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(57) Abstract: The present disclosure describes methods and systems, including computer-implemented methods, computer program
products, and computer systems, for predicting casing leaks. One computer-implemented method includes obtaining raw electromag -
netic (EM) corrosion data (202) for a hotspot, wherein the raw EM corrosion data includes a metal thickness loss value for the hot-
spot; determining a corrosion parameter (204) based on the raw EM corrosion data; generating a probability distribution curve (206)
for the corrosion parameter; generating a corrosion severity classification matrix (208) based on the probability distribution curve,
wherein the corrosion severity classification matrix includes a plurality of corrosion severity classes and cutoff values for each of the
plurality of corrosion severity classes; and assigning the hotspot into one of the plurality of corrosion severity classes (210) based on
the corrosion severity classification matrix and the corrosion parameter of the hotspot.
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STATISTICAL METHODS FOR ASSESSING DOWNHOLE CASING
INTEGRITY AND PREDICTING CASING LEAKS

CLAIM OF PRIORITY
5 [0001] This application claims priority to U.S. Patent Application No.
14/795,183 filed on July 9, 2015, the entire contents of which are hereby incorporated

by reference.

BACKGROUND
10 [0002] In the petroleum industry, a service company can monitor corrosion
process and/or progress of downhole drilling pipe casing hotspots (areas likely to
develop casing damage due to thermal and related effects on a casing) and develop log
and casing repair schedules accordingly. In some cases, the service company can use
electromagnetic (EM) corrosion logging tools to collect raw EM corrosion data
15 associated with casing hotspots to monitor the corrosion process and to provide an
assessment of the integrity of multiple casings. However, EM tools only provide
circumferential average readings of metal thickness loss across multiple strings rather
than directional ones. Consequently, wells with casing failures show average metal
loss values less than 100% unless the failure occurs around the 360° circumference. In
20 other words, 50% average metal loss could mean a failure if one part of the casing is
completely gone and the other is intact. This wide range of possibilities and
uncertainty has made it extremely challenging to both interpret and analyze EM

corrosion logging data.

25 SUMMARY
[0003] The present disclosure describes methods and systems, including
computer-implemented methods, computer program products, and computer systems,
for assessing downhole casing integrity and predicting casing leaks. One computer-
implemented method includes obtaining, by a data processing apparatus, raw

30 electromagnetic (EM) corrosion data for a hotspot, wherein the raw EM corrosion data
includes a metal thickness loss value for the hotspot; determining, by the data
processing apparatus, a corrosion parameter based on the raw EM corrosion data,

wherein the corrosion parameter includes at least one of an average remaining barrier,
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a corrosion rate, or an expected life; generating, by the data processing apparatus, a
probability distribution curve for the corrosion parameter; generating, by the data
processing apparatus, a corrosion severity classification matrix based on the
probability distribution curve, wherein the corrosion severity classification matrix
includes a plurality of corrosion severity classes and cutoff values for each of the
plurality of corrosion severity classes; and assigning, by the data processing apparatus,
the hotspot into one of the plurality of corrosion severity classes based on the
corrosion severity classification matrix and the corrosion parameter of the hotspot.

[0004] Other implementations of this aspect include corresponding computer
systems, apparatuses, and computer programs recorded on one or more computer
storage devices, each configured to perform the actions of the methods. A system of
one or more computers can be configured to perform particular operations or actions
by virtue of having software, firmware, hardware, or a combination of software,
firmware, or hardware installed on the system that in operation causes the system to
perform the actions. One or more computer programs can be configured to perform
particular operations or actions by virtue of including instructions that, when executed
by data processing apparatus, cause the apparatus to perform the actions.

[0005] The foregoing and other implementations can each optionally include
one or more of the following features, alone or in combination:

[0006] A first aspect, combinable with the general implementation, wherein
the generation of the probability distribution curve includes determining whether the
hotspot is a leaking hotspot or a non-leaking hotspot; if the hotspot is a leaking
hotspot, generating a probability distribution curve for the corrosion parameter based
on corrosion parameters for leaking hotspots; and if the hotspot is a non-leaking
hotspot, generating a probability distribution curve for the corrosion parameter based
on corrosion parameters for non-leaking hotspots.

[0007] A second aspect, combinable with any of the previous aspects, wherein
the raw EM corrosion data includes metal loss values for a plurality of strings, and the
corrosion parameter includes the average remaining barrier that is calculated based on
a nominal thickness value for each of the plurality of strings, and a thickness loss
value for each of the plurality of strings.

[0008] A third aspect, combinable with any of the previous aspects, wherein

the corrosion parameter includes the corrosion rate that is calculated based on an
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original thickness value, a remaining thickness value, and a number of years.

[0009] A fourth aspect, combinable with any of the previous aspects, wherein
the generation of the probability distribution curve for the corrosion parameter
includes calculating a mean value and a standard deviation value of the corrosion
parameter for leaking hotspots; calculating a mean value and a standard deviation
value of the corrosion parameter for non-leaking hotspots; generating a probability
distribution function of the leaking hotspots based on the mean value and the standard
deviation value of the corrosion parameter for leaking hotspots; and generating a
probability distribution function of the non-leaking hotspots based on the mean value
and the standard deviation value of the corrosion parameter for non-leaking hotspots.
[0010] A fifth aspect, combinable with any of the previous aspects, wherein
the cutoff values for each of the plurality of corrosion severity classes is determined
based on a mean value of the corrosion parameter for leaking hotspots, a standard
deviation value of the corrosion parameter for leaking hotspots, a mean value of the
corrosion parameter for non-leaking hotspots, and a standard deviation value of the
corrosion parameter for non-leaking hotspots.

[0011] A sixth aspect, combinable with any of the previous aspects, wherein
each of the plurality of corrosion severity classes is associated with a logging
frequency for the respective corrosion severity class.

[0012] The subject matter described in this specification can be implemented
in particular implementations so as to realize one or more of the following advantages.
This approach may provide service companies a robust and practical methodology to
analyze raw Electromagnetic (EM) corrosion logs’ data and predict casing leaks. For
example, this approach includes data-driven models and dynamic decision processes
that can be used to analyze raw EM corrosion data, predict downhole casing leaks, and
forecast completion life. This approach converts the qualitative measurements of the
raw EM corrosion data into quantitative assessment of casing failures. Moreover, the
approach provides a risk-based corrosion logging frequency model for safe and
practical monitoring of downhole casing integrity. Other advantages will be apparent
to those of ordinary skill in the art.

[0013] The details of one or more implementations of the subject matter of
this specification are set forth in the accompanying drawings and the description

below. Other features, aspects, and advantages of the subject matter will become
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apparent from the description, the drawings, and the claims.

DESCRIPTION OF DRAWINGS
[0014] FIG. 1 is a chart illustrating example metal loss scenarios for casing
hotspots according to an implementation.
[0015] FIG. 2 illustrates an example method for predicting downhole casing
leaks according to an implementation.
[0016] FIG. 3 is a high-level architecture block diagram of a casing leak
prediction data processing system according to an implementation.
[0017] FIG. 4A is an example metal loss probability distribution chart
according to an implementation.
[0018] FIG. 4B is an example ARB probability distribution chart according to
an implementation.
[0019] FIG. 4C is an example CR probability distribution chart according to an
implementation.
[0020] FIG. 4D is an example EL probability distribution chart according to an
implementation.
[0021] FIG. 5A illustrates an example corrosion severity classification
definition table according to an implementation.
[0022] FIG. 5B illustrates an example corrosion severity classification matrix
according to an implementation.
[0023] FIG. 6 illustrates a top-level view of example layered strings according
to an implementation.
[0024] Like reference numbers and designations in the various drawings

indicate like elements.

DETAILED DESCRIPTION
[0025] The following description is presented to enable any person skilled in
the art to make and use the disclosed subject matter, and is provided in the context of
one or more particular implementations. Various modifications to the disclosed
implementations will be readily apparent to those skilled in the art, and the general
principles defined herein may be applied to other implementations and applications

without departing from scope of the disclosure. Thus, the present disclosure is not
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intended to be limited to the described and/or illustrated implementations, but is to be
accorded the widest scope consistent with the principles and features disclosed herein.
[0026] This disclosure generally describes methods and systems, including
computer-implemented methods, computer program products, and computer systems,
for predicting downhole casing leaks. In some cases, electromagnetic (EM) corrosion
logging tools can provide raw corrosion data related to a casing hotspot (“hotspot”),
which is an area likely to develop casing damage due to galvanic, chemical or
mechanical effects on a casing. The raw EM corrosion data may include
circumferential average readings of metal thickness loss. However, these readings
may not include directional data or consider the different combinations and sizes of
downhole casings. These factors make interpretation and analysis of raw corrosion
data produced by the EM corrosion logging tools challenging because of a wide range
of corrosion scenario possibilities and resultant uncertainty. For example, wells with
casing failures may have average metal loss values less than 100% unless the failure
occurs around the 360 degree circumference.

[0027] FIG. 1 is a chart 100 illustrating example metal-loss scenarios for
casing hotspots according to an implementation. The chart 100 includes metal-loss
scenarios 102, 104, 106, and 108. In the metal-loss scenario 102, the example hotspot
has no metal loss and the casing is intact. Each casing in the metal-loss scenarios 104,
106, and 108 has 50% average metal loss. In the metal-loss scenario 104, the casing
has a uniform loss around the 360 degree circumference of the example casing. In the
metal-loss scenario 106, the casing has a loss resulting in a cross-sectional oval shape.
In the metal-loss scenario 108, the illustrated top half of the example casing has
corroded away and is gone while the other side of the example casing is intact. While
all three scenarios illustrate a 50% average metal loss, metal-loss scenario 108
represents a casing failure. Additionally, metal-loss scenario 104 may result in a
longer expected life of the casing than the metal-loss scenario 106. Accordingly,
determining whether to suspend the well from production and take the necessary
remedial actions based on metal-loss scenarios is difficult.

[0028] In some cases, data-driven models and dynamic decision processes can
be used to analyze electromagnetic (EM) corrosion logs, predict downhole casing
leaks, and/or forecast a well completion life. Moreover, a risk-based corrosion logging

frequency model can be developed to provide safe and practical monitoring of

PCT/US2015/059149



10

15

20

25

30

WO 2017/007499

downhole casing integrity.

[0029] FIG. 2 illustrates an example method 200 for predicting downhole
casing leaks according to an implementation. For clarity of presentation, the
description that follows generally describes method 200 in the context of FIGS. 1, 3,
4A-4D, and 5-6. However, it should be understood by those of ordinary skill in the art
that method 200 may be performed, for example, by any other suitable system,
environment, software, and hardware, or a combination of systems, environments,
software, and hardware as appropriate. In some implementations, various steps of
method 200 can be run in parallel, in combination, in loops, and/or in any order.
[0030] At 202, raw corrosion data is obtained. In some cases, the raw
corrosion data can be obtained from EM corrosion logs associated with downhole
casings. For example, a user from the service company analyzing hotspots can run
EM corrosion logging tools to generate corrosion logs. In some cases, raw corrosion
data for more than one hotspot can be obtained from the logging tools. A casing string
(“string™) is a long section of connected oilfield pipe that can be lowered into a
wellbore and cemented. In some cases, the corrosion logs for a hotspot can include
both nominal thickness and thickness loss for one or more strings.

[0031] Turning now to FIG. 6, FIG. 6 illustrates a top-level view 600 of
example layered strings according to an implementation. As shown in FIG. 6, the top-
level view 600 includes a top view of strings 610, 620, and 630. In some cases, the
raw corrosion data generated by EM logging tools can include a nominal thickness
value for each of the strings 610, 620, and 630. The raw corrosion data can also
include a metal thickness loss value for each of casing strings 610, 620, and 630.
[0032] Returning to FIG. 2, from 202, method 200 proceeds to 204.

[0033] At 204, one or more corrosion parameters for a hotspot is determined.
The examples of the corrosion parameters can include an Average Remaining Barrier
(ARB) value, a Corrosion Rate (CR) value, and an Expected Life (EL) value. The
ARB for the hotspot is calculated based on metal thickness values for the hotspot. The
ARB represents a circumferential average of a number of remaining strings between a
subsurface formation, e.g., shallow water-bearing formations, and the wellbore. The
ARB is a normalized parameter that accounts for different combinations and sizes of
downhole casings. The following equation represents an example definition of the

ARB for a hotspot:
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ARB =X— |2+ 24+ 2 . X
Tve Tnz  Tas Tnx
[0034] where X represents the number of strings in the hotspot, T;; represents

the thickness loss of the i-th string, and Ty; represents the nominal thickness of the i-th

string. From 204, method 200 proceeds to 206.

[0035] In some cases, the CR value can be calculated based on an average
metal loss rate per year. For example, the CR value can be calculated based on the
metal loss and a number of years since the date of a previous log. In some cases, the
completion date of the hotspot can be used if the date of the last base log is not
available. In some cases, the metal loss can be calculated based on the original
thickness and the remaining thickness. The remaining thickness may represent the
existing total average thickness of all casing strings read by the EM corrosion logging
tool across the entire hotspot. The following equation represents an example definition
of the CR for a hotspot in mills per year.

[0036] Corrosion Rate(mpy) =

[original Thickness(in)—Remaining Thickness(in)] x1000

Numberofyears since the last baselog
[0037] Alternatively or in combination, the CR can also be calculated based on

average weight loss per year or rate of penetration into a casing. In some cases, CRs
for leaking hotspots are not calculated because the leaking hotspots may need to be
repaired before resuming service.

[0038] Based on the calculated CR, EL can be calculated based on the CR, an
average remaining thickness, and a retirement thickness. In some cases, the retirement
thickness can be a predefined value that represents a statistically estimated threshold
below which a casing may be retired. The following equation represents an example
definition of the EL:

[0039] Expected Life(years) =

[Remaining thickness(in)—Retirment thickness (in)]x1000

corrosion rate (mpy)
[0040] In some cases, ELs for leaking hotspots are not calculated because the

leaking hotspots may need to be repaired before resuming service.

[0041] From 204, method 200 proceeds to 206, where the probability
distribution curves for the corrosion parameters are generated. In some cases,
probability distribution curves for leaking hotspots and non-leaking hotspots are
generated separately. The leaking hotspots can include wells that have been confirmed

to have casing failures. The non-leaking hotspots can include wells that do not have
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casing integrity issues. In some cases, whether a hotspot has casing failure can be
determined based on a well history log or workover rig findings. In some cases, a
workover may be a well intervention operation performed by a rig to maintain the
wells integrity and/or productivity. In some cases, casing leaks may be confirmed by
pressure testing that is conducted after pulling out the tubing and packer using a
workover rig.
[0042] In some cases, the normal probability distribution curves for leaking
and non-leaking hotspots can be plotted to correlate the risk of developing casing
failures versus metal loss values, the ARB values, the CR values, and/or the EL values.
In some cases, the metal loss values are output by the EM logging tools, while the
ARB, CR, and EL values are calculated as discussed above. In addition, threshold
values, beyond which the risk of developing casing leaks sharply increases, can be
defined based on normal probability distribution curves. The following equations
illustrate an example method of generating normal probability distribution curves
based on average metal loss, ARB values, CR values, and EL values.
[0043] The mean and standard deviation of metal loss percentages of non-
leaking hotspots can be determined using the following equations:

n

_\] (ML — pypym)?
AnLML =

HUnimr =

n—1
[0044] where MLi represents the metal loss values in percentage of the i-th
non-leaking hotspot, gy represents the average of the metal loss values of the non-
leaking hotspot, and ay; ;. represents the standard deviation of metal loss values for
non-leaking hotspots.
[0045] Similarly, the mean and standard deviation of metal loss percentages of
leaking hotspots can be calculated using the following equations:

iz (ML)
n

j n(MLi — pya)?
armL =

Himr =

n—1
[0046] where MLi represents the metal loss values in percentage of the i-th

leaking hotspot, p; ;. represents the average of the metal loss values of the leaking
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hotspot, and «; p,; represents the standard deviation of metal loss values for the leaking

hotspots.
[0047] The metal loss probability distributions for non-leaking (P1) and
leaking (P2) hotspots can be calculated in the following equations:
1 0 _(ML—MNLI\/IZL)2 AML
Py(ML = ML) = mJ-MLO e 20NLmL
1 Mio _(ML-piyp)® 40
P,(ML < MLy) = m—amf_oo e 2aimr
5 [0048] FIG. 4A is an example metal loss probability distribution chart 410

according to an implementation. The example metal loss probability distribution chart
410 includes metal loss probability distribution curves for the leaking and non-leaking
hotspots based on the above-described equations. For example, as shown in FIG. 4A,
50% of the leaking hotspots have average metal loss values of about 60% or higher,

10 while 50% of the non-leaking hotspots have average metal loss values of about 30% or

higher.
[0049] Referring to FIG. 2, the mean and standard deviation of ARB values for
non-leaking hotspots can be calculated as follows:
_ Xi—1(ARBI)
Hnrare = n
a _ "1 (ARBI — piy 4rp)?
NLARB n—1
[0050] where ARBI represents the ARB of the i-th non-leaking hotspot, iy, 4rs

15 represents the average ARB value of the non-leaking hotspot, and ay; 45 represents

the standard deviation of ARB values for non-leaking hotspots.

[0051] Similarly, the mean and standard deviation of ARB values for leaking
hotspots can be calculated as follows:
_ 2i=1(ARBI)
Hiarp = n
a _ =1 (ARBi — pi; 4rp)*
LARB —
[0052] where ARBI represents the ARB of the i-th leaking hotspot, y; 4rp

20  represents the average ARB value of the leaking hotspot, and a; 45 represents the
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standard deviation of ARB values for leaking hotspots.
[0053] The ARB probability distributions for non-leaking (P3) and leaking
(P4) hotspots with respect to a ARB threshold ARB, can be calculated in the following

equations:
1 ARBy _(ARB—pin;ARpB)*
P;(ARB < ARBy) = ———— f e 2aniarg?  RP
V2TTQ L aRB / —co
1 o _(ARB_#LA};B)Z dARB
P,(ARB = ARB,) = —J- e 2aLARB
V2Tay arp Jars,
5 [0054] FIG. 4B is an example ARB probability distribution chart 420

according to an implementation. The example ARB probability distribution chart 420

includes ARB probability distribution curves for the leaking and non-leaking hotspots

based on the above calculations. For example, as shown in FIG. 4B, 50% of the

leaking hotspots have ARBs of about 2.1 or higher, while 50% of the non-leaking
10 hotspots have ARBs of about 1.1 or higher.

[0055] Referring to FIG. 2, the mean and standard deviation of CR values for
non-leaking hotspots can be calculated as follows:
_ X4 (CRY)
Hnicr -
a _ =1 (CRi — pyycr)?
NLCR —
[0056] where CRi represents the CR of the i-th non-leaking hotspot, py;cr

represents the average CR value of the non-leaking hotspot, and ay;cr represents the
15 standard deviation of CR values for non-leaking hotspots.

[0057] The CR probability distribution for non-leaking (P5) hotspots can be

calculated in the following equation:

_(CR—un1cR)?

Ps(CR) = ———Xe 2anicr’
; V2maycr
[0058] FIG. 4C is an example CR probability distribution chart 430 according

to an implementation. The example CR probability distribution chart 430 includes a
20  CR probability distribution curve for the non-leaking hotspots based on the above

calculations. For example, as shown in FIG. 4C, 50% of the non-leaking hotspots

have CRs at about 7.5 mpy or higher.

[0059] Referring to FIG. 2, the mean and standard deviation of EL values for

10
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non-leaking hotspots can be calculated as follows:
ic1(EL)i
HUNLEL = 0
X (BLi — pypg)?
ONLEL = n_1
[0060] where ELi represents the EL of the i-th non-leaking hotspot, py;zr

represents the average EL value of the non-leaking hotspot, and ay; g, represents the

standard deviation of EL values for non-leaking hotspots.

[0061] The EL probability distribution for non-leaking (P6) hotspots can be
calculated in the following equation:
ELg 1 _(EL—uNLEZL)Z
Ps(EL < ELy) = B me 2aNLEL
[0062] FIG. 4D is an example EL probability distribution chart 440 according

to an implementation. The example EL probability distribution chart 440 includes an
EL probability distribution curve for the non-leaking hotspots based on the above
calculations. For example, as shown in FIG. 4D, 50% of the non-leaking hotspots
have ELs of 40 years or higher.

[0063] Referring back to FIG. 2, from 206, method 200 proceeds to 208.
[0064] At 208, a corrosion severity classification matrix is generated. In some
cases, the corrosion severity classification matrix can be generated using risk-based
cutoffs for the metal loss, ARB, CR, EL values, or any combination thereof. The risk-
based cutoffs can be determined based on a function of standard deviations and the
averages of the metal loss, ARB, CR, or EL values. For example, the cutoffs can be
set as multiples of the standard deviations from the averages. The corrosion severity
classification matrix can include a plurality of corrosion severity classes, each
corresponding to a risk-based cutoff value.

[0065] FIG. 5A illustrates an example corrosion severity classification
definition table 510 according to an implementation. The corrosion severity
classification definition table 510 defines corrosion severity classes 0-3, where class 0
represents the class with most severe loss. As illustrated, cutoffs of the metal loss,
ARB, CR, and EL values for ecach of the corrosion severity classes 0-3 are listed in the
corrosion severity classification definition table 510. For example, Xyro, Xmr1, and

Xwmro are cutoffs for the metal loss values. Xy is set to the larger value of (pyp; —
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ey and (Unppe + Avime)s X s set to Xy — i Xmio 18 set 10 Xpyq — Ay,
For class 3, the average metal loss is less than Xy o; for class 2, the average metal loss
is between Xy, and Xyypp; for class 1, the average metal loss is between Xy and
Xwmro; and for class 0, the average metal loss is greater or equal to Xupy. Cutoffs for
ARB, CR, and EL can similarly be defined for each corrosion severity class.

[0066] FIG. 5B illustrates an example corrosion severity classification matrix
520 according to an implementation. The corrosion severity classification matrix 520
includes the numerical values of cutoffs for each class. The corrosion severity
classification matrix 520 is generated based on the definitions listed in the corrosion
severity classification definition table 510 and the numerical values of average metal
loss, ARB, CR, and EL of more than 100 wells.

[0067] In some cases, each class is associated with one or more remedial
measures or actions. This approach may alert the service companies about the
different risk levels for each hotspot and, therefore, provision different actions. For
example, each class can be associated with an inspection frequency. A more severe
class may be associated with a higher inspection frequency. In some cases, the
frequency can be calculated as a weighted average of the expected life values fallen
within each class interval according to the severity classification matrix. A safety
factor can also be included in the frequency calculation to account for the uncertainty
of extrapolating the metal loss growth. This safety factor correlates with the variation
of corrosion rate values. The following equation represents an example calculation of
the safety factor as a function of the ratio between the lowest and the highest expected

corrosion rates, respectively:
sp = Re=t
CRz=11

where SF represents a dimensionless risk-based safety factor, CR,__; represents the
CR value one standard deviation less than the average value, and CR,_, ; represents
the CR value one standard deviation more than the average value. CR,__; and
CR,_. are dependent on both the average and standard deviation of the corrosion rate
data. Therefore, the safety factor is dynamic and can be updated when more corrosion

rate data is collected. The following equation represents an example calculated of the

corrosion logging frequency for each severity class:

12
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tiv1
et dt
Freq; = SF f“t—
til+1 f(t) dt
[0068] where, Freq; represents the corrosion logging frequency of the i-th

class, f(t) represents the probability density function of the EL wvalues, and t
represents the EL. As illustrated, the corrosion severity classification matrix 520
includes an inspection frequency of 2, 4, and 8 years for class 1, 2, and 3, respectively.
The corrosion severity classification matrix 520 also indicates that class 0 has a high
risk to develop a leak. By setting the remedial action for each class, the service
company can determine the remedial action for each hotspot based on the
classification of the hotspot and take the predefined remedial action accordingly.
[0069] Referring back to FIG. 2, from 208, method 200 proceeds to 210.
[0070] At 210, hotspots are grouped into the plurality of corrosion severity
classes based on the corrosion severity classification matrix. In some cases, the
grouping is based on the cutoffs defined in the matrix and the metal loss, ARB, CR,
EL, or any combination thereof. For example, if a hotspot has an average metal loss
between Xuri and Xuro, an ARB between Xarp: and Xarpo, an CR greater or equal to
Xcri1, and an EL grater or equal to Xgr;, the hotspot can be grouped into class 1. In
some cases, different parameters, e.g., the metal loss, ARB, CR, EL, of a hotspot may
fall into ranges of different corrosion classes according to the corrosion severity
classification matrix. In these or other cases, the hotspot may be classified based on
the most severe class. For example, the average metal loss of a hotspot may be
between Xy 1 and Xy o, which may be the range for corrosion class 1, while the ARB
of the hotspot may be between Xarp2 and Xarp1, which may be the range for corrosion
class 2. In this example, the hotspot may be grouped into corrosion class 1, which is
more severe than class 2.

[0071] The casing leaking prediction approach discussed is data driven and
dynamic. For example, any combination of the steps discussed above can be the
repeated when additional raw EM corrosion data is obtained. In one example, when
additional raw corrosion data for one well is obtained, the metal loss, ARB, CR, and
EL for the well can be calculated. A determination can be made on whether the well is
leaking or not leaking. If the well is leaking, then the mean and average of the metal

loss, ARB, CR, and EL of leaking hotspots can be updated to include the values of the
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well. The probability distribution curves for the leaking hotspots can also be re-
generated accordingly. Similarly, if the well is not leaking, then the mean and average
of the metal loss, ARB, CR, and EL of non-leaking hotspots can be updated to include
the values of the well. The probability distribution curves for the non-leaking hotspots
can also be re-generated accordingly, and accordingly, the corrosion severity
classification matrix can also be updated. In some cases, the logging frequencies for
different classes can also be re-calculated to incorporate the additional raw EM
corrosion data.

[0072] FIG. 3 is a high-level architecture block diagram of a casing leak
prediction data processing system 300 according to an implementation. At a high
level, the illustrated system 300 includes a user 370 that is communicably coupled
with a casing leak prediction data processing computer 302 through a network 330.
The described illustration is only one possible implementation of the described subject
matter and is not intended to limit the disclosure to the single described
implementation. Those of ordinary skill in the art will appreciate the fact that the
described components can be connected, combined, and/or used in alternative ways
consistent with this disclosure.

[0073] The user 370 represents a person, an application, set of applications,
software, software modules, hardware, or combination thereof that can be used to
predict casing leaks. For example, the user 370 can be a service personnel in a service
company that is responsible for well maintenance.

[0074] The network 330 facilitates communications between the components
of the system 300 (e.g., between the user 370 and the casing leak prediction data
processing computer 302). In some cases, the user 370 can access the casing leak
prediction data processing computer 302 from a remote network. In these or other
cases, the network 330 can be a wireless or a wireline network. In some cases, the
user 370 can access the casing leak prediction data processing computer 302 locally.
In these or other cases, the network 330 can also be a memory pipe, a hardware
connection, or any internal or external communication paths between the components.
[0075] The casing leak prediction data processing computer 302 includes a
computing system configured to predict casing leaks. In some cases, the algorithm of
the casing leak prediction process can be implemented in an executable computing

code, e.g., C/C++ executable codes. Alternatively or in combination, the algorithm of
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the casing leak prediction process can be implemented in an application program, e.g.,
EXCEL. In some cases, the casing leak prediction data processing computer 302 can
include a standalone Linux system that runs batch applications. In some cases, the
casing leak prediction processing computer 302 can include mobile or personal
computers that run the application program.

[0076] The computer 302 may comprise a computer that includes an input
device, such as a keypad, keyboard, touch screen, microphone, speech recognition
device, other device that can accept user information, and/or an output device that
conveys information associated with the operation of the computer 302, including
digital data, visual and/or audio information, or a GUI.

[0077] The computer 302 can serve as a client, network component, a server, a
database or other persistency, and/or any other component of the system 300. In some
implementations, one or more components of the computer 302 may be configured to
operate within a cloud-computing-based environment.

[0078] At a high level, the computer 302 is an electronic computing device
operable to receive, transmit, process, store, or manage data and information
associated with the system 300. According to some implementations, the computer
302 may also include or be communicably coupled with an application server, e-mail
server, web server, caching server, streaming data server, business intelligence (BI)
server, and/or other server.

[0079] The computer 302 can receive requests over network 330 from a client
application (e.g., executing on another computer 302) and respond to the received
requests by processing the said requests in an appropriate software application. In
addition, requests may also be sent to the computer 302 from internal users (e.g., from
a command console or by another appropriate access method), external or third parties,
other automated applications, as well as any other appropriate entities, individuals,
systems, or computers.

[0080] Each of the components of the computer 302 can communicate using a
system bus 503. In some implementations, any and/or all the components of the
computer 302, both hardware and/or software, may interface with each other and/or
the interface 304 over the system bus 303 using an application programming interface
(API) 312 and/or a service layer 313. The API 312 may include specifications for

routines, data structures, and object classes. The API 312 may be either computer
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language-independent or -dependent and refer to a complete interface, a single
function, or even a set of APIs. The service layer 313 provides software services to
the computer 302 and/or the system 300. The functionality of the computer 302 may
be accessible for all service consumers using this service layer. Software services,
such as those provided by the service layer 313, provide reusable, defined business
functionalities through a defined interface. For example, the interface may be software
written in JAVA, C++, or other suitable language providing data in Extensible Markup
Language (XML) format or other suitable format. While illustrated as an integrated
component of the computer 302, alternative implementations may illustrate the API
312 and/or the service layer 313 as stand-alone components in relation to other
components of the computer 302 and/or system 300. Moreover, any or all parts of the
API 312 and/or the service layer 313 may be implemented as child or sub-modules of
another software module, enterprise application, or hardware module without
departing from the scope of this disclosure.

[0081] The computer 302 includes an interface 304. Although illustrated as a
single interface 304 in FIG. 3, two or more interfaces 304 may be used according to
particular needs, desires, or particular implementations of the computer 302 and/or
system 300. The interface 304 is used by the computer 302 for communicating with
other systems in a distributed environment - including within the system 300 -
connected to the network 330 (whether illustrated or not). Generally, the interface 304
comprises logic encoded in software and/or hardware in a suitable combination and
operable to communicate with the network 330. More specifically, the interface 304
may comprise software supporting one or more communication protocols associated
with communications such that the network 330 or interface's hardware is operable to
communicate physical signals within and outside of the illustrated system 300.

[0082] The computer 302 includes a processor 305. Although illustrated as a
single processor 305 in FIG. 3, two or more processors may be used according to
particular needs, desires, or particular implementations of the computer 302 and/or the
system 300. Generally, the processor 305 executes instructions and manipulates data
to perform the operations of the computer 302. Specifically, the processor 305
executes the functionality required for predicting casing leaks.

[0083] The computer 302 also includes a memory 306 that holds data for the
computer 302 and/or other components of the system 300. Although illustrated as a

16

PCT/US2015/059149



10

15

20

25

30

WO 2017/007499

single memory 306 in FIG. 3, two or more memories may be used according to
particular needs, desires, or particular implementations of the computer 302 and/or the
system 300. While memory 306 is illustrated as an integral component of the
computer 302, in alternative implementations, memory 306 can be external to the
computer 302 and/or the system 300.

[0084] The application 307 is an algorithmic software engine providing
functionality according to particular needs, desires, or particular implementations of
the computer 302 and/or the system 300, particularly with respect to functionality
required for predicting casing leaks. For example, application 307 can serve as one or
more components/applications described in FIGS. 1-2 and 4-6. Further, although
illustrated as a single application 307, the application 307 may be implemented as
multiple applications 307 on the computer 302. In addition, although illustrated as
integral to the computer 302, in alternative implementations, the application 307 can
be external to the computer 302 and/or the system 300.

[0085] There may be any number of computers 302 associated with, or
external to, the system 300 and communicating over network 330. Further, the terms
"client," "user,” and other appropriate terminology may be used interchangeably as
appropriate without departing from the scope of this disclosure. Moreover, this
disclosure contemplates that many users may use one computer 302, or that one user
may use multiple computers 302.

[0086] Implementations of the subject matter and the functional operations
described in this specification can be implemented in digital electronic circuitry, in
tangibly embodied computer software or firmware, in computer hardware, including
the structures disclosed in this specification and their structural equivalents, or in
combinations of one or more of them. Implementations of the subject matter described
in this specification can be implemented as one or more computer programs, i.e., one
or more modules of computer program instructions encoded on a tangible,
non-transitory computer-storage medium for execution by, or to control the operation
of, data processing apparatus. Alternatively or in addition, the program instructions
can be encoded on an artificially generated propagated signal, e.g., a machine-
generated electrical, optical, or electromagnetic signal that is generated to encode
information for transmission to suitable receiver apparatus for execution by a data

processing apparatus. The computer-storage medium can be a machine-readable
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storage device, a machine-readable storage substrate, a random or serial access
memory device, or a combination of one or more of them.

2

[0087] The terms “data processing apparatus,” “computer,” or “electronic
computer device” (or equivalent as understood by one of ordinary skill in the art) refer
to data processing hardware and encompass all kinds of apparatus, devices, and
machines for processing data, including by way of example, a programmable
processor, a computer, or multiple processors or computers. The apparatus can also be
or further include special purpose logic circuitry, e.g., a central processing unit (CPU),
an FPGA (field programmable gate array), or an ASIC (application-specific integrated
circuit). In some implementations, the data processing apparatus and/or special
purpose logic circuitry may be hardware-based and/or software-based. The apparatus
can optionally include code that creates an execution environment for computer
programs, e.g., code that constitutes processor firmware, a protocol stack, a database
management system, an operating system, or a combination of one or more of them.
The present disclosure contemplates the use of data processing apparatuses with or
without conventional operating systems, for example LINUX, UNIX, WINDOWS,
MAC 0OS, ANDROID, 10S or any other suitable conventional operating system.

[0088] A computer program, which may also be referred to or described as a
program, software, a software application, a module, a software module, a script, or
code, can be written in any form of programming language, including compiled or
interpreted languages, or declarative or procedural languages, and it can be deployed
in any form, including as a stand-alone program or as a module, component,
subroutine, or other unit suitable for use in a computing environment. A computer
program may, 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.
While portions of the programs illustrated in the various figures are shown as
individual modules that implement the various features and functionality through

various objects, methods, or other processes, the programs may instead include a
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number of sub-modules, third-party services, components, libraries, and such, as
appropriate. Conversely, the features and functionality of various components can be
combined into single components as appropriate.

[0089] The processes and logic flows described in this specification can be
performed by one or more programmable computers executing one or more computer
programs to perform functions 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., a CPU, an FPGA, or an ASIC.

[0090] Computers suitable for the execution of a computer program can be
based on general or special purpose microprocessors, both, or any other kind of CPU.
Generally, a CPU will receive instructions and data from a read-only memory (ROM)
or a random access memory (RAM) or both. The essential elements of a computer are
a CPU for performing or executing instructions and one or more memory devices for
storing instructions and data. Generally, a computer will 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. Moreover, a computer can be
embedded in another device, e.g., a mobile telephone, a personal digital assistant
(PDA), a mobile audio or video player, a game console, a global positioning system
(GPS) receiver, or a portable storage device, e.g., a universal serial bus (USB) flash
drive, to name just a few.

[0091] Computer-readable media (transitory or non-transitory, as appropriate)
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., erasable programmable read-only memory
(EPROM), electrically erasable programmable read-only memory (EEPROM), and
flash memory devices; magnetic disks, e.g., internal hard disks or removable disks;
magneto-optical disks; and CD-ROM, DVD+/-R, DVD-RAM, and DVD-ROM disks.
The memory may store various objects or data, including caches, classes, frameworks,
applications, backup data, jobs, web pages, web page templates, databasc tables,
repositories storing business and/or dynamic information, and any other appropriate
information including any parameters, variables, algorithms, instructions, rules,

constraints, or references thereto. Additionally, the memory may include any other
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appropriate data, such as logs, policies, security or access data, reporting files, as well
as others. The processor and the memory can be supplemented by, or incorporated in,
special purpose logic circuitry.

[0092] To provide for interaction with a user, implementations of the subject
matter described in this specification can be implemented on a computer having a
display device, e.g., a CRT (cathode ray tube), LCD (liquid crystal display), LED
(Light Emitting Diode), or plasma monitor, for displaying information to the user and
a keyboard and a pointing device, e.g., a mouse, trackball, or trackpad by which the
user can provide input to the computer. Input may also be provided to the computer
using a touchscreen, such as a tablet computer surface with pressure sensitivity, a
multi-touch screen using capacitive or electric sensing, or other type of touchscreen.
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 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.

[0093] The term “graphical user interface,” or “GUL” may be used in the
singular or the plural to describe one or more graphical user interfaces and each of the
displays of a particular graphical user interface. Therefore, a GUI may represent any
graphical user interface, including but not limited to, a web browser, a touch screen, or
a command line interface (CLI) that processes information and efficiently presents the
information results to the user. In general, a GUI may include a plurality of user
interface (UI) elements, some or all associated with a web browser, such as interactive
fields, pull-down lists, and buttons operable by the business suite user. These and
other UI elements may be related to or represent the functions of the web browser.

[0094] Implementations of the subject matter described in this specification
can be implemented in a computing system that includes a back-end component, e.g.,
as a data server, or that includes a middleware component, e.g., an application server,
or that includes a front-end component, e.g., a client computer having a graphical user

interface or a Web browser through which a user can interact with an implementation
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of the subject matter described in this specification, or any combination of one or more
such back-end, middleware, or front-end components. The components of the system
can be interconnected by any form or medium of wircline and/or wireless digital data
communication, e.g., a communication network. Examples of communication
networks include a local area network (LAN), a radio access network (RAN), a
metropolitan area network (MAN), a wide area network (WAN), Worldwide
Interoperability for Microwave Access (WIMAX), a wireless local area network
(WLAN) using, for example, 802.11 a/b/g/n and/or 802.20, all or a portion of the
Internet, and/or any other communication system or systems at one or more locations.
The network may communicate with, for example, Internet Protocol (IP) packets,
Frame Relay frames, Asynchronous Transfer Mode (ATM) cells, voice, video, data,
and/or other suitable information between network addresses.

[0095] The computing system can include clients and servers. A client and
server are generally remote from each other and typically interact through a
communication network. The relationship of client and server arises by virtue of
computer programs running on the respective computers and having a client-server
relationship to each other.

[0096] In some implementations, any or all of the components of the
computing system, both hardware and/or software, may interface with each other
and/or the interface using an application programming interface (API) and/or a service
layer. The API may include specifications for routines, data structures, and object
classes. The API may be either computer language independent or dependent and
refer to a complete interface, a single function, or even a set of APIs. The service
layer provides software services to the computing system. The functionality of the
various components of the computing system may be accessible for all service
consumers via this service layer. Software services provide reusable, defined business
functionalities through a defined interface. For example, the interface may be software
written in JAVA, C++, or other suitable language providing data in extensible markup
language (XML) format or other suitable format. The API and/or service layer may be
an integral and/or a stand-alone component in relation to other components of the
computing system. Moreover, any or all parts of the service layer may be
implemented as child or sub-modules of another software module, enterprise

application, or hardware module without departing from the scope of this disclosure.
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[0097] While this specification contains many specific implementation details,
these should not be construed as limitations on the scope of any invention or on the
scope of what may be claimed, but rather as descriptions of features that may be
specific to particular implementations of particular inventions. Certain features that
are described in this specification in the context of separate implementations can also
be implemented in combination in a single implementation. Conversely, various
features that are described in the context of a single implementation can also be
implemented in multiple implementations separately or in any suitable sub-
combination. Moreover, although features may be described above as acting in certain
combinations and even initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combination, and the claimed
combination may be directed to a sub-combination or variation of a sub-combination.
[0098] Particular implementations of the subject matter have been described.
Other implementations, alterations, and permutations of the described implementations
are within the scope of the following claims as will be apparent to those skilled in the
art. While operations are depicted in the drawings or claims in a particular order, this
should not be understood as requiring that such operations be performed in the
particular order shown or in sequential order, or that all illustrated operations be
performed (some operations may be considered optional), to achieve desirable results.
In certain circumstances, multitasking and parallel processing may be advantageous.
[0099] Moreover, the separation and/or integration of various system modules
and components in the implementations described above should not be understood as
requiring such separation and/or integration in all implementations, and it should be
understood that the described program components and systems can generally be
integrated together in a single software product or packaged into multiple software
products.

[00100] Accordingly, the above description of example implementations does
not define or constrain this disclosure. Other changes, substitutions, and alterations are
also possible without departing from the spirit and scope of this disclosure.

[00101] What is claimed is:
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CLAIMS

L. A method for predicting downhole casing leaks of hotspots,
comprising:

obtaining, by a data processing apparatus, raw electromagnetic (EM) corrosion
data for a hotspot, wherein the raw EM corrosion data includes a metal thickness loss
value for the hotspot;

determining, by the data processing apparatus, a corrosion parameter based on
the raw EM corrosion data, wherein the corrosion parameter includes at least one of an
average remaining barrier, a corrosion rate, or an expected life;

generating, by the data processing apparatus, a probability distribution curve
for the corrosion parameter;

generating, by the data processing apparatus, a corrosion severity classification
matrix based on the probability distribution curve, wherein the corrosion severity
classification matrix includes a plurality of corrosion severity classes and cutoff values
for each of the plurality of corrosion severity classes; and

assigning, by the data processing apparatus, the hotspot into one of the plurality
of corrosion severity classes based on the corrosion severity classification matrix and

the corrosion parameter of the hotspot.

2. The method of claim 1, wherein the generation of the probability
distribution curve comprises:

determining whether the hotspot is a leaking hotspot or a non-leaking hotspot;

if the hotspot is a leaking hotspot, generating a probability distribution curve
for the corrosion parameter based on corrosion parameters for leaking hotspots; and

if the hotspot is a non-leaking hotspot, generating a probability distribution
curve for the corrosion parameter based on corrosion parameters for non-leaking

hotspots.

3. The method of claim 1, wherein the raw EM corrosion data includes
metal loss values for a plurality of strings, and the corrosion parameter includes the
average remaining barrier that is calculated based on a nominal thickness value for
each of the plurality of strings, and a thickness loss value for each of the plurality of

strings.
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4. The method of claim 1, wherein the corrosion parameter includes the
corrosion rate that is calculated based on an original thickness value, a remaining

thickness value, and a number of years.

5. The method of claim 1, wherein the generation of the probability
distribution curve for the corrosion parameter comprises:

calculating a mean value and a standard deviation value of the corrosion
parameter for leaking hotspots;

calculating a mean value and a standard deviation value of the corrosion
parameter for non-leaking hotspots;

generating a probability distribution function of the leaking hotspots based on
the mean value and the standard deviation value of the corrosion parameter for leaking
hotspots; and

generating a probability distribution function of the non-leaking hotspots based
on the mean value and the standard deviation value of the corrosion parameter for non-

leaking hotspots.

6. The method of claim 1, wherein the cutoff values for each of the
plurality of corrosion severity classes is determined based on a mean value of the
corrosion parameter for leaking hotspots, a standard deviation value of the corrosion
parameter for leaking hotspots, a mean value of the corrosion parameter for non-
leaking hotspots, and a standard deviation value of the corrosion parameter for non-

leaking hotspots.
7. The method of claim 1, wherein each of the plurality of corrosion

severity classes is associated with a logging frequency for the respective corrosion

severity class.
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8. A system for predicting downhole casing leaks of hotspots, comprising:
a memory; and
at least one hardware processor interoperably coupled with the memory and
configured to:

obtain raw electromagnetic (EM) corrosion data for a hotspot, wherein
the raw EM corrosion data includes a metal thickness loss value for the
hotspot;

determine a corrosion parameter based on the raw EM corrosion data,
wherein the corrosion parameter includes at least one of an average remaining
barrier, a corrosion rate, or an expected life;

generate a probability distribution curve for the corrosion parameter;

generate a corrosion severity classification matrix based on the
probability distribution curve, wherein the corrosion severity classification
matrix includes a plurality of corrosion severity classes and cutoff values for
each of the plurality of corrosion severity classes; and

assign the hotspot into one of the plurality of corrosion severity classes
based on the corrosion severity classification matrix and the corrosion

parameter of the hotspot.

9. The system of claim 8, wherein the generation of the probability
distribution curve comprises:

determining whether the hotspot is a leaking hotspot or a non-leaking hotspot;

if the hotspot is a leaking hotspot, generating a probability distribution curve
for the corrosion parameter based on corrosion parameters for leaking hotspots; and

if the hotspot is a non-leaking hotspot, generating a probability distribution
curve for the corrosion parameter based on corrosion parameters for non-leaking

hotspots.

10. The system of claim 8, wherein the raw EM corrosion data includes
metal loss values for a plurality of strings, and the corrosion parameter includes the
average remaining barrier that is calculated based on a nominal thickness value for
each of the plurality of strings, and a thickness loss value for each of the plurality of

strings.
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11. The system of claim 8, wherein the corrosion parameter includes the
corrosion rate that is calculated based on an original thickness value, a remaining

thickness value, and a number of years.

12. The system of claim 8, wherein the generation of the probability
distribution curve for the corrosion parameter comprises:

calculating a mean value and a standard deviation value of the corrosion
parameter for leaking hotspots;

calculating a mean value and a standard deviation value of the corrosion
parameter for non-leaking hotspots;

generating a probability distribution function of the leaking hotspots based on
the mean value and the standard deviation value of the corrosion parameter for leaking
hotspots; and

generating a probability distribution function of the non-leaking hotspots based
on the mean value and the standard deviation value of the corrosion parameter for non-

leaking hotspots.

13. The system of claim 8, wherein the cutoff values for each of the
plurality of corrosion severity classes is determined based on a mean value of the
corrosion parameter for leaking hotspots, a standard deviation value of the corrosion
parameter for leaking hotspots, a mean value of the corrosion parameter for non-
leaking hotspots, and a standard deviation value of the corrosion parameter for non-

leaking hotspots.
14. The system of claim 8, wherein each of the plurality of corrosion

severity classes is associated with a logging frequency for the respective corrosion

severity class.
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15. A non-transitory, computer-readable medium storing computer-
readable instructions, the instructions executable by a computer and configured to:

obtain raw electromagnetic (EM) corrosion data for a hotspot, wherein the raw
EM corrosion data includes a metal thickness loss value for the hotspot;

determine a corrosion parameter based on the raw EM corrosion data, wherein
the corrosion parameter includes at least one of an average remaining barrier, a
corrosion rate, or an expected life;

generate a probability distribution curve for the corrosion parameter;

generate a corrosion severity classification matrix based on the probability
distribution curve, wherein the corrosion severity classification matrix includes a
plurality of corrosion severity classes and cutoff values for cach of the plurality of
corrosion severity classes; and

assign the hotspot into one of the plurality of corrosion severity classes based
on the corrosion severity classification matrix and the corrosion parameter of the

hotspot.

16. The non-transitory, computer-readable medium of claim 15, wherein
the generation of the probability distribution curve comprises:

determining whether the hotspot is a leaking hotspot or a non-leaking hotspot;

if the hotspot is a leaking hotspot, generating a probability distribution curve
for the corrosion parameter based on corrosion parameters for leaking hotspots; and

if the hotspot is a non-leaking hotspot, generating a probability distribution
curve for the corrosion parameter based on corrosion parameters for non-leaking

hotspots.

17. The non-transitory, computer-readable medium of claim 15, wherein
the raw EM corrosion data includes metal loss values for a plurality of strings, and the
corrosion parameter includes the average remaining barrier that is calculated based on
a nominal thickness value for each of the plurality of strings, and a thickness loss value

for each of the plurality of strings.
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18. The non-transitory, computer-readable medium of claim 15, wherein
the corrosion parameter includes the corrosion rate that is calculated based on an

original thickness value, a remaining thickness value, and a number of years.

19. The non-transitory, computer-readable medium of claim 15, wherein
the generation of the probability distribution curve for the corrosion parameter
comprises:

calculating a mean value and a standard deviation value of the corrosion
parameter for leaking hotspots;

calculating a mean value and a standard deviation value of the corrosion
parameter for non-leaking hotspots;

generating a probability distribution function of the leaking hotspots based on
the mean value and the standard deviation value of the corrosion parameter for leaking
hotspots; and

generating a probability distribution function of the non-leaking hotspots based
on the mean value and the standard deviation value of the corrosion parameter for non-

leaking hotspots.

20. The non-transitory, computer-readable medium of claim 15, wherein
the cutoff values for each of the plurality of corrosion severity classes is determined
based on a mean value of the corrosion parameter for leaking hotspots, a standard
deviation value of the corrosion parameter for leaking hotspots, a mean value of the
corrosion parameter for non-leaking hotspots, and a standard deviation value of the

corrosion parameter for non-leaking hotspots.
21. The non-transitory, computer-readable medium of claim 15, wherein

each of the plurality of corrosion severity classes is associated with a logging

frequency for the respective corrosion severity class.
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