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Abstract

A hard spot is defined in the 2024 PRCI hard spot susceptibility review as “localized area in the body of the
pipe having elevated hardness levels compared with normal hardness levels prevalent in the rest of the pipe
body. They are, in most cases, the result of unintended rapid cooling (quenching) of the steel while in a hot
condition in the plate or hot strip mill, or during the forming or forging process for seamless pipe or
fittings, with or without benefit of subsequent annealing or tempering.” When stressed, they can be subject
to failure from mechanisms such as hydrogen-stress cracking or fracture cracking. Industry experience in
managing the hard spot threat paired with the recently published operator susceptibility review have raised
awareness to the importance of a reliable inline inspection (ILI) hard spot specification to detect and classify
hard spots. Validation data is key for developing a robust specification.

This paper describes how, in collaboration with Enbridge and other industry partners, an enhanced
solution for hard spot detection and reporting with a robust POD, POI, and POS specification has been
demonstrated. Using a three-pronged approach, applied to an established Hardspot ILI technology, a
rigorous re-validation was conducted comprising testing of essential variables in three design environments.
Extensive pull tests, existing and historical dig data, and FEA modeling in the comprehensive development
program utilized multiple data streams to establish an enhanced specification and refine classification
techniques to ensure confident hard spot identification - and, therefore, efficient dig programs. Using
sample data provided by Enbridge, the enhanced hard spot assessment process was applied to historical
inline inspection data to add further optimization and confidence in the derived specification.

Furthermore, the paper will describe how the program not only considered all essential variables in the
process and certified an analysis process for the classification of the various hard spot feature types but then
how it was effectively extended to three MFL platforms. The result - a broad range of opportunities for
combination inspection with standard, planned corrosion inspections.
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Introduction

Pipeline hard spots have become a key integrity threat for operators to manage, and it is critical for Inline
Inspection technology to address this threat with reliable and robust specification and classification.

Recent increased awareness and shared industry learnings have resulted in a published 2024 PRCI suscepti-
bility review' where several operators were surveyed on individual susceptibility and developed programs to
manage the hard spot threat. This review found that hardspot program management had two key challenges
when compared to other integrity threats. “Limitations in ILI performance in hard spot detection” and
“limitations in field nondestructive examination (NDE) techniques” have resulted in a call to action for en-
hancement in technology offering and industry collaboration to advance performance of hardspot detection
and sizing in ILL" Hard spot susceptibility was identified by several operators for the manufacturers summa-
rized in Figure 1 below detailing 88 reported types (vintages) in total from the 2024 completed PRCI re-
view.

Manufacturer PRCI 2024 INGAA 2005
A.O. Smith 58 20
Bethlehem 7 i
National Tube 3

Republic Steel 3 3
Youngstown Sheet & Tube 5 3
Kaiser 4 1
Consolidated Western 2

US Steel 1

Welland Tube 1

Other™ 1

Not reported 3

TOTAL 38 29

Figure 1: PRCI Susceptibility Review- Manufacturers of Pipe in Hard Spot Failures

Focused efforts in developing programs and guidance for managing the hardspot threat resulted in a pub-
lished PHMSA advisory bulletin in November 2024 that “alerts operators of advancements in knowledge of
hard spot susceptibility, most notably that what was once considered to be an issue confined to a single
manufacturer (A.O. Smith) of specific, limited manufacturing years, is now understood to include poten-
tially other manufacturers and manufacturing years.”” A key outcome of this bulletin is continued action by
operators to complete a thorough hardspot susceptibility review within their programs that now includes
review for other manufacturers and manufacturing years on vintage pipelines outside of the initial scope of
understanding that the threat was previously linked to a single manufacturer. These findings have conse-
quently resulted in a renewed focus on hard spot assessment methodologies as well as the abilities and speci-
fications of ILI. Considering these recent developments, Baker Hughes has deployed a new enhanced per-
formance specification for its hard spot service, developed with multi-modal methodology and rigorous vali-
dation supported by industry collaborations.
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1. ILI Specification for hard spots

A hard spot is a localized area of increased hardness, defined in 49 CFR Part 192 as "an area on steel pipe
material with a hardness greater than or equal to Rockwell 35 HRC (Brinell 327 HB or Vickers 345
HV10)". They are typically introduced during the manufacturing process and can lead to an increased risk
of cracking due to brittleness. For the purposes of ILI tool validation, a hard spot is considered to be any
area with an elevated hardness above the base material as it is important to use all available data including
low level features (below specified POD of 250 BHN) to validate detection, classification and sizing.

The API1163 standard describes a performance specification as “a written set of statements that define the capa-
bilities of an ILI system to detect, classify (identify), and characterize features.” Each of these capabilities should be
accompanied by a range of conditions under which the specification is valid - known as essential variables.
For each valid range, the performance should be qualified by supporting data and a validation methodol-

ogy. The supporting data can be: verified historical data, full-scale tests from real or artificial anomalies, and
small-scale tests, modelling, and/or analyses. This supporting data is then used to quantify the performance

of the ILI inspection system across the working range of essential variables, typically focusing on feature de-
tection (POD), identification (POI) and sizing (POS).

2. Understanding the importance of essential variables in development of a ro-
bust hardspot specification.

The first step in creating a specification is to identify all essential variables.

During the development of the enhanced specification, the entire ILI system and process were analyzed to
identify the essential variables associated with each stage of an inspection and subsequent analysis, while
ensuring any potential interactions were understood. Experiments are devised to understand the effect of
each essential variable, ideally by isolating that variable and keeping all others static. All essential variables
were documented, some variables such as sensor design were unchanged over all experiments while some
key variables were the focus of the testing such as wall thickness and run speed.

Figure 2 shows the interactions between key essential variables, grouped into categories showing the differ-
ent aspects of the features or inspection process which could potentially affect the results.
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Figure 2: Interaction Between Essential Variables

3. Hard Spot Inline Inspection- Low Field and No Field

There are different approaches to detecting hard spots with two common approaches - magnetizing the pipe
wall using a standard MFL vehicle then analyzing the residual field or comparing signals from high and low

field ILI vehicles.

The same essential variables will apply to different approaches but in different ways. This paper details the
qualification and deployment of an enhanced hardspot specification of an ILI system based on analysing the
residual magnetisation - or a no-field approach.

Alternatively, application of a magnetic field lower than one typically used in an MFL inspection could be
used. However, both techniques result in visibility of material changes such as hard spots in the ILI data
collection. The key difference in a no-field approach is that it does not require a quantitative comparison
between visible hard spot data and corrosion data as the no-field approach renders corrosion data essentially
invisible.

4. Development of Enhanced Specification

To evaluate each essential variable, data must be available that spans the expected operating range of that
variable.
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Each source of the available data has limitations that were acknowledged in this completed specification de-
velopment.

e Operational hard spots are the most representative, but there is no control over feature dimensions
and often only a single run. Also, the number of completed digs for validation data is very limited
compared to metal loss.

e Pull tests provided much more controllable run parameters but were limited in ability to control
hardness of features.

e FEA modelling was utilized and proved to be a very flexible data source with the type of features
that can be modelled.

One example of this flexibility in the FEA modelling data source was the use of variation in through wall
hardness and isolation of variables such as pipe diameter. This project acknowledged that this variation may
not reflect reality perfectly, but the design of experiments and utilization of a multi-modal provided a robust
methodology across a full range of variables needing validation.

Addressing the full range of variables, experiments across all three modalities (See Figure 3) were required
and results were duplicated across experiments wherever possible.

Figure 3: Multimodal Testing Methods for Specification Development- FEA Modelling, Pull Tests, and Dig Data

The results of the experiments into variation with respect to essential variables were consistent across all
modalities and showed the residual field approach is a robust inspection technique. The hard spot signals
and predicted dimensions were consistent across different tool types and when varying wall thickness and
run speed, allowing the specification to be established across these essential variables. Sensor stand-off and
hard spot through wall variation did show a significant effect on signal characteristics, and applicable limits
could be established in the specification.
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Figure 4: Variation of Hardness and Temperature in Manufactured Hard Spots for Validation of Specification

The hard spot manufacturing process was duplicated with identical parameters across different pipe spools.
Findings from this validation effort show that the same process created higher hardnesses in a vintage AO
Smith spool than in a similar more recent spool. This indicates that the AO Smith pipe steel may be more
susceptible to the creation of higher hardnesses.

Figure 4 shows the population of hard spots across two spools and the hardnesses achieved compared to the
temperature applied, with the separation in hardness across the two spools evident.

Using the methodology described above for developing the robust specification, creation and validation of
POD, POI, and POS as well as acceptable ranges for the essential variables were achieved.

5. POD, POI, and POS

Pipeline data from the three sources were compiled into the validation evidence and final specification. The
validation evidence was derived from experiments designed carefully to cover all the identified essential vari-
ables relating to the ILI inspection tool and run parameters and many relating to the hard spot itself, which
resulted in the delivery of a robust specification across a wide range of hard spots, ILI tools and run condi-
tions.

Through the process of deconstructing the hard spot ILI inspection system, identifying the essential varia-
bles for each step, devising the experiments, and evaluating the data from each source, the data science and
analysis teams have gained invaluable insights to the influences on signal responses from varying conditions
and scenarios. The quality of the data obtained directly contributed to the quality of this specification and
continued optimization opportunities underpinning a best-in-class hard spot inspection service.

Figure 5 summarizes the hardspot performance specification achieved through detailed experimentation
and validation process.
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POI POS

Probability Of Detection Probability Of Identification Probability Of Sizing
Peak hardness greater than 250BHN and For detected Hard spots within +/- 40 BHN
at least 50 BHN greater than the parent (90% within +/- 55 BHN)

pipe material.

Figure 5: Performance Specification on POD, POI, and POS

POD of 90% was achieved for features with hardness greater than 250 BHN and a minimum of 50 BHN
greater than the parent pipe material. In pull tests, a good correlation between the shape and extent of the
Nital Etching, EddyFi Spyne signal, and the ILI signal was observed. The detection plot in Figure 6 below
shows the blue line as the detection threshold specified in the POD with respect to hardness and length.
Base hardness averaged between 160 and 170 BHN and 100% of features above specification were detected.

Hard Spot Detection Plot

Hardness (BHN)
L

0 50 100 150 200 250 300 350 400 450
Hard Spot Length {mm)

Figure 6: Enhanced Specification Hardness Detection Plot
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POI was tested and validated for five different hard spot feature type classifications shown in Figure 7 below.

Bipolar Signal

Figure 7: Enhanced Specification Hardspot Feature Classification Types

Five feature classification types were developed: Type 1, Type II, Type III, Type IV, and Type V. Type I hard
spot features are classified as natural hard spots that can have either positive or negative signals in ILI data.
They are consistent in shape and area characteristics and align most commonly with the main feature type
seen operationally. Type II hard spot features are classified as non-uniform hard spots with large and com-
plex, hard spot areas. These feature types can be associated with expansion marks and other manufacturing
processes. Type III hard spot features are classified as Cad weld type and are defined as a small area and uni-
form shape. They also typically show uniform hardness, and MFL data can be utilized to assess if there is
any attachment associated. Type IV hard spot features have an appearance similar to manufactured hard
spots, resulting from the effects caused by boundaries of the manufacturing process. Lastly, Type V hard
spot features are classified as material anomalies that are low predicted hardness features most commonly
resulting from manufacturing origin. Some examples of these can be grinds or arc strikes. POI of 90% was
calculated by applying the updated classification rules to all available non-manufactured hard spot data.

These classifications and characterization of hardspot signals into feature types help to better understand
potential nature or origin of hardspots. It will also be valuable to further develop sizing methodologies and
improve peak hardness definition. This specification details five feature types, and these will be optimized
with future industry collaboration opportunities for alignment with best practices in characterization of
hardspot threat assessments.

POS was calculated at 80% confidence for hard spots to be predicted within +/- 40 BHN of actual hardness,
and 90% of hard spots will be predicted within +/- 55 BHN of actual hardness. In the unity plot below (Fig-
ure 8), a range of features around the detection level are shown. Lines in the plot illustrate the published

POS performance for features greater than 250 BHN and within +/- 50 BHN. All features in Figure 8 below

includes all non-manufactured hard spots that were available. This includes a majority of Type I hard spots.
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Figure 8 Enhanced Specification Hardness Unity Plot

Figure 9 below shows the length prediction performance. Hard spot lengths will be predicted within
17/25mm, or 2”/50mm if the hardspot is longer than 4”/100mm, at an 80% certainty and widths will be
predicted within 2”/50mm at an 80% certainty.

Predicted Length (mm)

350

300

250

200

150

50 r

Length Prediction Unity Plot

50 100 150 200 250 300 350
Actual Length {(mm)

Figure 9: Enhanced Specification Length Unity Plot
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Dig data can be used to corroborate the validation test discussed above where the data points coincide and
is of particular use in improving POS and POI. Examples of different types of a hard spot and more than
one feature type results in a residual field signal and can be misinterpreted as hard spot. POl is one of the
more challenging aspects for ILI inspections of hard spots as the ILI tool records residual field, not hardness
directly, and hard spots are not the only type of feature to show an increased residual field. Pipeline features
such as dents, metal objects, arc strikes, and CAD welds could be possible false positives. This developed
POI allows for informed report delivery to operators for improved threat management.

6. Application and Deployment of an Enhanced Specification and Hard Spot
Assessment

ILI tool validation is not a one-time process. For the purpose of this study, Enbridge hard spot dig infor-
mation is reviewed and added to the Baker Hughes dig database, where the performance across all technolo-
gies, including hard spots, is tracked on an ongoing basis. Availability of additional dig data is expected to
lead to new learnings and optimization opportunity in performance which will lead to future improvements
to the published specification.

As a result, Baker Hughes has engaged in industry collaboration with Enbridge to re-assess historical ILI in-
spection and corresponding dig data validated with NDE. The performance validation is shown in Figure 9
below.

NDE vs ILI - Hardness (BH)

®Type il

®Type IV

Figure 10: Hardspot Validation Dig Data from Deployed Enhanced Specification
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17 hard spot features from validated dig data shown in Figure 10. The performance on this sample is
demonstrative that the enhanced specification can be met in practice. Following API 1163 methodology,
the Clopper-Pearson upper confidence limit at the 90% confidence level specification is equal to 93.2%.
The specification will be further validated and optimized with increased dig data availability offering a larger
data set for future projects. It is important to also note that this unity plot did not account for potential var-
iation in NDE tolerances due to different equipment used, and that may have an impact to those that ap-
pear slightly overcalled which could have been within spec if NDE tolerances were taken into consideration.

Methods of measuring hardness in field can have quite high tolerances and performance in field can have
an impact on hardspot feature classifications especially like a Type III classification where you could miss
the peak hardness on certain NDE equipment and processes. This highlights future collaboration oppor-
tunity to utilize the NDE equipment variation and effects in a future study to expand understanding on any
potential impact to ILI performance and specification of hard spots.

The re-assessment allowed for additional validation of performance in classification of Type III features (Fig-
ures 11, 12, and 13) and Type IV features (Figures 14 and 15). Prior to this work, available dig data and in-
dustry reports mostly shared Type I hardspot types.

Figures 11, 12, and 13 demonstrate the successful detection, identification, and sizing for reporting a Type
III Cad weld hard spot feature. This feature was a localized small area with peak hardness of 342 BHN with
a very clear signal for ILI reporting. Previously, these feature types were not classified and could have been
reported as a material anomaly due to limited information for classification. Ultimately, prior to definition
of the Type III classification most operators would have previously considered it’s reporting a false positive
for hardspot inspection.

Figure 11: Hardspot Data from Spool with Validated Operational Type 111 Hardspot
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Figure 13: Nital Etching for Figure 10 Spool

Figures 14 and 15 below align with industry reported features with a signal concentration around the edge.
This aligns with the Type IV classification and a structure to the signal where quite often there is not ampli-
tude in the middle, but hardness which results in the signal concentrated on the outside edges. The hard-
ness grid in Figure 15 illustrates good alignment to the ILI signal and detected hardness as well further vali-
dating POL
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Figure 15: Hardness Readings for Figure 13 Spool for Top Hardspot Feature

Type III and Type 1V feature types were included in the Figure 10 unity plot and sample size. Through this
collaboration, Type III and Type IV feature discrimination were validated from existing dig data provided
and contributes to further validation of the published specification for POI and POS.

After applying the specification to the Enbridge features in the scope for re-analysis, the resulting validation
and confirmation of performance and classification of feature types enable this technology offering to con-

tinue to deliver to the industry with confidence.

7. Hardspot Inspection Technology Capability Across Three Platforms

This enhanced specification has been validated across three Baker Hughes tool technologies in the VEC-
TRA™ GEMINI and MagneScan™ platforms. Variation of tool technology platforms tested was proven to
have no effect on the residual field retained within the pipe-wall which is a primary essential variable that
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determines specification performance. Run to run repeatability was tested and validated to conclude that
the hard spot signals using the residual field approach in the scope of this project were invariant to tool type
and diameter as well as wall thickness and speed above the minimum magnetization threshold.

Figure 16: Hardspot with Axial MFL Single Pass Inspection

Hard spot inspection can be performed in a single pass run with Axial MFL and the hardspot module in
one combo configuration. It can also be performed in a two-pass configuration where the Axial MFL tool is
run first and followed by a second run for the hardspot tool. In the case of two pass runs the second run is
completed within 24 hours of the first run to mitigate impact to hardspot performance due to any potential
decay of residual field. Harder pipe steel will retain a higher level of residual magnetization than the sur-
rounding pipe following a magnetic ILI inspection. The residual field signal can be detected and measured
by a subsequent vehicle with the appropriate sensors. Inspection can be performed in single or dual pass
configurations. Both MFL and residual field data sets with multiple sensor types are used for analysis and
classification of hard spot features.

Conclusion

Industry awareness and dedicated effort to effectively managing the hard spot threat has driven the industry
call to action for enhanced specification and performance of ILI technology for hardspot assessment. This
paper describes the development and deployment of an enhanced specification from completed validation
and multi-modal tested data from multiple sources to cover all essential variables. Utilization of residual
field methodology with this specification is robust to ILI tool design, magnetic history, run speed, pipe di-
ameter, and wall thickness.

Independent verification of the improved specification through re-assessment of prior inspection results in
collaboration with Enbridge has showcased the benefits and shared industry learnings that will result in bet-
ter management of hardspot threats. Future continuation projects to consider to further enhancement in-
clude utilization of NDE equipment and tolerance testing and validation with ILI technology for hardspot
reporting. Baker Hughes hardspot inspection service with enhanced specification efforts will continue to be
optimized through these future opportunities to continue to deliver best-in-class service for hardspot threat
management.
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