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Abstract

Profilometry—based Indentation Plastometry (PIP) testing is a novel approach for measuring stress-

strain curves from indentation tests. It differs from scratch testing and Instrumented Indentation
Testing (IIT) in several important ways which are covered in this paper. The underlying scientific
methodology (an accelerated inverse finite element analysis) is also discussed. A new tool for in-ditch
Material Verification that employs PIP testing is now available and in use, but to support its adoption
on oil and gas transmission pipelines, the tool has recently been subjected to a period of intense
validation in cooperation with several network operators, several service providers, and the PRCI. By
June 2023, 125 pipes had been tested. Those test results indicated that the tool has industry-leading
accuracy levels (MAPE numbers) which is expected to be of interest to pipeline integrity management
teams. These assertions have been corroborated through independent analyses of the validation
testing data by RSI Pipeline Solutions LLC. In addition to MAPE numbers, alternative metrics for
characterizing the accuracy of this and other tools for material verification were also examined
(through tests conducted on the same pipe samples). These statistical methods included Clopper-
Pearson, Hanson-Koopman, a one-sided prediction interval method, and a linear regression method,
with the outcome being that PIP testing is extremely well suited for fast, accurate and repeatable

measurement of pipeline material properties.

The paper will cover the details of the validation testing journey, the validation test results, and the

statistical analyses that were conducted.

1. Introduction

A lack of Traceable, Verifiable, and Complete (TVC) records for onshore gas transmission pipelines
has driven new regulation in North America (the so-called “Mega Rule”). The data in these records,
when available, are used to support safe operation of pipeline assets, often in the form of engineering
critical assessments and/or maximum operating pressure calculations which often require knowledge
of yield and tensile strengths. The regulation therefore mandates that these strength characteristics
be determined for sections of pipe where records don’t exist, and this has driven the development or
enhancement of technologies for their in-situ measurement. Two such technologies (the MMT HSD
tester and the Frontics IIT) are already being used following comprehensive validation studies that
are publicly available from the Pipeline Research Council International (PRCI report number PR-
335.173816-R01) and the Gas Technology Institute (GTI project number 22428/22429). An
alternative technology for in-ditch strength measurements is currently under development at
Plastometrex (PLX) - a science and technology company based in Cambridge (UK). Prior to its release
(scheduled for late 2023), an equally comprehensive set of validation tests has been requested by
representatives from the midstream oil and gas industry. This report covers the background to these
tests, along with test outcomes and accuracy statements in the format typically requested by pipeline

integrity professionals.
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1.1.  Methods for extracting stress-strain curves from indentation data

Two main conceptual approaches have been adopted for the extraction of stress-strain curves from
indentation test data. The first, commonly termed the “Instrumented Indentation Technique” (IIT),
involves converting load-displacement data from a spherical indentation test directly to stress-strain
curves using analytical relationships. The second is “Profilometry-based Indentation Plastometry”
(PIP) testing, which also utilises a spherical indenter, and includes the measurement of the surface
profile after the creation of the indent coupled with inverse finite element analysis to determine the

stress-strain curve.

1.1.1. Instrumented indentation technique (IIT)
This approach has been very popular [1-14] and is attractive in terms of quickly and easily obtaining

the outcome, but it involves gross simplifications concerning the actual stress and strain fields under
an indenter. A slight variant of the concept involves the use of neural network procedures [15-17] to
relate load-displacement data to corresponding stress-strain curves - i.e. to “train” the analytical
relationship, although in practice this is subject to similar limitations. In fact, it has become clear
[18] that the reliability of the IIT approach is in general very poor. This largely arises from the
complexity of the evolving stress and strain fields during indentation, which cannot be analytically
linked to the load-displacement data in an accurate, universal way. This applies equally to neural

network approaches, which also seek an empirical functional relationship of some sort.

1.1.2. Profilometry-based indentation plastometry (PIP)
The second approach is a more rigorous one, although inevitably more cumbersome. It involves [19-

25] creation of the indent, measurement of the surface profile and repeated FEM simulation of the
indentation test, altering the values of the parameters in a constitutive plasticity law until optimum

agreement is reached between the measured and a modelled outcome.

The Plastometrex technology is focussed on the surface profile rather than the load-displacement
curve as it has several advantages [26-29]. In summary, these include removal of the need for any
measurements during loading (apart from the maximum attained load), elimination of uncertainties
associated with machine compliance, scope for detection and analysis of (in-plane) anisotropy and an

improved sensitivity of the measured outcome to the shape of the stress-strain curve.

The main conceptual distinction, however, is between direct conversion of load-displacement data
to a stress-strain curve (IIT) and iterative FEM to converge on optimal values of parameters in a
constitutive law. Iterative FEM simulation clearly has the potential to fully capture the nature of the
evolving stress and strain fields during the test, whereas this is simply not possible with the IIT

approach.
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1.2.  Experimental considerations for PIP Testing

1.2.1. Indenter geometry
Spherical indenters are used in PIP testing, the reasons for which have been discussed in detail

previously [21-23, 30, 31]. A sphere is less prone to becoming damaged than sharp indenters with
edges or points. It is also easier to specify and manufacture. Furthermore, there is reduced risk with
spheres of encountering the computational problems that can arise with simulation of behaviour in
regions of high local curvature (edges or points). These constitute powerful incentives for the use of

spheres.

1.2.2. Indentation size
The size of indentation during PIP testing must be large enough such that the size of the deformed

volume is representative of the bulk. For a typical polycrystalline metal, such as in pipeline steels, this
translates into a requirement for a “many-grained” or representative volume to be deformed, since
the plastic response of the bulk is influenced by characteristics such as grain size and shape,
crystallographic texture and grain boundary structure (influencing the ease of inter-granular sliding

and grain rotation).

Grain size is commonly in the range of a few microns up to a few hundred microns. Therefore, an
indenter with a radius of 1 mm penetrating to a depth of around 200 microns will always test a
representative volume of the metal. Figure 1 shows an example of an indent with these characteristics
into a material with a grain size of 100-200 microns, confirming that the indent straddles a significant

number of grains.

- Sy e & =77 N o e R ’

Figure 1. Optical micrograph of a residual indent following a PIP test into polycrystalline copper
with an Indentation Plastometer. The indent is radially symmetric, which indicates that the
material is at least isotropic in the plane normal to the indent direction. It is also evident that the
indent straddles multiple grains, and that a representative volume of material has been

interrogated.
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1.2.3. Plastic strain levels
In addition to the requirement to deform a volume that is large enough to be representative of the

bulk, it is important that the plastic strains being induced in the deformed region should be in an
appropriate range. In most cases, interest centres on a range up to several tens of % (since these are
levels that commonly occur prior to fracture of most metallic materials during tensile testing). A test
in which peak strains are well below this range cannot reveal reliable information about the plasticity
characteristics of interest. This is a different requirement from that of the volume (relative to the
grain size). For a spherical indenter, the distribution of plastic strain beneath the indenter depends
on the penetration ratio, /R, with the stress and strain fields during indentation being independent
of the absolute scale. The distribution of strain also depends on the plasticity characteristics of the
sample, but in general it is found that a 0/R value of about 10-20% produces a suitable plastic strain

distribution [23, 32] and, therefore, enhanced confidence in the stress-strain curve at high strains.

1.2.4. Target Outcomes
Either the load-displacement plot or the residual indent profile can be used as the target outcome,

but the latter offers several advantages over the former and Plastometrex technologies are largely
focused on it. These advantages include the fact that no measurements need to be made during the
test (apart from noting the maximum load). If, on the other hand, the load-displacement plot is being
used as the target outcome (as in IIT), then (accurate) displacement measurement must be made
during the test, which might well require some kind of compliance calibration. Furthermore, use of
the (3-D) residual indent profile offers potential for the detection and characterization of plastic
anisotropy in the sample, whereas this is not possible if the focus is on load-displacement. Finally,
there is an option to measure the profile at more than one depth, which provides additional
experimental data and could, for example, be useful in detecting (sharp) variations in material
properties with depth. Of course, using the indent profile as the target outcome does not preclude
the acquisition of load-displacement data, which might be useful for process control - for example

in ensuring that the test is carried out to a particular penetration depth or applied load.

There is then the issue of how the profile is measured. There are two main approaches, one involving
(very low load) contact of a stylus that is dragged across the sample and the other based on (non-
contact) scanning of an optical beam of some sort. Both exhibit various characteristics that are
relevant to this application, with a wider range of types being available for optical measurement.
Reviews are available for both stylus [33] and optical [34] systems, and either can be used to measure

indentation profiles with the required accuracy of around 1 micron.

1.2.5. Inverse finite element analysis
Detailed information about the inverse finite element model formulation including the constitutive

laws used to model plasticity [35,36], the effect and likely values of interfacial friction [40-47] and
convergence on the bestfit plasticity characteristics (yield stress, hardening behaviour and ultimate
tensile strength (UTS)) are detailed elsewhere [29]. The outcome of this operation is a modelled

residual indent profile which closely matches with that obtained during the experiment. This
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modelled profile corresponds to a set of plasticity parameters which define the full stress-strain curve

of the metal.

2. Portable PIP Testing

2.1.  Requirements

The guidance (from 49CFR192.607) is not very detailed, but validation by a subject matter expert is
required. Note, for example, the following from a regulatory standpoint (from the Code of Federal
Regulations):

§ 192.607 Verification of Pipeline Material Properties and Attributes: Onshore steel transmission

pipelines.

(a) Applicability
Operators of onshore steel transmission pipelines must document and verify material properties and
attributes in accordance with this section.

(b) Documentation of material properties and attributes
Records established under this section documenting physical pipeline characteristics and attributes,
including diameter, wall thickness, seam type, and grade (e.g., yield strength, ultimate tensile strength,
or pressure rating for valves and flanges, etc.), must be maintained for the life of the pipeline and be
traceable, verifiable, and complete. Charpy v-notch toughness values established under this section
needed to meet the requirements of the ECA method at § 192.624(c)(3) or the fracture mechanics
requirements at § 192.712 must be maintained for the life of the pipeline.

(c) Verification of material properties and attributes
If an operator does not have traceable, verifiable, and complete records required by paragraph (b) of
this section, the operator must develop and implement procedures for conducting non-destructive
or destructive tests, examinations, and assessments in order to verify the material properties of
aboveground line pipe and components, and of buried line pipe and components when excavations
occur at the following opportunities: anomaly direct examinations, in-situ evaluations, repairs,
remediations, maintenance, and excavations that are associated with replacements or relocations of

pipeline segments that are removed from service. The procedures must also provide for the following:

1. For non-destructive tests, at each test location, material properties for minimum yield strength
and ultimate tensile strength must be determined at a minimum of 5 places in at least 2
circumferential quadrants of the pipe for a minimum total of 10 test readings at each pipe
cylinder location.

2. For destructive tests, at each test location, a set of material properties tests for minimum vyield
strength and ultimate tensile strength must be conducted on each test pipe cylinder removed
from each location, in accordance with API Specification 5L.

3. Tests, examinations, and assessments must be appropriate for verifying the necessary material

properties and attributes.
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4. If toughness properties are not documented, the procedures must include accepted industry
methods for verifying pipe material toughness.
5. Verification of material properties and attributes for non-line pipe components must comply

with paragraph (f) of this section.

(d) Special requirements for non-destructive Methods
Procedures developed in accordance with paragraph (c) of this section for verification of material

properties and attributes using non-destructive methods must:

1. Use methods, tools, procedures, and techniques that have been validated by a subject matter
expert based on comparison with destructive test results on material of comparable grade
and vintage.

2. Conservatively account for measurement inaccuracy and uncertainty using reliable
engineering tests and analyses; and

3. Use test equipment that has been properly calibrated for comparable test materials prior to

usage.

2.2.  Accounting for Surface-to-Centre Variations

A limitation of all indentation (and scratch-based) test techniques is that they only interrogate the
near-surface regions of the materials being tested. This is fine for homogeneous materials, but there
is a particular challenge presented by certain types of pipes which is most notable when they exhibit
large surface-to-centre variations in their mechanical properties. This tends to occur more frequently
in pipes with a high wall thickness to diameter ratio, and/or pipes that are seam welded, and
(reportedly) in high-strength, low-alloy steels, although in all cases the thermomechanical processing
history plays a strong role in the development of such surface-to-centre variations.

The problem this presents is that the surface-based measurements of yield and tensile strength must
be comparable to tensile test results that have been conducted in accordance with the requirements

of API Specification 5L. The Specification states:

1. The yield strength, ultimate tensile strength, and elongation values shall be determined on
either a flattened rectangular specimen or on a round bar specimen.

2. Transverse round bar specimens are to be secured from non-flattened pipe sections.

The machining of round bar specimens from the wall of the pipe is very difficult making Option 1
above more convenient. In addition, round bar specimens do not sample the entire wall thickness.
However, it is well documented that the pipe flattening process introduces a high degree of variability
into the tensile test results, and no standard for the pipe flattening process currently exists. In
addition, inter-lab variations between nominally identical specimens are common and even quite
large, meaning “truth” data are often inconsistent and therefore unreliable. Nevertheless, technology
providers like Plastometrex are required to demonstrate agreement with full thickness flattened
transverse direction tensile test results and an accepted practice for doing so is to apply empirically

based adjustments that act to align the surface-based measurements to the flattened transverse full-
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thickness measurements through (traditionally) knowledge of metal composition, grain size, and wall

thickness to pipe diameter ratios.

2.3.  Previous Round Robin Trial Results

There have been two prior round-robin trials to evaluate the MMT HSD and Frontics test devices
(along with other methods for establishing yield and tensile strength). The first was conducted in
2018 and published by the PRCI (contract PR-335-173816). Fifty samples were examined and tested.
The second was conducted by the Gas Technology Institute, or GTI (Project Number 22428/22429)
where seventy samples were examined and tested. Full details are contained within the respective
reports. In the PRCI project, predictions from the MMT HSD, Frontics, and CheckMate algorithms
were compared against the average of 3 flattened transverse test results, or a single longitudinal test
result where necessary for compliance with API 5L. The 0.5% extension under load yield stress was

used in all cases. The results are summarised in Table 1 (yield stress) and Table 2 (tensile strength).

Table 1. Yield stress results from the PRCI Round-Robin, May 2018, x50 test samples.

Technique MAPE % * % * % * Maximum Overprediction
(%) 10% 15% 20% (%)
MMT HSD Tester 7.0 78.0 92.0 98.0 134
Frontics IIT 7.6 71.4 87.8 93.9 34.6
CheckMate (10 kg 8.4 68.0 80.0 94.0 21.8
load)

Table 2. UTS results from the PRCI Round-Robin, May 2018, x50 test samples.

Technique MAPE % * % * % * Maximum Overprediction
(%) 10% 15% 20% (%)
MMT HSD Tester 4.4 92.0 100.0 100.0 -
Frontics IIT 6.0 85.7 95.9 98.0
CheckMate (10 kg 8.1 74.0 82.0 90.0
load)

Note that the lower the MAPE (mean absolute percentage error) value the better. It is also better to
have values close to 100% in the percentage error ranges, and a low maximum overprediction is
advantageous. In fact, over-prediction is unconservative from an integrity management and MAOP
reconfirmation perspective. Under-prediction is conservative, but as most of the relevant analyses
have conservatism built into them, then overly conservative results can ensue, which is also

problematic.
From the PRCI report, the MMT HSD tester (marginally) outperformed the Frontics equipment and

the CheckMate algorithm, having the lowest Mean Absolute Percentage Error (MAPE), the lowest
Maximum Overprediction (for yield stress data), and the highest proportion of yield and UTS data
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that lie within well-defined error bands. One caveat noted in the PRCI report is that the measured
strength data derived from destructive laboratory testing should not be considered consistent and
exactly reproducible. This followed the detection of “significant variability” between replicate
transverse tensile test specimens, with an average normalised variation of 5.7%, with 18% of the
(x50) specimen set having an average normalised variation greater than 10%. The origin of this

variation was deemed to be influenced by several things, including:

1. The details of the laboratory tensile test procedure used to generate the data used as the
benchmark for comparison.

2. The type of destructive tensile test specimen that is used (orientation and shape) for the
benchmark testing vs the specimen type that was used by the service provider to develop the
algorithm(s) relating in-situ data to tensile properties.

3. The spatial separation between in situ test location and destructive test specimen origin, due
to the non-homogeneous nature of the material.

4. Possible differences between the definition of “yield strength” used in tensile tests as
comparison benchmarks and the yield stress definition used to develop correlations between

in-situ measurements and tensile test results.

One of the primary objectives of the PRCI report was to “investigate and quantify the capabilities
and limitations of different NDE technologies that are identified as feasible for the characterisation
of material properties...”. This was accomplished in part though publication of the data in Tables 1
and 2. The primary objective of the GTI project was a little different, as it was commissioned to
develop correlative models for predicting bulk properties from surface-based measurements. 70
samples were tested in that project, and were chosen to adequately cover the variety of pipes that are

typically encountered by industry in the field, including:

Installation years from 1930 to 2004 with over 60% pre-code pipelines.
Diameters from 4 to 30 inches.

Grades from A to X52.

All steel types: rimmed/capped, semi-killed, and fully killed.

M S e

All key long seam types: ERW (electrical resistance weld), SAW (submerged arc weld),

Seamless, and Spiral.

. Wall thickness over a wide range: 0.156 to 0.460 inches.

7. Chemistry grade variety, e.g.: 1008, 1010, 1015, 1016, 1021, 1022, 1023, 1025, 1026,
1030, 1522, 1525, and vanadium and niobium High-Strength Low-Alloy (HSLA) grades.

8. ASTM grain size (log scale) range spanning: 7.0 to 13.0.

Interestingly, the study concluded that the properties of the normalised/annealed seamless pipes
were mostly uniform and (sic) homogeneous through the wall. For seamed pipelines, however, there
was significant inhomogeneity through the wall (and, therefore, detectable differences between

surface measurements and full wall thickness data). The inhomogeneities were attributed to:

https://doi.org/10.52202/072781-0085 1492



Pipeline Pigging and Integrity Management Conference, Houston, February 2024

1.Cold work and forming stress from pipe manufacturing (without post-production
normalising/annealing as in seamless pipe).

2. Chemical segregation from primary steel production (e.g., rimmed/capped centreline carbon
segregation).

3. HSLA steel grain refinement especially near the outer surfaces of the pipe wall.

4. Other thermomechanical factors.

Another important difference between the PRCI and GTI reports is that, in the PRCI report, yield
stress and UTS measurements were compared (primarily) against transverse flattened full wall
thickness data (at 0.5% elongation under load for yield stress) as per the API 5L specification. In the
GTI report, yield stress and UTS measurements were compared against “mini”, full wall thickness
longitudinal test results (at 0.2% offset for the Frontics equipment and at 0.5% elongation under
load for the MMT HSD equipment for yield stress comparisons). This is an important distinction,
because the mini, longitudinal tensile test results have been found in a previous GTI test report (GTI
Project Number 20568, 2011) to have an average yield stress value that is 8.5% lower than
corresponding full-size specimens tested in accordance with API 5L. When considering the
complications already arising from surface-to-centre variations, as well as inter- and intra-lab

variability of tensile test results, this could be considered an unfortunate complication.

A further noteworthy point from the GTI report is that several models for adjusting surface
properties to full wall properties were tested. These included linear regression models, ordinary least
squares models, Bayesian regression models, artificial neural networks, and historical empirical
models. Of all the models tested, a modified version of an ordinary least squares method was the
most successful model for aligning surface data with full wall data for both the MMT HSD and the

Frontics devices.

The GTI report concluded that the best-case ordinary least squares model, when coupled with the
Frontics surface data, achieved the highest performance out of the tools that were tested. The
corresponding best-case model for the MMT HSD equipment exhibited a non-conservative bias on
the yield stress (an over-prediction), particularly at higher yield stresses, although the calculations
conducted by the GTI have been publicly contested by MMT[48]. On that basis, and until publicly

resolved, the results from the GTI report have been omitted from this one.
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3. Validation of the portable tool from Plastometrex
3.1.  Project Partners

Table 3 details the organisations that supplied pipes, pipe coupons, and corresponding tensile test

data to support the validation project.

Table 3. Organizations that contributed material in the form of full circumference pipes and/or
pipe coupons to support the validation testing project.

Company | Pipe Coupons | Full Pipe | Tensile Test Data
SIA Y N Y
Rosen Y Y Y
PG&E Y N Y
Plastometrex N Y Y
PRCI Y Y Y
Undisclosed N Y Y

Table 4. Yield stress and UTS values obtained by Plastometrex on the same pipe samples when
tested with both benchtop and portable systems showing good consistency across the two devices.

Plastometrex Pipe ID | YS/UTS (ksi) | Benchtop | Portable Absolute Notes
Difference (%)

YS 48.3 45.9 5

1IT36 UTS 800 7 9 Seamless
YS 64.9 65.7 1

142 UTS 813 771 5 ERW
YS 48.2 48.2 0 Seamless

PIP-20 UTS 3.6 758 3 (Grade B)
YS 46.2 51.7 12 ERW (Grade

PIP-25 UTS 73.0 704 4 B(>
YS 39.9 40.6 2

PIP-27 UTS 11 0.4 1 Seamless

3.2.  Test samples and apparatus

125 samples were collected and tested (as of 06/06/2023), including 40 of those that were tested
(and were still available for testing) from the 2018 PRCI round-robin project, and 15 that were tested
completely blind. The indentation tests conducted by Plastometrex utilised either the portable testing
system (where full circumference pipe sections were available), or the benchtop system (where only
small pipe coupons were available). Note that, where the Benchtop system was used, it was only used
to create the indent; the optical scanning procedures were carried out with the portable scanning
device. In any case, tests at the Plastometrex laboratory in Cambridge have previously confirmed (see

Table 4) that there is good consistency between the two test devices (which is unsurprising given both
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devices employ the same underlying scientific methodology). The maximum observed difference was
12%, with an average difference of 4%. Using the benchtop device to support the validation study
was therefore deemed acceptable in those instances where it was the only realistic option for doing

SO.

3.3.  Sample Preparation

Pipe samples that were supplied in coupon form were first mounted in Bakelite. They were then
ground with silicon carbide grinding paper (80 grit, 120 grit, 240 grit, 400 grit, 800 grit, and 1200
grit, generating typical surface roughness values of ~ 750 nm). Full circumference pipes, for which
the portable testing system was used, were prepared in a slightly different way. For example, if the
pipe was coated, then the coating was first removed using a putty knife and, where necessary, a wire
brush. If the pipe was corroded (found mainly on the un-coated pipes) then this was removed using
an angle grinder with an abrasive flap wheel. In both cases (coated or uncoated), once the steel was
exposed the surface was ground with a power file (80 grit, 160 grit, 320 grit, and 800 grit, generating
typical surface roughness values of sub 1 um). It should be noted that both surface roughness values

quoted are within the accepted limit for PIP testing.

3.4. Indentation test conditions

5 repeat indents were performed on 114 of the 125 pipe samples that were tested. 3 repeat indents
were performed on 11 samples, and only 2 indents were performed on 1 of the samples (due to size
constraints). In each case, the first indent was performed under displacement control until a depth
of ~180 pum had been reached. The peak load required to reach that depth was recorded, and all
subsequent indents were performed in load control to ensure that the peak attained load for each
test was directly equivalent. The displacement of the indenter head was monitored with a single
LVDT (benchtop system) or a twin set of LVDTs (portable system) with a resolution of ~+1 pm. In
all cases the load and displacement were monitored continuously throughout the test, although it is
important to note that only the peak applied load is needed for calculation of stress-strain curves

from the indentation test outcomes.

3.5. Example test data

The primary outcome of importance during a PIP test is the residual profile shape. This is the shape
of the indent after the indenter has been removed and after the recovery of any stored elastic strain.
In all cases, and regardless of whether the benchtop system or the portable system had been used, the
residual profile shapes were measured using an optical interferometer with a vertical resolution of
around 1 pm. A typical scan is shown as a 3-D contour plot inset in Figure 2(a), which also includes
the 2-D radially symmetric profile. This 2-D profile data was processed leading to the PIP-derived

stress-strain curve in Figure 2(b). Also included in Figure 2(b) is the (superimposed) stress-strain curve
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that was measured from conventional tensile testing, showing an excellent level of agreement, even

before the application of an empirical adjustment, see Section 4.2.
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Figure 2. Measured and modelled residual profile shapes are shown in (a) in 2-D average line scan
form, and (inset) in full 3-D form (measured indent only), alongside (b) the corresponding
(inferred) PIP stress-strain curve, superimposed on the stress-strain curve that was obtained on the
same material but from a conventional tensile test.

4. Test Results

4.1.  Surface based data

The surface-based PIP test data were compared with tensile full wall thickness data for each of the
samples tested. In all cases, the 0.5% elongation under load yield stress was compared. Full wall
tensile data were either already available to the project (supplied by validation project partners) or
measured by Plastometrex technicians in the laboratories at Cambridge in compliance with API 5L
tensile testing standards. The results of these comparisons can be seen in Figure 3 in the form of
unity plots for yield stress and tensile strength The following are observed:

. The surface-based PIP test yield stress tends, on average, to be lower than the flattened,
transverse, full thickness tensile test result.

. The yield stress MAPE is 8.93 (across the 125 samples that were tested, noting of course
that the MAPE number changes each time a new data pair are added)

. The surface-based PIP test tensile strength tends, on average, to be higher than the
flattened, transverse, full thickness tensile test result

. The tensile strength MAPE is 7.71 (across the 125 samples that were tested, noting of
course that the MAPE number changes each time a new data pair are added).
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The differences are reasonably systematic in both cases, implying a common origin for the
observed differences between the surface-based measurements and the full wall thickness
measurements.
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Figure 3. Unity plots for (a) yield stress and (b) tensile strength, for the validation data in their
unadjusted form (surface-based data), along with +10% error bounds.

4.2. Empirical Adjustment

The differences between the surface-based measurements and the full wall thickness measurements
(Figure 3) were anticipated, and the midstream oil and gas industry has become accustomed to the
application of “empirical correction factors” to better align the level of agreement between the two
types of tests i.e. surface based tests (either indentation or scratch) and full wall tensile tests. These
“corrections” often take the form of multi-parameter regression analyses or “machine learning”
algorithms that combine the surface measured data with attributes such as metal composition, grain
size, and pipe geometry. In fact, the machine learning algorithm that converts surface data to
equivalent full wall data that is used by the MMT HSD requires no fewer than 8 model inputs [48].
The view at Plastometrex is that this is rather cumbersome, while the procedures are often unclear,
and it is apparent that the adoption of such methods has been an important contributory factor in
the dispute between the GTT and MMT [48]. It is also the view of Plastometrex that the terminology
being used should be changed from “correction” to “adjustment”, to reflect the fact that the measured
surface data are in fact “correct”, albeit “different” from full wall test data. This is simply a reflection
of the near surface regions having different properties to the mid-wall region, and for reasons that

are broadly understood.
In Error! Reference source not found., the surface-based measurements that were presented in

Figure 3 have been “adjusted” so that they better correspond to the full wall tensile data. The

adjustment equations that have been developed by Plastometrex and applied to the surface-based
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data are not disclosed in this report as they are considered proprietary. However, it should be noted
that the equations do not rely on knowledge of the metal composition, the metal microstructure, nor
the pipe geometry. The equations developed by Plastometrex do have a dependence on the hardening
(plasticity) characteristics of the metal (which are of course measured during the test), which ensures
a sound physical (metallurgical) basis for the adjustment. An important point to note here is that the
adjustment equations have been derived from the validation dataset in its current form (comprising
these 125 samples). As the validation dataset continues to grow, it is possible that the derived
constants (or even the form of the equations containing those constants) might also change, with the
motivation for any such changes being a detectable increase in the accuracy of the post-adjustment

data (namely a reduction in the post adjustment MAPE numbers).

Importantly, the Plastometrex adjustment can be applied instantly in the ditch, with no delay to the
emergence of final and definitive stress-strain curves and metal strength data. The value of this is
clear; it allows decisions to be made in real-time, problems to be addressed immediately, and the dig-

site to be closed (and to remain closed) once the tests are completed.

4.3.  Adjusted dataset (flattened, full wall equivalent data)

Following the adjustment:
. The PIP test yield stress MAPE reduces to 5.52.
. The PIP test UTS MAPE reduces to 3.46
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Figure 4. Unity plots for (a) yield stress and (b) tensile strength, for the validation data in their
adjusted form, along with £10% error bounds.
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4.4. Comparisons with competing technologies and the Plastometrex accuracy
statement

A summary of the test results is compiled in Table 5 and Table 6. The metrics that are shown and
compared are the primary metrics that were used for comparative purposes in the PRCI report of
2018. There are two rows of Plastometrex data; one row contains the metrics obtained when using
the complete 125-sample dataset; the other row contains the metrics obtained when using the (x40)
PRCI samples that were still available for testing, thus permitting a (more) direct comparison to the
performance of the MMT HSD and Frontics devices in 2018. There are also two rows of MMT HSD
data; these are compiled from (1) the data available from the 2018 PRCI report on 50 samples, and
(2) data that was later published [49] by MMT containing 167 data points'.

The data show that the Plastometrex tool is the best performing device, with the lowest MAPE
numbers for both yield stress and tensile strength, and higher proportions of test results lying within
the £10% error range. Nevertheless, it is important to recognise that the differences between the
Plastometrex and MMT tools are not substantial, and probably represent values that are close to the
limit of what is technically possible given the inherent variability in the respective tools, the inherent
variability in the tensile test results, and the inherent (short and long range) variability in the
properties of pipes. In contrast, and in comparisons of the PRCI testing data only, the Frontics tool

is clearly inferior.

Table 5. Comparison between the performance for yield strength of the Plastometrex, MMT, and
Frontics testing tools, using the primary metrics from the PRCI report of 2018 as the basis on
which to compare the tools.

Data Number Maximum
Organisation of MAPE (%) | Overprediction | % + 10% | % = 15% | % + 20%
Reference
Samples (%)
Plastometrex N/A (PIiOCI) 5.16 13.3 87.5 100.0 100.0
Plastometrex N/A 125 5.52 13.3 86.2 100.0 100.0
MMT
MMT Report , 144 5.55 15.5 85.4 95.1 100.0
2020
PRCI
MMT Report, 50 7.00 13.4 78.0 92.0 98.0
2018
PRCI
Frontics Report, 50 7.6 34.6 71.4 87.8 93.9
2018

" These data pairs were obtained from the MMT publication by using the graph digitisation tool available at
WebPlotDigitizer - Extract data from plots, images, and maps (automeris.io). The tool was only able to identify
144 unique data pairs. The remaining 23 are presumed to be obscured by existing datapoints. Recovery of

these points will modify the MMT HSD MAPE number and, potentially, the order of results in Table 6.
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Table 6. Comparison between the performance for UTS of the Plastometrex, MMT, and Frontics
testing tools, using the primary metrics from the PRCI report of 2018 as the basis on which to
compare the tools.

Organisation | , 02 Number of Samples MAPE (%) | %+ 10% | %+ 15% | % £ 20%
Reference

Plastometrex N/A 125 3.45 96.3 99.2 100.0

Plastometrex N/A 40 (PRCI) 3.66 97.5 100.0 100.0
MMT

MMT Report , 144 3.84 95.8 100.0 100.0
2020
PRCI

MMT Report, 50 4.40 92.0 100.0 100.0
2018
PRCI

Frontics Report, 50 6.00 85.7 95.9 98.0
2018

4.5.  Statistical analyses of tool accuracy levels

4.5.1. Overview

According to the Code of Federal Regulations (49CFR192.607), procedures developed for
verification of material properties and attributes using non-destructive methods must “Conservatively
account for measurement inaccuracy and uncertainty using reliable engineering tests and analyses”.
However, and as previously pointed out by MMT [50], there is no specific guidance about what
measure of uncertainty should be used. The rule is therefore open to interpretation, and it is
anecdotally evident that different statistical approaches are being adopted by different technology
providers, different service providers, and different owner/operators. The scope for confusion is
therefore high, as is the incentive to use more favourable statistical methods, so in due course the
industry may best be served by adopting a common statistical framework in which the validation data
pairs from technology providers are available for independent public scrutiny. The Plastometrex data
are available from the Plastometrex website and have been subjected to four statistical treatments
below. The first of these is based on the statistical approach adopted by the Pacific Gas and Electric
Company, PG&E (which forms one part of a much wider probabilistic strategy for grade verification).
The second is an approach adopted by an undisclosed network operator, which is a derivative of the
method laid out in API 1163 for the qualification of in-line inspection systems, the third is an
approach that appears to be favoured (and has been published) by MMT, and the fourth is the
method adopted by Structural Integrity Associates.

4.5.2. The linear regression method (as adopted by PG&E)
The method adopted by PG&E is outlined fully elsewhere [51]. It is designed to handle uncertainty

that arises from systematic effects (those that remain constant during repeated measurements) and
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random effects (those that vary randomly between measurements). The systematic errors are
accounted for by applying a least squares regression through the data points on a unity plot (see Fig.7
for an example). Following the regression analysis, the scatter in the data is quantified using a
prediction interval which accounts for the random uncertainty. The outcome of this approach is that,
when a non-destructive test is conducted, the measured yield and tensile strengths can be equated to
a corresponding mean tensile test estimate with a corresponding uncertainty level (expressed in ksi),
at a specified confidence. It is noted that, rather than choosing a particular confidence level, PG&E’s
approach incorporates the entire quantified distribution into additional downstream probabilistic

analyses to verify grade[52, 53].

As an example, consider Figure 5(a) which plots tensile data against PIP test data for yield stress
measurements. The solid diagonal line is the regression line - note that it is offset slightly from the
unity line. It therefore depicts the systematic variation between tensile tests and PIP tests. The dashed
diagonal lines are the upper and lower limits of the 80% prediction interval, where the prediction
interval captures the range in which an equivalent tensile test data point is expected to lie (with some
specified probability - in this case 80%) for any non-destructively measured value of the yield stress.
To further clarify, if the non-destructive PIP test value for yield stress was 60 ksi, then there is an 80%
probability that the (equivalent) tensile test value would lie between 55 ksi and 64.8 ksi.

The algebra can be found separately [51], but it includes an important intermediate step in which
the “standard error” of the predicted value is calculated, allowing the width of the prediction interval
to be found. These standard errors are plotted in Figure 6 for the 125-sample dataset from
Plastometrex, and the 144-sample dataset from MMT. The data show that the respective tools have
equivalent performance on yield stress, but that the Plastometrex tool is more accurate on tensile

strength (lower standard error = more accurate).
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Figure 5. Unity plots for (a) yield stress and (b) UTS showing the upper and lower limits of the
80% prediction interval (dotted lines), as calculated using the method set out elsewhere [51], as well
as the regression fit and the unity line.
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Figure 6. Calculated “standard error” (which is the terminology used in the previously cited report

[51]) as a function of (a) yield stress and (b) UTS for the Plastometrex dataset (125 samples) and the
MMT dataset (144 samples).

4.5.3. The Clopper-Pearson Method (as adopted by an undisclosed network operator)
This statistical method is a derivative of the method that is described in API 1163 for the qualification

of in-line inspection systems. The key steps are:

1. The tool provider (i.e., Plastometrex) specifies a “tolerance” for the tool. This is a value, in ksi,
that the tool provider is prepared to “rate” their tool to. For example, if the tool provider rates
their tool to 10 ksi, then the tool is committed to measuring a value for the yield stress or
tensile strength that is no more than 10 ksi greater than the value that would be measured
from a conventional tensile test. This commitment, however, is “non-binding”, and is in fact
associated with a probability.

2. To calculate the probability that any tool-measured datapoint falls below the stated tolerance,
there are two intermediate steps:

a. Compute what percentage of the validation dataset falls below the stated tolerance
using the simple inequality: Tool Measurement - Tensile Test Measurement <
Tolerance

b. Use the data from (a) to compute a confidence interval for the true value of this
proportion using the Clopper-Pearson method.

3. Assess whether the lower limit of the calculated confidence interval is greater than 0.8 (80%).

If it is, then the tool can be said to be compliant with its stated tolerance.

What this means is that 80% of the time, the true proportion of data which falls within tolerance
will be inside the confidence interval produced.

Using this approach, and the 125-sample dataset, the Plastometrex tool tolerance can be set at 4.2
ksi for yield stress and 3.4 ksi for UTS (as of June 2023). Equivalent calculations on the 144-sample
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dataset from the MMT HSD puts their tool tolerance at 3.4 ksi for both yield stress and UTS.
However, it is important to note that as sample sizes get bigger, confidence intervals get narrower, so
stipulating that the lower limit needs to be greater than 80% is perhaps a little peculiar, because as
the confidence interval naturally narrows (with more data), the approach becomes ever more likely
to produce a lower bound that exceeds the 80% requirement. The outcome is that the tool tolerance

inevitably reduces as the sample set increases.

(a) Yield Stress (b)UTS

Unknown =

Tool Tolerance (ksi)
Tool Tolerance (ksi)

PLX (125) MMT (144)  MMT (+270) PLX (125) MMT (144)  MMT (+270)

Figure 7. Comparison of the Plastometrex and MMT tool tolerance levels, as calculated using the
Clopper-Pearson statistical method, and as a function of sample set size and the time taken (years of
technical development) to reach that level for (a) yield stress and (b) tensile strength (UTS).

For example, the undisclosed network operator has approved the use of the MMT device on their
network at a stated tool tolerance of 3.1 ksi, which is lower than the 3.4 ksi calculated on the 144-
sample dataset, but MMT has recently reported® that its sample dataset as of February 2023 is
actually greater than 270 following the recent completion of two Joint Industry Projects (although
no published dataset of this size can be found online). Regrettably, with this statistical method, it is
difficult to know whether the decreasing tool tolerance can be attributed to a genuine improvement
in the MMT HSD tool accuracy, or whether it is just the inevitable consequence of having a larger

test dataset.

4.5.4. The Hanson-Koopman method (as adopted by MMT)

The method adopted by MMTI[49] bears some resemblance to the method that is used by PG&E,
although this method makes no assumption about the distribution of the difference between the
tensile measurement and the tool measurement, and it employs confidence intervals rather than

prediction intervals.
Nevertheless, the adopted method is used to compute a measure of the uncertainty of the tool (in

ksi). This describes how different a tool measurement is likely to be when compared to the equivalent

tensile test measurement. Once more, the level of tool uncertainty is not fixed, but changes in
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accordance with an assigned probability. The Hanson and Koopmans 1964 method with 50%
confidence and 80% certainty is used by MMTI[50].

The 125-sample dataset from Plastometrex has been subjected to this treatment. The results are
contained in Figure 8(a) for yield stress and Figure 8(b) for tensile strength. Also included are the
published results[49] from MMT for comparison.

In Figure 8(a), we can see that at 50% confidence and 80% certainty, the tolerance for the MMT
tool measured yield stress is 3 ksi. This means that, when using the tool, 50% of the time we would
expect 80% of the tool measured yield stresses to be no more than 3 ksi greater than what would
have been measured in a conventional tensile test. Similarly, and only 50% of the time, we would
expect 95% of the tool measured yield stresses to be no more than 5.9 ksi greater than what would

have been measured in a conventional tensile test.

The data show that the one-sided prediction intervals are similar, with Plastometrex outperforming
MMT on UTS, and MMT slightly outperforming Plastometrex on yield stress. However, the value of
this approach is significantly undermined when used at only 50% confidence, since this means that
50% of the time, the confidence interval generated will not contain the true value. In the interests
of public safety, the rationale for this decision is potentially questionable (accepting that the ultimate
decision on which statistical method to adopt and approve lies solely with the integrity management
teams at the owner/operator companies). Equivalent plots are therefore also shown at 80% (Figure
9) and 95% (Figure 10) confidence, which are much more conventional values for analyses of this

type, not least when the safety of assets and people is at risk.
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Figure 8. Calculated one-sided prediction intervals for different certainties at 50% confidence, for
(a) yield stress, and (b) tensile strength (UTS).
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Figure 9. Calculated one-sided prediction intervals for different certainties at 80% confidence, for

(a) yield stress, and (b) tensile strength (UTS).
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Figure 10. Calculated one-sided prediction intervals for different certainties at 95% confidence, for

(a) yield stress, and (b) tensile strength (UTS).

4.5.5. The “PIP v Tensile” Prediction Interval Method (as adopted by Structural

Integrity Associates)

The method adopted by Structural Integrity Associates (SIA) is similar to the method adopted by

PG&E. Both methods assume normally distributed error. The steps are simple:

1. Compute the difference between the PIP tests (or scratch tests) and the tensile test data.

Find the mean and standard deviation.

2. Exclude any datapoints which have error more than three standard deviations from the

mean (and proceed with this “trimmed” dataset).
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3. Build a model of the trimmed data in the form of:
—  Tensile Value = 0 + PIP Value + Error
4. Calculate a prediction interval for the error when predicting a tensile test value from a PIP

test (or scratch test) value.

The outcome of applying this method to the Plastometrex and MMT HSD validation datasets is
shown in Figure 11, which plots the one-sided prediction interval as a function of confidence level.
The data show that there is little difference in performance between the Plastometrex and MMT
HSD tools when adopting this method.
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Figure 11. Calculated one-sided prections intervals as a function of confidence level for (a) yield
stress, and (b) tensile strength (UTS).
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5. Conclusions

A new tool for in-ditch testing (material verification) of oil and gas transmission pipelines has recently
come to market. The tool employs an already-proven scientific methodology - Profilometry based
Indentation Plastometry (PIP) - which was developed by former University of Cambridge scientists.

It is an indentation-based test technology.

Prior to its deployment, the tool (and the underlying scientific method) has been subjected to a
comprehensive set of validation tests. These tests have been conducted on a wide range of pipe grade,
pipe diameter, wall thickness, and seam type. The tests were conducted in collaboration with PG&E,
an undisclosed network operator, Structural Integrity Associates, ROSEN, and the PRCI. Test data
and any subsequent analyses have been independently scrutinised by Bill Amend and Joel Anderson

of RSI Pipeline Solutions.

The following conclusions have emerged:

e The Plastometrex tool has comparable accuracy to the MMT tool, and any differences (in
favour of either tool) tend only to be marginal. This is true for yield strength, tensile strength,
and the metric (or statistical method) employed to assess the accuracy levels.

 The Frontics tool appears to be inferior, but this assessment is based only on the Frontics data
that are available from the 2018 PRCI report.

* The Plastometrex tool has a MAPE number for yield stress of 5.5.

* The Plastometrex tool has a MAPE number for tensile strength (UTS) of 3.6.

 The validation dataset is available online at www.plastometrex.com meaning it is available for

public scrutiny and for others to apply their preferred statistical treatment.
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