instructions further cause the at least one processor to
modify a drilling parameter for a wellbore being drilled based at least in part on the
predicted casing wear log.

Numerous variations and modifications will become apparent to those skilled in the
art once the above disclosure is fully appreciated. It is intended that the following claims

be interpreted to embrace all such variations and modifications.
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CLAIMS

WHAT IS CLAIMED IS:
1. A casing wear estimation method that comprises:

obtaining a set of input parameters associated with extending a partially-cased
borehole;

applying the set of input parameters to a physics-driven model to obtain an
estimated casing wear log; and

employing a data-driven model to produce a predicted casing wear log based at least
in part on said estimated casing wear log; and

storing or displaying information based on the predicted casing wear log.
2. The method of claim 1, further comprising training the data-driven model based on
casing wear measurements associated with a previously drilled borehole.
3. The method of claim 1, further comprising training the data-driven model based on
casing wear measurements associated with a borehole that is being drilled.
4. The method of claim 1, further comprising training the data-driven model based on at
least one wellbore parameter.
5. The method of claim 1, further comprising training the data-driven model based on at
least one drilling parameter.
6. The method of claim 1, wherein the data-driven model is regression-based.
7. The method according to any one of claims 1 to 6, further comprising comparing at least
some of the predicted casing wear log to a predetermined threshold, and displaying a warning
based on the comparison.
8. The method according to any one of claims 1 to 6, wherein said employing the data-
driven model occurs during a wellbore planning phase, and wherein the method further
comprises modifying a drilling plan based at least in part on the predicted casing wear log.
9. The method of claim 8§, wherein the modified drilling plan includes at least one modified
limit on at least one drilling parameter selected from the list consisting of weight on bit,
rotation rate, rate of penetration, and torque.
10. The method of claim 8, wherein the modified drilling plan includes at least one modified
parameter including modifying the well profile, changing the drilling parameters to reduce
contact force, changing the materials properties, and the addition of drill pipe protection

equipment.
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11. The method according to any one of claims 1 to 6, wherein said employing the data-
driven model occurs during a wellbore drilling phase, and wherein the method further
comprises modifying a drilling parameter for a wellbore being drilled based at least in part
on the predicted casing wear log, changing the drill string materials, and adding drill string
protection equipment.
12. The method according to any one of claims 1 to 6, wherein the physics-driven model
corresponds to at least one of a specific energy model, a linear wear-efficiency model, a
non-linear casing wear model, a Hertzian model, an impact wear model, and a wellbore
energy model.
13. The method according to any one of claims 1 to 6, wherein the predicted casing wear
log is a function of at least one casing wear value selected from the list consisting of an
eroded volume, a groove depth, a wall thickness, a safety margin, and a probability of
integrity failure.
14. A casing wear estimation system that comprises:

at least one processor;

a memory in communication with the at least one processing and storing instructions
that, when executed, causes the at least one processor to:

obtain a set of input parameters associated with extending a partially-cased
borehole;

apply the set of input parameters to a physics-driven model to obtain an estimated
casing wear log; and

employ a data-driven model to produce a predicted casing wear log based at least
in part on said estimated casing wear log; and

store or display information based on the predicted casing wear log.
15. The system of claim 14, wherein the instructions further cause the at least one processor
to train the data-driven model based on casing wear measurements associated with a
previously drilled borehole.
16. The system of claim 14, wherein the instructions further cause the at least one processor
to train the data-driven model based on casing wear measurements associated with a
borehole that is being drilled.
17. The system of claim 14, wherein the instructions further cause the at least one processor
to train the data-driven model based on at least one of a wellbore parameter and a drilling

parameter.
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18. The system according to any one of claims 14 to 17, wherein the instructions further
cause the at least one processor to compare at least some of the predicted casing wear log to
a predetermined threshold, and to display a warning based on the comparison.
19. The system according to any one of claims 14 to 17, wherein the instructions further
cause the at least one processor to modify a drilling plan for a future wellbore based at least
in part on the predicted casing wear log.
20. The system according to any one of claims 14 to 17, wherein the instructions further
cause the at least one processor to modify a drilling parameter for a wellbore being drilled
based at least in part on the predicted casing wear log.
21. A drilling system that comprises:
a processor configured to obtain an estimated casing wear log from a physics-driven
model and a measured casing wear log associated with a first borehole segment, to train a
data-driven model using the estimated casing wear log and the measured casing wear log,
to acquire a subsequent estimated casing wear log from a physics-driven model, and to use
the trained data-driven model and the subsequent estimated casing wear log to predict
casing wear for a second borehole segment; and
at least one drilling component in communication with the processor, wherein the
processor directs an operation of the at least one drilling component based on the predicted

casing wear log.
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