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METHOD OF MAINTAINING A PIPELINE

BACKGROUND OF THE INVENTION

Pipelines used to transport fluids are subject to different modes of failure such as
ieaking or bursting. Failure of a pipeline can begin at a location that is characterized by
corrosion or other defects in the wall of the pipeline. If the corrosion or other defects are
known, the pipeline can be preventatively maintained. For example, the pipeline can be
repaired, replaced, or otherwise serviced, or the operating conditions of the pipeline can be
adjusted to reflect changes in the pipeline. In some cases, preventative maintenance of the
pipeline can prevent or reduce the likelihood of failure, extend the useful life of the pipeline,
and reduce costs associated with repairs and downtime. Thus, an assessment regarding the
condition of a pipsline can be important in determining whether maintenance is warranted

£

what type of maintenance should be performed, and the timing of the maintenance.

In order to assess the risk of pipeline failure due to a leak or burst, the current state
of the pipeline is typically inferred from mspections. The results of periodic inspections can
also be used to estimate the rate of deterioration of the pipeline condition, such as the
corrosion rate of the pipe wall, and maintenance of the pipeline can be performed according
to the results. Several methods have been developed to measure corrosion rates of the

pipeline.

In-line inspection (ILI) methods use an instrument that moves through the pipeline
and records locations of installations such as welds, anodes, flanges, and tie-ins, as well as
features such as dents, gouges, material defects, and wall losses. The IL] instrument also
provides information regarding whether the feature occurs on the internal or external side of

the pipewall. For example, the ILI methods measure the location in the pipe of each feature,
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along with the length, width, and depth of each feature, and indicate the type of feature that
1§ being measured. For example, an ILI method may conduct magnetic flux leakage (MFL)
measurements or ultrasound (UT) measurements as the instrument travels through the

pipeline.

In order to monitor the pipeline mtegrity and estimate a corrosion rate of the
pipeline, the IL] measurements are repeated at subsequent times, and measured features are
matched between a first ITLI run and a second LI run. The time-averaged corrosion rate is
estimated by calculating changes in geometric characteristics of the matched features. For
example, changes in the depth of a feature between successtve ILI runs can indicate the
likelihood of a leak in the pipeline. Similarly, changes in the depth and the width or length

of a feature between successive 1LI runs can indicate the likelihood of a pipeline burst.

1f the likelihood of a leak or burst is determined to be greater than a threshold, the
pipeline can be further monitored and/or maintenance can be performed to prevent a failure.
Possible maintenance operations can include replacing all or part of a pipeline, applying a
sleeve or patch-like layer to the outside of the pipeline, otherwise repairing the pipeline to

correct defects, adjusting the operating conditions of the pipeline, or the like.

SUMMARY OF THE INVENTION

As discussed above, MFL or UT measurements provide information about cach
measured feature in an IL] run, including the log-distance, clock orientation, length, width,
depth, and type of the feature. However, the accuracy of the ILI measurements is known
only in statistical terms, which impacts both the comparison of features in successive runs

and the determination of corrosion rates.

There are many uncertainties in the measurement and feature matching processes
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that can result in an inaccurate estimation of the corrosion rate. The accuracy of the
measured feature size i affected by an overall population bias, a per-feature bias, and a
random sizing error. The overall population bias is mainly caused by the calibration of the
measurement tool. The per-feature bias is mostly caused by assumptions about the aspect
ratio and the shape of a feature that are used to determine the depth of the feature based on
the type of the feature. Because different features may lead to the same MFL signal
signature, it may not be possible to determine the size and shape of a particular feature
based on the signal signature with certainty. For example, the depth tends to be more
accurate for certain types of features than for other types of features. The depth of some
types of features tends to be overestimated, while the depth of other types of features tends
to be underestimated. The random sizing error is, among others, caused by signal and tool
velocity fluctuations, interactions between neighboring features, and human interprétation

CITOIS.

The sizing accuracy also depends on the feature type. For example, general
corrosion 18 more accurately sized than pits or grooves. Likewise the location of a feature
affects the sizing accuracy. The accuracy of the measured feature size is highest for a

feature in the body of the pipe, and decreases near a girth weld or a heat affected zone.

Typically a third-party specialty vendor performs an ILI measurement and provides
a list of features and their characteristics. The vendor also provides an accuracy table for
the tool used to perform the ILI measurement, and specifies the probability of detection
(POD) for cach feature type. In “Specifications and requirements for intelligent pig
mspection of pipelines,” Version 3.2, January 2003, the European Pipeline Operator Forum
and the ILI Association have specified a format for accuracy tables that each vendor
supplies for their tools. Each accuracy table includes the depth (%WT) at which 90% POD

is achieved, as well as 80% and 90% confidence bounds for the depth sizing (% WT), the
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width sizing (mm), and the length sizing (mmm) for each feature type, such as general metal
loss, pitting, axial grooving, and circumferential grooving., The accuracy table provides this
information for features within the body of the pipe, as well as features located near a girth
weld or a heat affected zone. Because features may be undetected (POD < 1} in one ILI run
and reported in another ILI run, a successful feature matching algorithm should consider the

POD effects.

In addition to the sizing and detection uncertainties, there are also uncertainties in
the locations of the features between successive ILI runs. The location of a feature is
defined by its log-distance and clock orientation as measured by the ILI instrument within
the pipeline. However, the feature matching process may experience significant difficulties
in establishing the locations of the features due to several issues. For example, log-distance
shifts are not consistent along entire sections of the pipeline. The ILI instrument may siip as
it travels down the pipeline, causing errors in the measured distance from the start of the
measurement. The cumulative error in log-distances between successive ILI runs of the
same pipeline can be as high as 0.1% (1m on 1000 meter marker distance). Alse, clock
orientation shifts are not necessarily consistent along entire sections of the pipeline. The ILI
instrument may rotate as it travels down the pipeline, in which case it becomes difficult to
determine the true clock orientation of a feature. In addition, a feature may have grown
between successive inspections, and this growth also affects the log-distance and clock

orientation of the feature.

If none of the sizing, detection, or location uncertainties were present, matching
features between successive ILI runs would simply require adjusting for any log-distance
offset and any clock-orientation shift by matching the first feature that appears in each ILI
run. In this case the locations of all subsequent feature pairs would automatically be

adjusted, and the matching process would easily identify all feature pairs that have an
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identical Jog-distance and clock orientation. However, virtually all TLI measurements have
some sizing, detection, or location uncertainties that can cause features to be matched
incorrectly. When features are matched incorrectly, the accuracy of the estimate of the
corrosion rate decreases. Therefore, a method of estimating the corrosion rate is needed that
accounts for the uncertainties that are inherent in the feature matching process.

According to a first aspect, there is provided a method of maintaining a pipeline, the
method comprising the acts of: estimating a corrosion rate of a segment of the pipeline
based on a first data set obtained by inspecting the pipeline segment at a first time and a
second data set obtained by inspecting the pipeline segment at a second time subsequent to
the first time, wherein the first data set includes a plur&]ify of first features within the
pipeline segment at the first time and the second data set includes a plurality of second
features within the pipeline segment at the second time, wherein the estimating of the
corrosion rate of the pipeline segment comprises the acts of: identifying a plurality of
matched features within the pipeline segment, wherein each of the matched features
includes one of the first features and one of the second features that correlate with each
other; calculating a confidence metric for each of the matched features; selecting a subset of
the matched features based on at least one of the confidence metric of each of the matched
features, a size of each of the matched features, and a desired size of the subset of the
matched features; and calculating the corrosion rate of the pipeline segment based on
changes in a geometric characteristic of features within the subset of the matched features
between the first time and the second time; and performing maintenance on the pipeline

based on the estimated corrosion rate of the pipeline segment.
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According to an embodiment of the present invention, there is provided a method of

estimating a corrosion rate of a pipeline segment by analyzing a first data set obtained by
inspecting the pipeline segment at a first time and a second data set obtained by inspecting
the pipeline segment at a second time subsequent to the first time. The first data set
includes a plurality of first features within the pipeline segment at the first time and the
second data set includes a plurality of second features within the pipeline segment at the
second time. The method includes the acts of identifying a plurality of matched features
within the pipeline segment, wherein each of the matched features includes one of the first
features and one of the second features that correlate with each other; calculating a
confidence metric for each of the matched features; selecting a subset of the matched
features based on the confidence metric of each of the matched features, a size of each of
the matched features, and/or a desired size of the subset of the matched features; and
calculating the corrosion rate of the pipeline segment based on changes in a geometric
characteristic of features within the subset of the matched features between the first time

and the second time.

The identification of the matched features may include the acts of adjusting a log-
distance and a clock orientation of each of the first features and/or adjusting a log-distance
and a clock orientation of each of the second features; after the adjusting of the log-
distances and the clock onentations, generating a correlation matrix that includes a

goodness-of-fit metric for a match between each of the first features and each of the second
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features, and identifying cach of the matched features based on the goodness-of-fit metrics

within the correlation matrix.

The identification of each of the matched features may include the acts of selecting
one of the first features as a candidate first matched feature; selecting one of the second
features as a candidate second matched feature; identifying a first best possible match for
which the candidate first matched feature has a highest goodness-of-fit metric with one of
the second features; identifying a second best possibie match for which the candidate
second matched feature has a highest goodness-of-fit metric with one of the first features;
and determining whether the candidate first matched feature and the candidate second
matched feature have a highest goodness-of-fit metric within an area of the correlation
matrix defined by the candidate first matched feature, the candidate second matched feature,
the first best possible match, and the second best possible match. If the candidate first
matched feature and the candidate second maiched feature have the highest goodness-of-fit
metric within the area of the correlation matyix, the candidate first matched feature and the
candidate second matched feature may be identified as a best match and as a matched
feature. If the candidate first matched feature and the candidate second matched feature do
not have the highest goodness-of-fit metric within the area of the correlation matrix, the first
feature and the second feature with the highest geodness-of-fit metric within the area of the
correlation matrix may be identified as a best match and as a matched feature. The
identification of each of the matched features may also include the acts of separating the
correiation matrix into subsets upstream and downstream of the best match; and repeating

the acts of identifying a matched feature within each of the subsets,

The adjustment of the log-distance and the clock orientation of each of the first
features may include the acts of stretching, squeezing, and/or rotating the pipeline segment

of the first data set such that a subset of the first features is aligned with a subset of the
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second features. The adjustment of the log-distance and the clock orientation of cach of the
second features may include the acts of stretching, squeezing, and/or rotating the pipeline
segment of the second data set such that a subset of the first features is aligned with a subset
of the second features. The adjustment of the log-distances and the clock orientations may
be performed separately for sections of the pipeline segment along a iongitudinal direction

of the pipeline segment.

The goodness-of-fit metric may be based on a comparison of the log-distances of the
first feature and the second feature, a comparison of the clock orientations of the first
feature and the second feature, a comparison of a type of the first feature and a tvpe of the
second feature, an extent to which the first feature and the second feature overlap in axial
and circumferential directions, and/or a distance from the first feature and the second
feature to the nearest girth weld. A relative weight may be assigned to the comparison of
the log-distances of the first feature and the second feature, the comparison of the clock
orientations of the first feature and the second feature, the comparison of the type of the first
feature and the type of the second feature, the extent to which the first feature and the
second feature overlap in axial and circumferential directions, and/or the distance from the

firgt feature and the second feature to the nearest girth weld.

The confidence metric for each of the matched features may be based on the
goodness-of-fit metric for the matched feature, a density of features in an area surrounding
the matched feature, and relative sizes of the matched feature and the features in the area

surrounding the matched feature.

The calculation of the corrosion rate of the pipeline segment may include the acts of
calculating a corrosion rate of each feature within the subset of the matched features based
on changes in the geometric characteristic of the feature; and calculating the corrosion rate

of the pipeline segment based on statistics of the corrosion rates of each feature within the
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The geometric characteristic of a feature may include a length, a width, and/or a
depth of the feature.

According to a second aspect, there is provided a method of estimating a corrosion
rate of a pipeline segment based on a first data set obtained by inspecting the pipeline
segment at a first time and a second data set obtained by inspecting the pipeline segment at
a second time subsequent to the first time, wherein the first data set includes a pturality of
first features within the pipeline segment at the first time and the second data set includes a
plurality of second features within the pipeline segment at the second time, the method
comprising the acts of: identifying a plurality of matched features within the pipeline
segment, wherein each of the matched features includes one of the first features and one of
the second features that correlate with each other; calculating a confidence metric for each
of the matched features; selecting a subset of the matched features based on at least one of
the confidence metric of each of the matched features, a size of each of the matched
features, and a desired size of the subset of the matched features; and calculating the
corrosion rate of the pipeline segment based on changes in a geometric characteristic of
features within the subset of the matched features between the first time and the second

time.



10

15

20

According to another embodiment of the present invention, there is provided a method of

estimating a corrosion rate of a pipeline segment by analyzing a first data set obtained by
inspecting the pipeline segment at a first time and a second data set obtained by inspecting
the pipeline segment at a second time subsequent to the first time. The first data set
includes a plurality of first features within the pipeline segment at the first time and the
second data set includes a plurality of second features within the pipeline segment at the
second time. The method includes the acts of dividing the first data set into a plurality of
first spools that are separated by first girth welds; dividing the second data set into a
plurality of second spools that are separated by second girth welds; identifying a plurality of
matched spools within the pipeline segment, wherein each of the matched spools includes
one of the first spools and one of the second spools that correlate with each other;
identifying a plurality of matched features within one of the matched spools, wherein each
of the matched features includes one of the first features and one of the second features that
correlate with each other; calculating a confidence metric for each of the matched features;
selecting a subset of the matched features based on the confidence metric of each of the
matched features, a size of each of the matched features, and/or a desired size of the subset
of the matched features; and calculating the corrosion rate of the matched spool based on
changes in a geometric characteristic of features within the subset of the matched features

between the first time and the second time,

The identification of the matched f{eatures may include the acts of adjusting a log-
distance and a clock orientation of each of the first features and/or adjusting a log-distance

and a clock orientation of each of the second features; after the adjusting of the log-
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distances and the clock orientations, generating a correlation matrix that includes a
goodness-of-fit metric for a match between each of the first features and each of the second
features; and identifying each of the matched features based on the goodness-of-fit metrics

within the correlation matrix.

The identification of each of the matched features may include the acts of selecting
one of the first features as a candidate first matched feature; selecting one of the second
features as a candidate second matched feature; identifying a first best possible match for
which the candidate first matched feature has 2 highest goodness-of-fit metric with one of
the second features; identifyving a second best possible match for which the candidate
second matched feature has 2 highest goodness-of-fit metric with one of the first features;
and determining whether the candidate first matched feature and the candidate second
matched feature have a highest goodness-of-fit metric within an area of the correlation
matrix defined by the candidate first matched feature, the candidate second matched feature,
the first best possible match, and the second best possible match. If the candidate first
matched feature and the candidate sccond matched feature have the highest goodness-of-fit
metric within the area of the correlation mairix, the candidate first matched feature and the
candidate second matched feature are 1dentified as a best match and as a matched feature. If
the candidate first matched feature and the candidate second matched feature do not have
the highest goodness-of-fit metric within the arca of the correlation matrix, the first feature
and the second feature with the highest goodness-of-fit metric within the area of the
correlation matrix are identified as a best match and as a matched feature, The
identification of each of the matched features may also include the acts of separating the
correlation matrix into subsets upstream and downstream of the best match; and repeating

the acts of identifying a matched feature within each of the subsets.

The adjustment of the log-distance and the clock orientation of each of the first
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features may include the acts of stretching, squeezing, and/or rotating the first spool such
that a subset of the first features is aligned with a subset of the second features, The
adjustment of the log-distance and the clock orientation of each of the second features may
include the acts of stretching, squeezing, and/or rotating the second spoo! such that a subset
of the first features is aligned with a subset of the second features. The adjustment of the
Jog-distances and the clock orientations may be performed separately for sections of the

matched spoo! along a longitudinal direction of the matched spool.

The goodness-of-fit metric may be based on a comparison of the log-distances of the
first feature and the second feature, a comparison of the clock orientations of the first
feature and the second feature, a comparison of a type of the first feature and a type of the
second feature, an extent to which the first feature and the second feature overlap in axial
and circumferential directions, and/or a distance from the first feature and the second
feature to the nearest girth weld, A relative weight may be assigned to the comparisen of
the log-distances of the first feature and the second feature, the comparison of the clock
orientations of the first feature and the second feature, the comparison of the type of the first
feature and the type of the second feature, the extent to which the first feature and the

second feature overlap in axial and circumferential directions, and/or the distance from the

first feature and the second feature to the nearest girth weld.

The confidence metric for each of the matched features may be based on the
goodness-of-fit metric for the matched feature, a density of features in an area surrounding
the matched feature, and relative sizes of the matched feature and the features in the area

surrounding the matched feature.

The calculation of the corrosion rate of the matched spool may include the acts of
calculating a corrosion rate of each feature within the subset of the matched features based

on changes in the geometric characteristic of the feature; and calculating the corrosion rate
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of the matched spool based on statistics of the corrosion rates of each feature within the

subset of the matched features.

The geometric characteristic of a feature may include a length, a width, and/or a

depth of the feature.

The assessment of the condition of the pipeline, including the estimation of the
corrosion rate, can be used as a basis for determining if and when additional efforts are
taken to assess or ensure the future operation of the pipeline. For example, the corrosion
rate can be used to determine what type of maintenance should be performed on the
pipeline, where on the pipeline the maintenance should be performed, when the
maintenance should be conducted, the allowable operating conditions of the pipeline, and
the like.

According to a third aspect, there is provided a method of estimating a corrosion rate
of a pipeline segment based on a first data set obtained by inspecting the pipeline segment at
a first time and a second data set obtained by inspecting the pipeline segment at a second
time subsequent to the first time, wherein the first data set includes a plurality of first
features within the pipeline segment at the first time and the second data set includes a
plurality of second features within the pipeline segment at the second time, the method
comprising the acts of: dividing the first data set into a plurality of first spools that are
separated by first girth welds; dividing the second data set into a plurality of second spools
that are separated by second girth welds; identifying a plurality of matched spools within
the pipeline segment, wherein each of the matched spools includes one of the first spools
and one of the second spools that correlate with each other; identifying a plurality of
matched features within one of the matched spools, wherein each of the matched features
includes one of the first features and one of the second features that correlate with each

other; calculating a confidence metric for each of the matched features; selecting a subset of
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the matched features based on at least one of the confidence metric of each of the matched
features, a size of each of the matched features, and a desired size of the subset of the
matched features; and calculating the corrosion rate of the matched spool based on changes
in a geometric characteristic of features within the subset of the matched features between

the first time and the second time.

Other embodiments, advantages, and novel features of the present invention will
become apparent from the following detailed description of the invention when considered
in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic overview of the feature matching method according to

exemplary embodiments of the present invention;

FIG. 2 shows a flowchart of a method of estimating a corrosion rate of a pipeline

segment according to exemplary embodiments of the present invention;

FIG. 3A shows a grid that represents a correlation matrix for two successive ILI

runs; and

FIG. 3B shows the separation of the correlation matrix into subsets after identifying

a matched feature.
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DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

Exemplary embodiments of the present invention provide a method of estimating a
corrosioﬁ rate of a pipeline segment by analyzing data sets from successive 1L runs. The
first data set ILI | includes a plurality of first features within the pipeline segment that are
measured at a first time. The second data set ILI 2 includes a plurality of first features
within the pipeline segment that are measured at a second time subsequent to the first time.
Each data set ILI 1 and ILI 2 includes the log-distance, clock orientation, length, width,
depth, and type of each measured feature. Some examples of types of features include
general metal loss, pitting, axial and circumferential slotting, and axial and circumnferential
grooving. Each data set IL1 1 and IL1 2 may also include the distance of each measured
feature ffom the nearest girth weld, the shape factor or average depth of cach measured
feature, and the locations of other ingtallations, such as anodes and valves. An accuracy
table that indicates the sizing uncertainties for feature types in different areas of the pipeline
segment may also be available, The accuracy table may be provided by the ILI service

vendor, or may be derived by the operator or contractor on the basis of a comparison

between ILI measurements and “in-the-ditch” or excavation results.

In order to estimate the corrosion rate of the pipeline segment, measured features
within the first ILI run are matched with measured features within the second ILI run. FIG.
1 shows a schematic overview of the feature matching method according to exemplary
embodiments of the present invention. As shown in FIG. 1, the first data set ILI | from the
first ILI run and the second data set IL1 2 from the second 1LI run are input mto the feature
matching algorithm 10. Each feature obtained by the feature matching algorithm 10 is
classified as an old feature 20, a matched feature 30, or a new feature 40. Each matched

feature 30 consists of a measured feature that is present in both the first and second TLI runs,
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and whose readings appear to represent the same physical feature in each ILI run. Each oid
feature 20 is a feature that appears in the first ILT run but not in the second ILI run. The old
feature 20 may not have been detected during the second ILI run, may have fallen below the
reporting threshoid value during the second ILI run, or may have been repaired before the
second ILI run. Each new feature 40 is a feature that appears in the second TLI run but not
in the first ILT run. The new feature 40 may not have been detected during the first ILI run,
may have fallen below the reporting threshold value during the first ILI rur, or may not

have existed at the time of the first IL] run.

F1G. 2 shows a flowchart of a method of estimating a corrosion rate of a pipeline
segment according to exemplary embodiments of the present invention. A pipeline consists
of spools that are joined by girth welds, each of which is formed around a circumference of
the pipeline. A spool is typically a segment of the pipeline that has a length of 40 feet.
However, the length of the spool may be less than 40 feet, usually due to a repair that has
been performed. In order to assess the integrity of the pipeline according to exemplary
embodiments of the invention, the pipeline may be divided into segments within which the
corrosion conditions are assumed to be statistically homogencous (step 100). A different
corrosion rate may be established for each of these segments. A segment may consist of a

fraction of a spool, a single spool, multiple spools, or the entire pipeline.

If the segment under consideration consists of multiple spools, a list of matched
spools 1s identified for successive 1LI runs (step 110). During each IL] run, the ILI tool
detects the girth welds that separate adjacent spools. If the ILI tool detects each girth weld
and none of the pipeline has been repaired, there will be a simple one-to-one
correspondence between the spools measured during the first and second ILI runs.
However, if the ILI tool misses a girth weld or part of the pipeline has been repaired, some

of the spools measured during the second ILI run may not match the spools measured
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during the first ILI run. For example, if a repair sleeve is placed over a damaged section of
the pipeline between the first and second ILI runs, two additional girth welds may appear at
the ends of the repair sleeve in the second ILI run. Similarly, a new section of pipeline may
be inserted between the first and second 111 runs. Therefore, in order to match spools
between successive 111 runs, it is necessary to account for each of the factors discussed

above,

The feature matching algorithm 10 may be applied to each matched pipeline
segment or to one or more matched spools within a pipeline segment. In the following
exemplary embodiment, the feature matching algorithm 10 is applied to a particular
matched pipeline segment, which consists of a first pipeline segment measured during the
first ILI run and a second pipeline segment measured during the second ILI run. One of the
pipeline segments may be stretched, squeezed, and/or rotated to match the length and the
orientation of the other pipeline segment (step 120). These adjustments are determined
based on the total length of each of the pipeline segments and the characteristics of features
within the pipeline segments. For example, large features within low-density regions that
appear in both pipeline segments may be used to align the pipeline segments. The same
adjustment may be performed for the entire pipeline segment, or different adjustments may
be performed for different lengthwise sections of the pipeline segment. The adjustments
change the log-distance and the clock orientation of the features within the pipeline segment

that is adjusted.

Once the pipeline segments have been aligned, a correlation matrix is generated that
consists of a goodness-of-fit metric for a potential match between each of the features
within the first pipeline segment and each of the features within the second pipeline (step
130). FIG. 3A shows a grid that represents the correlation matrix for the first ILI run and

the second ILI run. Each first feature measured during the first ILI run is listed on the left
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of the correlation matrix, and cach second feature measured during the second ILE run is
listed on the top of the correlation matrix. The first features measured during the first ILI
run and the second features measured during the second ILI run may be sorted by log-

distance from the beginning of the pipeline segment.

The goodness-of-fit metric may be calculated by comparing various sub-metrics,
such as the similarity of the log-distances, clock orientations, feature types, and/or
dimensions of the first feature and the second feature, while accounting for the relative
uncertainties of these sub-metrics. The goodness-of-fit metric increases as the similarity of
the log-distances, clock orientations, and feature types increases. The goodness-of-fit
metric may also be calculated by comparing the extent to which the first feature and the
second feature overlap in the axial and circumferential directions. The goodness-of-fit

metric increases as the axial and circumferential overlap of the features increases.

In addition, the goodness-of-fit metric may be caiculated by considering the distance
of the first feature and the second feature from the nearest girth weld. Because a girth weld
serves as a reference point that 1s easily identified in the measured ILI data, the goodness-
of-fit metric increases as the distance of the first feature and the second feature from the
nearest girth weld decreases. Other installations, such as valves, anodes, and flanges, may
also be used as reference points. However, the term “girth weld” is consistently used to

describe such a reference point in this document,

The goodness-of-fit metric calculation may aiso include adjustments for the relative
uncertainties associated with each of the sub-metrics discussed above. For example, the
comparison of the extent to which the first feature and the second feature overlap in the
axial direction may relate to their length sizing accuracies, which in turn depend on the
feature type. The total goodness-of-fit metric for the match between the first and second

feature may be calculated by giving an appropriate weight to each sub-metric, such as the
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similarity of the log-distances, the similarity of the clock orientations, the distances to the
nearest girth weld, the similarity of the feature types, and the axial and circumferential

overlap. For example, cach sub-metric may have a relative weight between 0% and 50%.

* The relative weight may indicate the reliability of the particular sub-metric for each first

feature and second feature being evaluated.

According to an exemplary embodiment of the present invention, a recursive portion
of the feature matching algorithm 10 begins by selecting a candidate feature (i) that appears
in the inspection results of the first pipeline segment (step 140). A candidate feature (j)
within the second pipeline segment that appears to correspond to the candidate feature (i) is
also selected as a candidate second matched feature (step 140). In the following
description, it is assumed that the features in both of the pipeline segments are sorted by
increasing log distance. Therefore, the candidate feature (j) may be chosen such that

features {1} and ;) have the same index number.

Based on the goodness-of-fit metric, a feature (j_max) within the second pipeline
segment is 1dentified as the best possible match with feature (i). The feature (j_max) has the
highest value for the goodness-of-fit metric within the row indicated by the horizontal
arrows m FIG. 3A. This first best possible match is labeled as (i, j_max) in FIG. 3A.
Stmilarly, a feature (i_max) within the first pipeline segment is identified as the best
possible match with feature (j). The feature (i_max) has the highest value for the goodness-
of-fit metric within the column indicated by the vertical arrows in FIG. 3A. This second

best possible match is labeled as (i_max, j) in FIG. 3A.

A matched feature is then identified as the best match within the shaded box of the
correlation matrix shown in FIG. 3A defined by (1, j) and (i_max, j_max) (step 150). In
order to identify the best match, it is first determined whether there is another pair of

features within the shaded box that is a better match than the candidate matched features (i,
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7). The better match would havce a higher valuc for the goodness-of-fit metric than the
candidate matched features (1, §). If there is no better match within the shaded box, then the
candidate matched features (i, j) are identified as the components of the best match, and as a
matched feature 30. If there is a better match, then the components (i_best, | best) are

identified as the components of the best match, and as a matched feature 30.

If the candidate matched features (i, j) are identified as the components of a matched
feature 30, the recursive portion (steps 140 and 150) of the feature matching algorithm (10}
is repeated for another set of candidate matched features downstream of the candidate
matched features (3, j) in FIG. 3A. On the other hand, if the features (1_best, j_best) are
identified as the components of a matched feature 30, the correlation matrix shown in FIG.
3A is separated into two subsets, as shown in FIG. 3B. The first subset includes all features
upstream of (i_best) and (j_best), and the second subset includes all features downstream of
(1 _best) and {j best), as shown in the shaded boxes in FIG. 3B. The recursive portion {steps

140 and 150) of the feature matching algorithm (10) is then separately repeated for each of

these smaller subsets, thereby identifying two additional matched features 30.

The recursive portion (steps 140 and 150} of the feature matching algorithm (10)
may be repeated to continue dividing the correlation matrix into smaller subsets and
identifying additional matched features 30 until only trivial subsets remain. A trivial subset
has only a single feature in either the first or second pipeline segment. After identifying a
matched feature 30 in step 150, the feature matching algorithm (10) determines whether a
trivial subset has been reached (step 160). If a trivial subset has not been reached, the
recursive portion of the feature matching algorithm (10} begins again at step 140. If a trivial
subset has been reached and only a single feature remains in the first pipeline segment, such
that the subset includes only a single row, the features other than the best match are

identified as new features (step 170). If a trivial subset has been reached and only a single

-17-



1¢

15

20

25

W 2011/106016 PCT/US2610/058557

feature remains in the second pipeline segment, such that the subset includes only a single
column, the features other than the best match are identified as old features 20 (step 170).
Accordingly, the recursive algorithm described above may identify cach of the first features

and second features as a matched feature 30, an old feature 20, or a new feature 40.

As shown in FIG. 1, the feature matching algorithm 10 outputs a list of old features
26, matched features 30, and new features 40. The old features 20 and new features 40 may
be evaluated to determine if there are errors in the feature matching algorithm 10. For
example, 1f a large feature is included in the list of old features 20, an operator may inspect
the data to investigate why the large feature no longer appears in the second ILI run. The
operator may then mtervene to adjust the feature matching algorithm 10 to correct an error.
Similarly, an operator can inspect the data to determine whether a group of small oid

features 20 may have combined to produce a large new feature 40, and adjust the feature

As discussed above, there are many uncertainties inherent in the feature matching
process that can result In an maccurate estirnation of the corrosion rate. Exemplary
embodiments of the present invention account for these uncertainties by (1) explicitly
accounting for the measurement uncertainties, and (2) using only matched features 30 for
which a high degree of confidence in the accuracy of the matching itself is achieved.

Therefore, many of the matched features may not be used in estimating the corrosion rate.

There are several reasons for using only critical features that are matched with a
high degree of confidence to estimate the corrosion rate. First, these tend to be larger
features, which pose the greatest threats to the integrity of the pipeline, and are most likely
to contribute substantially to the probability of a leak or burst. Second, the matching
process using only geometric information becomes much more difficult for smaller features

in sections of the pipeline with a high density of features, increasing the likelihood that
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feature pairs will be mismatched. This adversely impacts the accuracy of the corrosion rate
distribution. Mismatched features may lead to spurious, artificially high, artificially low, or
negative values for the corrosion rate. Third, a sufficiently large sample of features should
be used to estimate the corrosion rate. Typically more than 20 of the matched features 30
have sufficiently high degrees of confidence to be selected for the calculation of the
corrosion rate. Fourth, using the growth rates for the most critical features and making the
appropriate statistical corrections is a reasonable approach to hedge against the possibility
of statistical dependence of the corrosion rate on the feature size. Not all features grow at
the same rate, and considerable debate exists about whether deeper features grow faster or

slower than smaller features.

Therefore, a confidence metric is calculated for each of the matched features 30
(step 180). The confidence metric is based on the goodness-of-fit metric for the matched
feature 30, the sizes of the elements of the matched feature 30 relative to its neighbors, and
the density of features in the area surrounding the matched feature 30. As discussed above,
the goodness-of-fit metric may compare the log-distances, clock orientations, feature types,
and/or dimensions of the first feature and the second feature. The goodness-of-fit metric
may also compare the extent to which the first feature and the second feature overlap in the
axial and circumferential directions. In addition, the goodness-of-fit metric may consider
the distance of the first feature and the second feature from the nearest girth weld. Further,
the goodness-of-fit metric may make adjustments for the relative measurement uncertainties
associated with each of the sub-metrics. The effects of each of these characteristics on the
goodness-of-fit metric are discussed above. Further, the confidence metric is highest when
the matched feature 30 is located in a low-density area and has a size much larger than its
neighbors, because in that case if is unlikely that the matched feature 30 will be confused

with another nearby feature, Conversely, the confidence metric is lowest when the matched
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feature 30 is located in a high-density area and 1s very similar to its neighboring features.

Matched features 30 with a low confidence metric should not be included in the
corrosion rate estimation, because incorrect matches add spurious notse to the corrosion rate
distribution. In order to estimate the corrosion rate of the pipeline segment, a subset of the
matched features 30 is selected (step 190). The subset of matched features 30 may be
sefected based on the sizes of the matched features 30, the confidence metric of the matched
features 30, and/or the desired (or minimum acceptable) size of the subset. For example,
the subset may include only the largest of the matched features 30, such as matched features
30 with sizes in the highest 0.1% or 10% of the feature size distribution. Further, the subset
may include only matched features 30 with a confidence metric above a predetermined
threshold. In addition, the subset may be adjusted to include a sufficient number of matched
features 30. For example, at least 20 of the matched features 30 may be included to ensure

a sufficiently large data set,

Subsequently, the corrosion rate is calculated for each feature within the subset of
matched features 30 based on changes in at least one geometric characteristic of the feature
between the first ILT run and the second ILI run (step 200). Some exemplary geometric
characteristics inchude the length, the width, and the depth of the matched feature 30. As
discussed above, changes in the depth of a matched feature 30 between suceessive 111 runs
can indicate the likelihood of a leak in the pipeline. Similarly, changes in the depth and the
width or length of a matched feature 30 between successive ILI runs can indicate the

likelihood of a pipeline burst.

As discussed abeve, sizing inaccuracics may affect the calculation of the corrosion
rates. The following equations can be used to filter out the effects of the sizing inaccuracies
and obtain more accurate estimates of the corrosion rate statistics. The time-averaged

corrosion rate CR may be estimated by:
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In Equation (1) d represents the depth or other dimension of interest, and ¢, and ¢; represent

the times of the first and second ILI rung, respectively.

5 An ILI run does not result in the true size of a feature. Instead, an LI run yields a
measured value that 18 an approximation of the true size of the feature. The measured value

can be represented by:
m=d-+e
(2)
10 In Equation (2) m represents the measured value, d represents the true value of the depth or

other dimension, and e represents the sizing error. The time-averaged corrosion rate

computed from the raw 1LI data is given by:

e, ¥
(3
15 Because not all features grow at the same rate, the statistics of the observed

corrosion rates may be computed for the matched featurcs 30. The expected {or average)
value of the time-averaged corrosion rate CR,y. computed from the raw 111 data is given by:
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20  Equation (4) indicates that the average corrosion rate [CR,,,,] obtained by the ILI

measurements is unbiased (i.e. equal to the true average corrosion rate) as long as the sizing
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errors have the same average value during both inspections.

The variance of the corrosion rate distribution CR,., which is equal to the square of
the standard deviation, is given by:
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(5)
The covariance of the true corrosion rate CR,,... and the difference in measurement bias
during the first and second inspection is typically zero. Further, if the same inspection tool
and signal interpretation algorithms are used, the variance of the first inspection equals the

variance of the second inspection. Therefore, Equation (5) can be simplified as:
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Alternatively, Equation (5) can be simplified as:

In these equations the covariance between the first TLT error and the second 1LI error
depends on the amount of feature specific bias, which is consistent between the first and
second inspection, relative to the amount of random scatter during either inspection, which

are independent of each other.

The variance equations indicate that the sizing uncertainty inflates the variability of

the true corrosion rate:
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()

This is because the measurement uncertainty adds noise to the actual corrosion growth,

which 1s translated as additional scatfer into the corrosion rate stafistics.

The above equations allow computation of estimates for the mean and variance of
the true corrosion rate CRiq, from the raw ILI data and the ILI performance specifications
provided by the vendors. However, because the 1LI performance specifications have a
substantial influence on the calculation of the sizing uncertainty and the corrected corrosion
rate statistics, it may be preferable to use the ILI performance statistics as rumn, instead of as
specified by the vendors. The performance statistics as run can be computed from a
comparison of inert defects that are unlikely to have experienced growth, such as mill faults
or from a comparison of 111 results and sizes of excavated pipeline features (only for

external corrosion in onshore lines).

To obtain a full statistical description of the corrosion rate, the probability density
function of the corrosion growth rate may be derived. The probability density function can
most accurately be obtained from a comparison of the probability dengities of the maiched
features 30 for the inert features and the features that likely experienced growth between the

times of the two LI runs.

Further, because the corrosion rate is estimated based on a subset of the matched
features 30, the corrosion rate may be biased. This bias can be corrected by accounting for

the selection criteria that were used to select the subset of the matched features 30.

According to another exemplary embodiment of the invention, there is provided a
computer-readable medium encoded with a computer program with instructions for
estimating the corrosion rate of a pipeline segment as described above, The term

“computer-readable medium™ as used herein refers to any medium that participates in
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providing instructions for exccution. Commeon forms of computer-readable media include,
for example, a floppy disk, a flexible disk, a hard disk, magnetic tape, any other magnetic
medium, a CD-ROM, any other optical medium, punch cards, paper tape, any other physical
medium with patterns of holes, a RAM, a PROM, an EPROM, a FLLASH-EPROM, any
other memory chip or cartridge, and any other non-transitory medium from which a

computer can read.

The foregoing disclosure has been set forth merely to illustrate the invention and is
not intended to be imiting. Since modifications of the disclosed embodiments
incorporating the spirit and substance of the invention may occur to persons skilled in the
art, the invention should be construed to include everything within the scope of the

appended claims and equivaients thereof,
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What is claimed is:
I. A method of maintaining a pipeline, the method comprising the acts of:
estimating a cotrosion rate of a segment of the pipeline based on a first data set
obtamed by inspecting the pipeline segment at a first time and a second data set obtained by
inspecting the pipeline segment at a second time subsequent to the first time, wherein the
first data set includes a plurality of first features within the pipeline segment at the first fime
and the second data set inciudes a plurality of second features within the pipeline segment at
the second time, wherein the estimating of the corrosion rate of the pipeline segment
comprises the acts of:
identifying a plurality of matc;hed features within the pipeline
segment, wherein each of the matched features includes one of the first
features and one of the second features that correlate with each other;
calculating a confidence metric for each of the matched features;
selecting a subset of the matched features based on at least one of the
confidence metric of each of the matched features, a size of each of the
matched features, and a desired size of the subset of the matched features;
and
calculating the corrosion rate of the pipeline segment based on
changes in a geomeiric characteristic of features within the subset of the
matched features between the first time and the second time; and
performing maintenance on the pipeline based on the estimated corrosion rate of the

pipeline segment.

2. A method of estimating a corrosion rate of a pipeline segment based on a

first data set obtained by inspecting the pipeline segment at a first time and a second data set
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obtained by inspecting the pipeline segment at a second time subsequent to the first time,
wherein the first data set includes a plurality of first features within the pipeline segment at
the first time and the second data set includes a plurality of second features within the
pipeline segment at the second time, the method comprising the acts of:

identifying 2 plurality of matched features within the pipeling segment, wherein each
of the matched features incindes one of the first features and one of the second features that
correlate with each other;

calculating a confidence metric for each of the matched features;

selecting a subset of the matched features based on at least one of the confidence
metric of each of the matched features, a size of each of the matched features, and a destred
size of the subset of the matched features; and

calculating the corrosion rate of the pipeline segment based on changes in a
geometric characteristic of features wi_thin the subset of the matched features between the

first time and the second time.

3. The method according fo claim 2, wherein the identifying of the matched
featurss comprises the acts of:

at least one of adjusting a log-distance and a clock orientation of each of the first
features and adjusting a log-distance and a clock orientation of each of the second features;

after the adjusting of the log-distances and the clock orientations, generating a
correlation matrix that includes a goodness-of-fit metric for a match between each of the
first features and each of the second features; and

identifying each of the matched features based on the goodness-of-fit metrics within

the correlation matrix.
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4. The method according to claim 3, wherein the identifying of each of the
matched features comprises the acts of?

selecting one of the first features as a candidate first matched feature;

selecting one of the second features as a candidate second matched feature;

identifying a first best possible match for which the candidate first matched feature
has a highest goodness-of-fit metric with one of the second features;

identifying a second best possible match for which the candidate second matched
feature has a highest goodness-of-fit metric with one of the first features;

determiming whether the candidate first matched feature and the candidate second
matched feature have a highest goodness-of-fit metric within an area of the correlation
matrix defined by the candidate first matched feature, the candidate second matched feature,
the first best possible match, and the second best possible match;

if the candidate first matched feature and the candidate second matched feature have
the highest goodness-of-fit metric within the area of the correlation matrix, identifying the
candidate first matched feature and the candidate second matched feature as a best match
and as a matched feature; and

if the candidate first matched feature and the candidate second matched feature do
not have the highest goodness-of-fit metric within the area of the correlation matrix,
identifying the first feature and the second feature with the highest goodness-of-fit metric

within the area of the correlation matrix as a best match and as a matched feature.

5. The method according to claim 4, wherein the identifying of each of the
matched features further comprises the acts of:
eparating the correlation matrix into subsets upstream and downstream of the best

match; and
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repeating the acts of identifying a matched feature within each of the subsets.

6. The method according to claim 3, wherein the adjusting of the log-distance
and the clock orientations comprises the acts of:

at least one of stretching, squeezing, and rotating the pipeline segment of at ieast one
of the first and second data sets such thaf & subset of the first features is aligned with a

subset of the second features.

7. "The method according to claim 6, wherein the adjusting of the log-distance
and the clock orientations comprises the acts of:

at least one of stretching, squeezing, and rotating the pipeline segment of both of the
first and second data sets such that a subset of the first features is aligned with a subset of

the second features.

8. The method according to claim 3, wherein the adjusting of the fog-distances
and the clock orientations is performed separately for sections of the pipeline segment along

a longitudinal direction of the pipeline segment.

9. The method according to claim 3, wherein the goodness-of-fit metric is
based on at least one of a comparison of the log-distances of the first feature and the second
feature, a comparison of the clock orientations of the first feature and the second feature, a
comparison of a type of the first feature and a type of the second feature, an extent to which
the first feature and the second feature overlap in axial and circumferential directions, and a

distance from the first feature and the second feature to the nearest girth weld.
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10, The method according to claim 9, wherein a relative weight is assigned to at
least one of the comparison of the log-distances of the first feature and the second feature,
the comparison of the clock orientations of the first feature and the second feature, the
comparison of the type of the first feature and the type of the second feature, the extent to
which the first feature and the second feature overlap in axial and circumferential directions,

and the distance from the first feature and the second feature to the nearest girth weld.

il. The method according to claim 3, wherein the confidence metric for each of
the matched features is based on at least one of the goodness-of-fit metric for the matched
feature, a density of features in an area surrounding the matched feature, and relative sizes

of the matched feature and the features in the area surrounding the matched feature.

12. The method according to claim 2, wherein the calculating of the corrosion
rate of the pipeline segment comprises the acts of:

calculating a corrosion rate of each feature within the subset of the matched features
based on changes in the geometric characteristic of the feature; and

calculating the corrosion rate of the pipeline segment based on statistics of the

corrosion rates of each feature within the subset of the matched features.

13, The method according to claim 2, wherein the geometric characteristic of a

feature comprises at least one of a length, a width, and a depth of the feature.

14, A method of estimating a corrosion rate of a pipeline segment based on a
first data set obtained by inspecting the pipeline segment at a first time and a second data set

obtained by inspecting the pipeline segment at a second time subsequent to the first time,
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wherein the first data set includes a plurality of first features within the pipeline segment at
the first time and the second data set includes a plurality of second features within the
pipeline segment at the second time, the method comprising the acts of:

dividing the first date set into a plurality of first spools that are separated by first
girth welds;

dividing the second data set into a plurality of second spools that are separated by
second girth welds;

identifying a plurality of matched spools within the pipeline segment, wherein each
of the matched spools includes one of the first spools and one of the second spools that
correlate with each other;

identifying a plurality of matched features within one of the matched spools,
wherein each of the matched features includes one of the first features and one of the second
features that correlate with each other;

calculating a confidence metric for cach of the matched features;

selecting a subset of the matched features based on at least one of the confidence
metric of cach of the matched features, a size of cach of the matched features, and a desired
size of the subset of the matched features; and

calculating the corrosion rate of the matched gpool based on changes in a geometric
characteristic of features within the subsat of the matched features between the first time

and the second time.

15.  The method according to claim 14, wherein the identifying of the matched
features comprises the acts of:
at least one of adjusting a log-distance and a clock orientation of each of the first

features and adjusting a log-distance and a clock orientation of each of the second features;,
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after the adjusting of the log-distances and the clock orientations, generating a
correlation matrix that includes a goodness-of-fit metric for a match between each of the
first features and each of the second features; and

identifying each of the matched features based on the goodness-of-fit metrics within

the correlation matrix.
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