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Legal Notice

This information was prepared by Gas Technology Institute (“GTI”) for the U.S. Department
of Transportation Pipeline and Hazardous Materials Safety Administration.

Neither GTI, the members of GTI, the Sponsor(s), nor any person acting on behalf of any of
them:

a. Makes any warranty or representation, express or implied with respect to the accuracy,
completeness, or usefiilness of the information contained in this report, or that the use of any
Information, apparatus, method, or process disclosed in this report may not infringe
privately-owned rights. Inasmuch as this project is experimental in nature, the technical
Information, results, or conclusions cannot be predicted. Conclusions and analysis of results
by GTI represent GTI's opinion based on inferences from measurements and empirical
relationships, which inferences and assumptions are not infallible, and with respect to which
competent specialists may differ.

b. Assumes any liability with respect to the use of, or for any and all damages resulting from
the use of, any information, apparatus, method, or process disclosed in this report; any other
use of, or reliance on, this report by any third party is at the third party's sole risk.

c. The results within this report relate only to the items tested.
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Executive Summary

The primary objective of this project was to provide an integrated set of quantitative tools
that provide a structured approach to evaluating the latent risk in vintage polyethylene pipes,
such as Aldyl-A, that are common in gas distribution systems. Secondary objectives were:
first, to provide a fitness for service approach that can support replacement prioritization;
second, utilize data from multiple sources such as in ditch condition assessment and leak
records; third, to provide a means to access the pipe in a congested urban environment.

The primary objective was realized through the construction of a hybrid causal Bayesian
network that allows the synthesis of subject matter expertise with well understood physical
causation pathways to failure. These logical structures inherently integrate disparate data
sources into a coherent framework for decision support that is readily updated as new
information becomes available.

From the outset, the project was structured around developing software agents that are
modular and can be integrated into any decision support framework. The framework chosen
in this project was a commercially available Artificial Intelligence (AI) platform that has
built in ability to deal with any given business logic. The Bayesian networks developed in
this project were successfully integrated into the AI framework and used to assess risk
dynamically on a synthetic geographical dataset with over 7,000 data elements.

The secondary objectives were realized through several project components that are
described next:

e Intelligent data entry forms were developed and integrated into the AI framework to
capture disparate data and route the data to the relevant models. Bayesian updating of
the model output, after this data was input via the forms, was demonstrated.

e Several variants of prototype endoscopic structured-light cameras were developed to
measure pipe geometry from inside the pipe. The cameras developed are small enough
to insert into 1” IPS diameter tubing and are suitable for integration into existing
keyhole methods for accessing pipelines in congested urban environments. The
project demonstrated that these cameras can identify several common geometric
features consistent with pipeline anomalies known to introduce significant stress
risers that drive pipeline failure via Slow Crack Growth (SCG). Feature recognition
and data reduction methods were developed for the massive amounts of data acquired
by the endoscopic tool

o A Stress Intensification Factor (SIF) based approach was developed for fitness for
purpose determination. Two approaches were developed: reliability based
maintenance models based on a fracture mechanics damage propagation approach
were used to simulate the cost effectiveness of various repair/replace approaches, and
a Bayesian network approach that integrates pipeline configuration, loading
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conditions and material models was used to predict expected lifetime for pipeline
segments. Both approaches were validated against historic data sets and shown to be
equally effective. The material models were used to show that there is no effective
pressure test approach to support pipeline replacement prioritization for polyethylene
pipe. The lifetime expectancy of components given the available data inputs into the
detailed material models developed in this project is the only viable option for
enhancing decisions aimed at ensuring system integrity.

Impact from the Research Results

The insights developed from this body of work were not available to regulators and operators
prior to this work, which has provided a structured set of tools for assessing the fitness for
service of vintage polyethylene pipelines in gas distribution systems. The models developed
in this project are comprehensive probabilistic risk models that can be fully integrated into
enterprise decision support systems and used to prioritize replacement programs, provide
system integrity reports and assist operators in identifying future integrity related problems
in their systems. The prototype endoscopic tools have the potential to fundamentally change
how integrity data can be gathered to feed improved risk models for vintage pipeline
systems. A detailed list of potential follow-on work is provided in the body of the report. The
results of this project will be publicly disseminated through several papers in industry
journals and conferences. The scope of the project and interim results were presented at
Plastic Pipes XVIII, Berlin, Germany, September 2016 and published in the conference
proceedings. A follow-on paper with results will be submitted to Plastic Pipes XIX, Las
Vegas, USA, September 2018.

Additional publications related to this body of work include:

1. Yuhao Wang. Yongming Liu, "Probabilistic life prediction and prognostics-based
maintenance optimization for gas pipelines". annual conference of the prognostics and
health management society 2017, St. Petersburg, Florida, October, 2017. (accepted)

2. Yuhao Wang, Yongming Liu, Tishun Peng, Ernest Lever. "Probabilistic life prediction
of plastic pipes using an equivalent crack growth model". 2018 AIAA SciTech
conference — nondeterministic approach, Kissimmee, FL, January, 2018. (accepted)

3. Yuhao Wang, Yongming Liu. "A Novel Bayesian Entropy Network for Probabilistic
Damage Detection and Classification". 2018 AIAA SciTech conference —
nondeterministic approach, Kissimmee, FL, January, 2018. (accepted)

4. Yongming Liu, Yiming Deng “Fast automatic anomaly characterization and risk
management in gas pipelines”, DOT PHMSA 2016 Research Forum — Invited talk,
Cleveland, OH, October, 2016.

5. Yuhao Wang, Yongming Liu. “Reliability-based maintenance optimization for aging
gas pipeline system with Bayesian updating”. Reliability Engineering and System
Safety, 2017. (under preparation)
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6. Mohand Alzuhiri, Yiming Deng, "Phase extraction algorithm based fast 3D
reconstruction for structured light sensors", to be submitted to Research in
Nondestructive Evaluation, 2018 (journal)

7. Peipei Zhu, Mohand Alzuhiri, Yiming Deng, " Data fusion for plastic pipeline damage
detection using machine learning algorithms", to be submitted to NDT & E,
International, 2017 (journal)

8. Mohand Alzuhiri, Yiming Deng, "Structured Light Based Endoscopic Scanner for
Small Diameter Gas Pipelines", 22nd ENDE Workshop, Saclay, France 2017, abstract
published in ENDE 2017 proceedings (Sept. 2017)

9. Two published MS theses and one MS thesis to be defended December 2017

High Level Detail of Project Components

1. Stress risers are the most significant driver of failure in plastic gas-distribution pipe
a. The scope of his project included a comprehensive review of existing data sets
i. Historic DuPont data
ii. Reference Rate Process Method (RPM) models were developed for all
available data sets
iii. Comprehensive testing of pipe exhumed after 20 and 40 years in service
b. Correlations between features observable under a microscope and lifetime
expectancy have been developed
c. Equivalent Stress Intensification Factor (SIF) distributions have been
developed for:
i. Surface morphology
ii. Low Ductile Inner Wall (LDIW)
iii. Known loading conditions such as:
1. Impingement
2. Bending
3. Squeeze-off
4. Soil movement
5. Ageing
2. Itis possible to detect many significant stress risers from inside the pipe by measuring
the internal pipe geometry
a. This is the motivation for the endoscopic structured light tool development
undertaken by Michigan State university (MSU)
b. The method is compatible with keyhole methods already employed
c. The project was successful in demonstrating that useful information can be
gathered from compact structured-light tools and reduced to a useable format
3. A lifetime prediction approach, based on equivalent SIF and the control reference-
RPM model for Aldyl-A, that can be applied to any combination of material and
loading condition was developed
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a. Bayesian Networks (BN) were developed to capture material and loading
combinations and output a predicted lifetime
b. The BN output was validated against the reference RPM models
4. An alternative lifetime prediction approach utilizing fracture mechanics and damage
propagation principles was developed by Arizona State University (ASU)
a. There are many similarities in the GTI and ASU approaches as far as they both
rely on SIF distributions.
i. GTI utilizes the RPM
ii. ASU utilizes a damage propagation approach
b. Both methods provide acceptable predictions when validated against the
reference data sets
5. The lifetime prediction models allow the use of Markov Chain Monte Carlo (MCMC)
methods to evaluate the impact of various mitigation strategies on the reliability and
cost of maintenance of an Aldyl-A gas-distribution system
6. Intelligent data collection approaches were developed to facilitate the capture of
pertinent information, from a risk assessment perspective, from disparate data sources
a. Basic SmartForms were developed for:
i. First response forms
ii. Keyhole data collection forms
iii. Audit forms
b. The data captured by the SmartForms was connected to the relevant models
and Bayesian updating of the predicted risk profile was performed based on
the new information
c. These intelligent data collection forms are necessary for automated
compilation of data needed to electronically submit annual and semi-annual
pipeline integrity management program performance reports as specified in
Advisory Bulletin ADB-07-01
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Report Structure

Topics Covered and Deliverables
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Topics:
1. Rate Process Method

a. Ranking methods

b. Impact of inner wall surface on RPM
2. Polyethylene structure and molecular motion
3. Bi-directional shift factors

Deliverables:
1. Reference RPM model for Aldyl A
2. Model for correlating surface condition to RPM
ranking
3. Validated bi-directional shift factors for Aldyl A and
other polyethylene materials

A (JibETY

Topics:
1. Failure mechanism of polyethylene

2. Variance of stress in polyethylene pipes
3. What is a SIF
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Deliverables:
1. SIF for various polyethylene piping configurations
2. Probability distributions for SIF in polyethylene
piping systems with a quantification of uncertainty
for the mean
3. Method for combining multiple SIF in a coherent
manner
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Report Section

Topics Covered and Deliverables
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Topics:
1.

Need to adjust the control RPM model to account for
distribution of SIF included in the dataset

Need to calibrate standard SIF distributions for use
with the adjusted RPM model

Validation of the adjusted RPM model and calibrated
SIF

Deliverables:

1.

Universal model for SCG failure mode of Aldyl A
pipe

Calibrated SIF for known pipe conditions
Validation of model and SIF over four independent
reference datasets
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Topics:

Causal mechanisms for generating stress fields in
Aldyl A pipe

Methodology for addressing interacting causal factors
Calibration of Bayesian network to reference datasets

Deliverables:

1.

2.

Comprehensive expert system for Aldyl A piping
systems that addresses all interactions

Calibrated and validated Bayesian network for
predicting lifetime expectancy of Aldyl A piping
segments
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Report Section Topics Covered and Deliverables
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Image reconstruction and damage classification

<

2. Bayesian maximum entropy network

3. Creep crack growth prediction

4. Maintenance frameworks
Deliverables:

1. Algorithms for image reconstruction

2. Working Bayesian maximum entropy network

3. Validated creep crack growth model for lifetime
prediction for Aldyl A pipe segments

4. Framework for optimizing maintenance of Aldyl A
piping systems i.e. repair/replace balance
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Report Section

Topics Covered and Deliverables
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Semantics of decision support framework for Aldyl A
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Report Section Topics Covered and Deliverables

Topics:
Summarizes technical achievements and recommends
utilizing the methods developed in the project to transition
to probabilistic, reliability based risk assessment methods.
g Recommends establishing a Joint Industry Program (JIP) to
e, ;::’.’. develop guideline for this transition.
o
o P
CB) = Recommends that the JIP oversee the commercialization
3 and deployment of the structures light scanning tool that
m m . . . . .
a S can be integrated into existing keyhole technologies
[ob]
= 8
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Topics:
Lists future work effort in three areas:

<

1. Fitness for Service
2. Decision Support Systems
3. Sensing Damage via Internal Inspection

The future work efforts are designed to enhance the
methods developed, address potential weaknesses in the
approaches and further integrate disparate efforts that all
contribute to system risk and integrity.
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SUOTIEPUSWIWIODdY :(] UOWBOS

Slow Crack Growth Evaluation of Vintage Polyethylene Pipes Page 9 of 383 gtl



Technical Achievements of Project

Tools for Evaluating Risk

The primary objective of this project was to provide an integrated set of quantitative tools
that provide a structured approach to evaluating the latent risk in vintage polyethylene pipes,
such as Aldyl-A, that are common in gas distribution systems.

Polyethylene pipes undergo constant creep due to the nature of the material. The underlying
molecular mechanisms that enable creep are called relaxation mechanisms and they are
constantly in action. Basic molecular motions occur thousands, or millions of times per
second. If there is an external driving for that loads the polymeric structure, stresses will be
developed in the material. These stresses give directionality to the random molecular
motions that result in creep, and ultimately lead to failure of the polyethylene structure.

A primary deliverable of this project is a set of tools that define:

1. A Rate Process Method (RPM) model that defines the rate at which the polyethylene
will creep.
a. This rate is strongly dependent on temperature
b. The rate is also dependent on the stress in the polyethylene structure that in
turn depends on:
i. The geometry of the component
ii. The external loads acting on the component

2. The Stress Intensification Factors (SIF) that provide a simple means of translating the
nominal hoop stress of the pipe, which is very easy to calculate, to true stress. Well
defined and simple to apply SIF are essential to a workable risk evaluation method
that utilizes simple, well-known parameters such as: pipe size, ambient temperature,
system operating pressure, component configuration and other measurable
installation characteristics to arrive at a true component stress. The SIF developed in
this project, together with a single master RPM model underpin the lifetime
prediction methods presented in this project.

3. The RPM model and SIF can be used as-is to perform risk assessments given system
parameters, or they can be integrated into a tool that is capable of integrating all
threat interactions into a composite risk score. A deliverable of this project is a
Bayesian network that accomplishes this objective. A fully defined, calibrated and
validated Bayesian network is defined in this project.

Slow Crack Growth Evaluation of Vintage Polyethylene Pipes Page 10 of 383 gtl



Non-Destructive Evaluation in Confined Spaces, Fitness for Service, Replacement
Prioritization and Data integration

Secondary objectives of the project were: first, to provide a fitness for service approach that
can support replacement prioritization; second, utilize data from multiple sources such as in
ditch condition assessment and leak records; third, to provide a means to access the pipe in a
congested urban environment. These objectives were technically realized through:

1. A non-destructive tool that is capable of measuring pipeline configuration from inside
the pipe was developed and prototyped in this project. This structured light,
endoscopic measurement tool is a major breakthrough in assessing gas distribution
pipes as it allows the operator to measure pipeline geometry over large lengths of the
pipe without excavating the entire pipe. This measurement of pipe geometry from
inside the pipe allows identification of several critical defects such as: impingement,
squeeze-off, fittings, sudden displacements of the pipe, pipe deformations and other
defects that cause stress intensification. This direct measurement of features will
allow accurate SIF to be assigned to pipe segments. This will allow proper
classification of segment with regard to the anticipated stress fields that when plugged
in to the RPM model will provide probability of failure over time. This likelihood of
failure is a key component in determining the segments Fitness for Service (FFS).

2. A set of reliability based tools were developed that underpin optimization methods
for comparing repair/replace strategies over multi-year timeframes. These methods
are based on robust damage propagation methods that were calibrated and validated
against historic reference data. It was demonstrated that the Monte Carlo simulations
that these tool support are capable of evaluated multiple scenarios and providing
guidance as to the most effective risk management strategy over time

3. The tools developed in this project were integrated into a commercially available
Artificial Intelligence (AI) platform that is capable of merging multiple disparate data
sources, running the various risk assessment tools and providing insights driven be
sophisticated data analytics. Intelligent forms that facilitate in-field data gathering
and regulatory reporting requirement were also developed and demonstrated and
tested as part of this project

Summary

All of the project deliverables were met and tested via the components described above. A
comprehensive set of tools that can be practically applied in multiple approaches, from simpe
point applications, to enterprise wide decision support systems has been provided.
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1. Rate Process Models (RPM) for Aldyl-A Piping Systems

This section discusses the use of the Rate Process Method (RPM) in the context of
determining the Fitness for Service (FFS) of Aldyl A gas distribution pipe. The relevance of
the RPM in determining FFS of plastic piping is through the usefulness of the method in
determining the lifetime expectancy of a pipe under a given load at a given temperature. The
typical usage of the RPM correlates hoop stress to time to failure [1, 2]. This normal usage of
the RPM is not sufficiently accurate for determining FFS, so we have developed a set of
approaches for improving the accuracy of RPM predictions. These approaches will be
described in detail in Sections 2 and 3. The discussion in this section will follow the sequence
laid out in Figure 1-1.

Classic RPM, ASTM
and ISO

Discuss 1SO usage of
RPM with emphasis on
statistical analysis

Discuss ASTM usage of
RPM

Discuss Bragaw and
Colman Papers

Note that Coleman
identified the rate
process as molecular
jumps from nearest
neighbor

Note that Bragaw
emphasized the need
to know true stress at

the damage tip

Discuss RPM
reference data sets
for Aldyl A

Discuss ranking
methodologies
developed by GTI

Discuss impact of
inner pipe wall
condition on RPM
results

Discuss Bi-
directional Shift
Factors

Discuss molecular

Discuss combination
of RPM and bi-
directional shift

factors

Discuss molecular
structure of
polythylene

reconfiguration under
stress and Arrhenius
relation

Discuss shift factors as
related to relaxation
times

Figure 1-1. Sequence of topics for discussing the RPM in the context of FFS
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Classic RPM, ASTM and ISO

Kurdziel and Palermo [1] provide a concise overview of the development of the RPM in the
United Sates and how it became incorporated into ASTM standards. The insert below
reproduces the relevant portion of the paper.

The Rate Process Method (RPM) [1]

The concept and mathematical basis for using the Rate Process Method for polyethylene (PE) pipe and
fitting service projections was originally presented by Bragaw (2) (3). The Plastics Pipe Institute (PPI)
Hydrostatic Stress Board (HSB) conducted an extensive evaluation of this and other methods for forecasting
the effective long-term performance of PE piping materials. Basically, all these methods require elevated
temperature sustained pressure testing of pipe where the type of failure is of the slit or brittle-like mode.

As a result of these studies, HSB determined that the three-coefficient Rate Process Method (RPM)
equation provided the best correlation between calculated long-term performance projections and known
field performance of several PE piping materials. It also had the best probability for extrapolation of data
based on the statistical “lack of fit” test. Further validation of the Rate Process Method was made by
comparing RPM projections for PE pipe and fittings obtained at elevated temperatures with actual room
temperature laboratory failures for the same pipe and fittings (4).

Rate Process Method testing of pipe or fitting assemblies is conducted in accordance with ASTM D 1598,
“Standard Test Method for Time-to-Failure of Plastic Pipe Under Constant Internal Pressure” (5). Fittings are
joined to pipe using standard joining procedures. Conducting an RPM experiment requires a minimum of 18
to 20 specimens at various temperature/pressure conditions. As with any test protocol, increasing the
number of specimens provides a higher confidence level in the failure mode validation and limits.

Using slit failure mode data points, one calculates the A, B and C coefficients for the following three-
coefficient Rate Process Method extrapolation equation:

B (CLogS
Logt=A+——7og
T T

Where:

t = slit mode failure time (hours)
T = absolute temperature (K)
S = stress (psi)

Once the A, B and C coefficients are determined, the RPM equation can be used for various performance
projections (average failure time) at typical use temperature (average annual ground temperature) and
stress conditions.

The RPM provides the means for not only validating the long-term performance capacity for corrugated
HPDE pipe, but it provides a basis for assessing the manufacturer’'s quality assurance or quality control
program. After establishing the RPM coefficients, an appropriate single-point elevated temperature stress
rupture test may be established for quality purposes (6).

Mathematically, these RPM projections are sound. They are, however, not absolute and are subject to
various experimental errors, unknown deviations and judgment factors. The calculations from the RPM
equation are used in conjunction with other known mechanical, performance, and design factors specifically
relating to corrugated HDPE pipe to validate the service life projections for these applications.

2. C. G. Bragaw, “Crack Stability Under Load and the Bending Resistance of MDPE Piping Systems”, Seventh Plastic Fuel Gas Pipe
Symposium, New Orleans, October 1980.

3. C. G. Bragaw, “Service Rating of Polyethylene Systems by the Rate Process Method”, Eighth Plastic Fuel Gas Pipe Symposium,
New Orleans, November 1983.

4. E. F. Palermo, “Rate Process Method as a Practical Approach to a Quality Control Method for Polyethylene Pipe”, Eighth Plastic Fuel
Gas Pipe Symposium, New Orleans, November 1983.

5. American Standards Testing and Materials (ASTM), ASTM D 1598, “Standard Test Method for Time-to-Failure of Plastic Pipe Under
Constant Internal Pressure,” 2004.

6. E. F. Palermo, “Using Laboratory Tests on PE Piping Systems to Solve Gas Distribution Engineering Problems”, Tenth Plastic Fuel
Gas Pipe Symposium, New Orleans, October 1987.
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Kurdziel and Palermo point out that although the method is mathematically sound it is
subject to various experimental errors, unknown deviations and judgement factors.

The ISO approach to the RPM is described in “ISO 9080:2012 Plastics piping and ducting
systems -- Determination of the long-term hydrostatic strength of thermoplastics materials
in pipe form by extrapolation” [2]. The sections covering the principles and use of the
method are reproduced in the inserts below.

Principles [2]

The suitability for use of a plastics pressure pipe is first of all determined by the performance under stress of
its material of construction, taking into account the envisaged service conditions (e.g. temperature). It is
conventional to express this by means of the hydrostatic (hoop) stress which a plastics pipe made of the
material under consideration is expected to be able to withstand for 50 years at an ambient temperature of 20
°C using water as the internal test medium. The outside environment can be water or air.

In certain cases, it is necessary to determine the value of the hydrostatic strength at either shorter lifetimes or
higher temperatures, or on occasion both. The method given in this International Standard is designed to meet
the need for both types of estimate. The result obtained will indicate the lower prediction limit (LPL), which is
the lower confidence limit of the prediction of the value of the stress that can cause failure in the stated time at
a stated temperature (the ultimate stress).

NOTE The MRS value (at 20 °C) is usually based on data obtained using water as the internal and external
test medium. It is obvious that indeed all data are used for validation of regression curves at higher
temperatures (e.g. 70 °C), including the data obtained with air as the external medium (e.g. at 110 °C).

This International Standard provides a definitive procedure incorporating an extrapolation using test data at
different temperatures analysed by multiple linear regression analysis. The results permit the determination of
material-specific design values in accordance with the procedures described in the relevant system standards.
This multiple linear regression analysis is based on the rate processes most accurately described by
log10(stress) versus log10(time) models.

In order to assess the predictive value of the model used, it has been considered necessary to make use of
the estimated 97,5 % lower prediction limit (LPL). The 97,5 % lower prediction limit is equivalent to the lower
confidence limit of the 95 % confidence interval of the predicted value. This convention is used in the
mathematical calculations to be consistent with the literature. This aspect necessitates the use of statistical
techniques.

The method can provide a systematic basis for the interpolation and extrapolation of stress rupture
characteristics at operating conditions different from the conventional 50 years at 20 °C. Taking into account
the extrapolation factors (see 5.1.4), the extrapolation time limit can go up to 100 years.

It is essential that the medium used for pressurizing the pipe does not have an adverse effect on the pipe. In
general, water is considered to be such a medium.

Long consideration was given to deciding which variable should be taken as the independent variable to
calculate the long-term hydrostatic strength. The choice was between time and stress.

The basic question the method has to answer can be formulated in two ways as follows.

a) What is the maximum stress (or pressure) that a given pipe system can withstand at a given temperature for
a defined time?

b) How long will a pipe system last when subjected to a defined stress (or pressure) at a given temperature?
Both questions are relevant.

If the test data for the pipe under study does not show any scatter and if the pipe material can be described
perfectly by the chosen empirical model, the regression with either time independence or stress independence
will be identical. This is never the case because the circumstances of testing are never ideal nor will the
material be 100 % homogeneous. The observations will therefore always show scatter. The regressions
calculated using the two optional independent variables will not be identical and the difference will increase
with increasing scatter.

The variable that is assumed to be most affected by the largest variability (scatter) is the time variable and it
has to be considered as a dependent variable (random variable) in order to allow a correct statistical treatment
of the data set in accordance with this method. However, for practical reasons, the industry prefers to present
stress as a function of time as an independent variable.
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Use of the methods [2]

This extrapolation method is designed to meet the following two requirements:

a) To estimate the lower prediction limitl) (at 97,5 % probability level) of the stress which a pipe made of the
material under consideration is able to withstand for 50 years at an ambient temperature of 20 °C using water or air
as the test environment.

b) To estimate the value of the lower prediction limit (at 97,5 % probability level) of the stress, either at different
lifetimes or at different temperatures, or on occasion both.

There are several extrapolation models in existence, which have different numbers of terms. This SEM will use only
models with two, three or four parameters.

Adding more terms could improve the fit but would also increase the uncertainty of the predictions.

The SEM describes a procedure for estimating the lower prediction limit (at 97,5 % probability level) whether a knee
(which demonstrates the transition between type A and type B crack behaviour) is found or not (see Annex B).

The materials have to be tested in pipe form for the method to be applicable.

The final result of the SEM for a specific material is the lower prediction limit (at 97,5 % probability level) of the
hydrostatic strength, expressed in terms of the hoop stress, at a given time and a given temperature.

1) In various ISO documents, the lower prediction limit (LPL) is referred to as the lower confidence limit (LCL),
where LCL is the 97,5 % lower confidence limit for the mean hydrostatic strength.

The ISO document makes it very clear that there will always be scatter in the data due to
non-ideal testing circumstances and material inhomogeneity. The ISO method requires the
use of a statistically developed Lower Prediction Limit (LPL) in extrapolating from the
empirically derived model. We will make extensive use of statistically derived prediction
limits in the development of our RPM based model for FFS determination.

Discussion of Coleman and Bragaw Papers

Bragaw [3, 4] developed the RPM as a tool for predicting the service life of polyethylene
pipes and fittings. Bragaw references an earlier work by Coleman [5] in which Coleman
noted that the ultimate strain at break of polymeric filaments at a given temperature was
invariant with regard to the rate of loading. This suggested to Coleman that a simple
superposition principle could be developed for calculating the time to break by creep failure
under an arbitrary loading history. The model that he selected was that of rate process
theory, where the number of jumps away from their nearest neighbors that elements of the
polymer chain take, is the process whose rate we are measuring. In other words, the RPM
fundamentally measures the rate of creep of a polymer unit under stress at a given
temperature. Coleman developed the mathematical model, performed experiments with
multiple fiber constructions, and found that the time to failure is adequately described by a
rate process model as shown in Figure 1-2.
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Fig. 1. Experimental plot of the logarithm of lifetime in seconds
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sectional area of the unloaded yarn.

Figure 1-2. Linear relationship of logio(time to failure) as a function of stress [5]

Bragaw built upon Coleman’s model and developed the RPM model as described by Kurdziel
and Palermo [1]. Bragaw notes a key point that is highlighted in the excerpt from his 1982
paper in the insert below: to correctly model the time to failure we need to know the true
stress in the volume in which the failure is propagating through the pipe wall. He points out
the difficulties of determining this stress at the time of publication. At the present time, we
have many more tools at our disposal to address the true stress problem and in this project,
we have devoted considerable effort to developing Stress Intensification Factors (SIF) that
can be used as a linear multiplier for hoop stress in a RPM equation. These methods will be
described in detail in subsequent sections, but at this point it is sufficient to note that it is
possible to calculate a SIF, or stress riser, that allows us to use a single reference RPM model,
together with this SIF, to perform FFS calculations. A SIF (stress riser) of “1” describes a
situation where the nominal hoop stress adequately describes the stress state of the pipe. We
will use this SIF in the illustrative figures that follow.
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Following Coleman(7), rate process theory describes the rate at which a
rupture process proceeds by the equation

_|e-fa/2
. - )
de _ KT &
dc n
where de is fracture rate, t is time, T is absolute temperature, o is true

dt
stress at activated sites, £ is activation emergy, and the rest are constants.
Coleman simplified this expression to find
A m=1 A =1 F%
log t = Ag T A T o (2)
Two difficulties arise when theoretical Equation 2 is applied to analysis
of practical test data cbtained on pressurized pipe, fittings, and joints
First, the stress o in Equations 1 and 2 is the true stress in the activated
volume near the crack tip. Because overall geometry is very complex, crack
tip radius is wlmowm (and varies during propagation), and crack length wvaries,
true stress ¢ camot be calculated from system test pressure. Further, o must
vary with time under load even though pressure is maintained constant. Second,
Equations 1 and 2 describe only a single activated process, and many com-
l':lf"l—.{ﬂ:_"—': ]')';'{'I-L'E'H.:—CEF,‘ 'I"H}? hE 'FI'['E'SE'H'_'_ Fﬁ'lr_‘ T_'TF]HHI‘ i 'i:'IT? !_I'[I'.I r.}!!—' (]llt'.r.i]i—': .[Hll 11.'.[’(—!
mechanism to the slit failure mechanism is an example of one of many possible
mechanistic transitions. The experimenter must carefully examine specimen
failure mode to avoid mixing failures having different mechanisms.

The indeterminacy of true crack tip stress has led us to explore the
statistical fit of a nurber of mathematical models relating temperature and
pressure to test or service life of piping components. All mathematical
models were closely related to theoretical Equation 1.

Excerpt from Bragaw, C.G. The Forecast of Polyethylene Pipe and Fitting Burst Life
Using Rate Process Theory. in 5th International Conference on Plastic Pipes, York
UK. 1982.

Reference RPM Data for Aldyl A

GTI has a database of over 1400 Aldyl-A data points collected over the past decade. This data
set includes about 400 reference data points generated by Palermo, working with Bragaw and
others, at the DuPont company in their investigation and characterization of the Low Ductile
Inner Wall (LDIW) condition that was known to cause premature Slow Crack Growth (SCG)
failures of Aldyl A pipe. GTT also has several hundred well documented pipe and fitting
failure points generated through long term testing of pipe exhumed from multiple areas after
40-45 years in service. This recent utility data set is consistent with the full data set that
spans two decades of testing, indicating that the Aldyl-A pipe in the utility systems is no
better than, and no worse than the piping systems evaluated to date.

L]
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To illustrate this point a reference temperature of 15°C (59F) has been selected, as it is the
upper bound of the ground temperatures in many gas distribution systems. The distribution
of the utility data relative to the reference data is the same for all temperatures, but the
absolute stress versus time to failure values change from temperature to temperature.

A stress riser of one (1) is used in the following example plots to capture the behavior of pipe
subjected to internal pressure alone.

In the charts that follow the diagonal lines depict the performance characteristics of the
DuPont control material. The control material is material that performed as originally
designed and specified in the official listing of the material. The solid black line is the mean,
or nominal performance of the material at the reference temperature for the chart.

The additional lines depict prediction limits at various levels of confidence expressed in
natural frequencies of the proportion of data points, sampled from the control pipe, that
would be expected to fall below each line (e.g., 1 in 10, 1 in 100 etc.) for the lower prediction
bounds, and 9 in 10, 99 in100 etc. for the upper prediction bounds.

The bands between the diagonal lines can be used to assign relative rankings (relative to the

expected lifetime at the given stress and temperature) to the points falling in the various
bands.

The open grey circles are all of the reference data GTI has collected over the years.
The colored symbols depict various DuPont and Utility Data Sets.

DuPont LDIW reference data was generated by DuPont using pipe known to exhibit the
LDIW condition as defined by DuPont.
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23 °C Reference Temperature Plot of Aldyl A Test Data With All Historic Data Points for Reference. Stress Riser=1
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Figure 1-3 shows the control data developed by DuPont that will be used to develop the
reference RPM model that forms the basis of the FFS calculation method developed in this
project. Figure 1-4 shows the DuPont LDIW data set together with utility data from
exhumed pipe relative to the control data set.
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23 °C Reference Temperature Plot of Aldyl A Test Data With All Historic Data Points for Reference. Stress Riser=1
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Figure 1-4. Data Set 5 Points at 15°C Showing Correspondence with DuPont LDIW Data
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Three simple methods are available to us to assign easily-understood relative rankings to the
individual data points generated via RPM testing

Material Ranking

The “Material Ranking” is based on the prediction limit bands calculated from the RPM
model obtained from running multiple linear regression on the DuPont control data set
according to ISO 9080 [2].

4.1 General model for the regression analysis according to 150 9080
The general 4-parameter model used in 150 9080 is the following:

L090)=C, + G-+ Gy Loglo)e - 2220

.

where

G toCe  pavameters used in this model

t time to farlire i

T Termperature K

o Hoop stress dPal

e error varable Laplace-Gavssian dstribution, with zero mean and
constant variance (the errors are assumed to be
independent)

The 4-parameter model shall be reduced to a 3-parameter model if the probability level of Cs
15 greater than 005.1e C3=0.

Figure 1-5. The General RPM Model as Described by ISO 9080

Table 1-1. DuPont Control Model Parameters for 3 Parameter ISO 9080 Model

Parameters ‘ C1

Value -17.6172 | 9485.337 | -898.536
Standard Error | 0.703265 | 296.4989 | 33.90417

. CovarianceMatrix .

0.898 0.080944

6.110133978 -2487.297563 152.8993481
-2487.297563 1086051.522 -89681.8456
152.8993481 -89681.8456 14201.01238

L]
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The material model fully described in Table 1-1 enables us to calculate prediction intervals
for any desired level of confidence using standard statistical methods as described by
Montgomery [6] p468 where the prediction of new observations is discussed:

=~ ~ ! / —_ =~ ~ ! / _ E 1 1—1
Vo—ta, , \/02(1 +x5(X'X)1xg <Yy < Jo + ta, \/02(1 + x5(X'X) " 1xg quation

Yo — response variable, in this case the predicted lifetime in hours

Xo — the input vector [1 1/T Log(s)]. Note: Log refers to log base 10 in this equation
(X’X)! — is the covariance matrix given in Table 1-1

T — absolute ambient temperature in Kelvin

s — hoop stress in the pipe at operating pressure in psi

c? — the variance of the data set

o - the desired confidence level e.g. 0.05 for a 95% two-sided confidence interval
n — the number of samples in the data set

p — the number of parameters being estimated, 3 in this instance

t — the t statistic for the desired confidence and degrees of freedom in the data set

Equation 1-1 was used to generate the diagonal lower and upper prediction limit lines shown
in the plots above. The confidence levels were set to reflect natural frequencies of 1 in 10, 1
in 100, 1 in 10,000 and 1 in 1,000,000 for the lower prediction limits and 9 in 10, 99 in 100,
9,999 in 10,000 and 999,999 in 1,000,000 for the upper prediction limits. Natural frequencies
are easier to grasp in this context — they reflect the number of future observations we would
expect to fall below each of the prediction limit lines.

The analysis described above is very formal and reflects the confidence we have in the
DuPont reference data set. The data set is good as can be seen in low variance and good R? of
the model.

The prediction bands, Figure 1-6. Relative Ranking Bands for Material RPM Performance
Relative to DuPont Reference DataFigure 1-6, are appropriate for highlighting how the data
sets we develop from samples extracted from the field perform in an absolute sense relative
to the DuPont data.
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15 °C Reference Temperature Plot of Aldyl A Test Data With All Historic Data Points for Reference. Stress Risers1
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Figure 1-6. Relative Ranking Bands for Material RPM Performance Relative to DuPont
Reference Data

There is a drawback in looking only at this relative ranking as data can fall in a band that
indicates that the buried pipe is performing well below the reference performance. This may
be true in an absolute sense, but does not address the operational implications of this below-
par material performance.

Two additional reference rankings can be used to address the operational implications:
1. The hoop stress at which the specimen failed
2. The time at which the specimen failed

These two additional rankings can be scaled relative to the operating stress of the pipeline
and the desired residual pipe lifetime.

Failure Stress Ranking

The system in question operates at 45 psig that will cause a hoop stress in SDR 11 pipe of
225 psi. In this report the relative ranking levels were chosen to be 100 psi, 200 psi, 300 psi,
and 400 psi for convenience. This choice is arbitrary and subjective and can be changed by
subject matter expert consensus at any time. Figure 1-7
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Failure Time Ranking

The failure time ranking levels were chosen to be 10 years, 20 years, 30 years, and 40 years.

This choice is arbitrary and subjective and can be changed by subject matter expert
consensus at any time. Figure 1-8

Operational Relative Ranking

The three rankings described above can be combined into a relative ranking that takes into

account the material performance, system operating pressure and the desired residual
lifetime of the pipe as follows:

Operational Ranking

= i/Material Ranking * Failure Stress Ranking » Failure Time Ranking

The relative ranking score obtained by applying Equation 1-2 scales from 1 to 5. The

Equation 1-2

component scores are integers, but the resultant operation ranking will be a real number.

15 °C Reference Temperature Plot of Aldyl A Test Data With All Historic Data Points for Reference. Stress Riser=1

Shifted Time to Failure [y]

< T
T \ k“"— el T
1 . '-““'“--._\_ T T
- T e iz ..
- y 0l ) o -
. \ . -
\\‘\\ S i g
4 . e 1) e
- "“-'-._‘_x el =
. 1 b ™ .
\\\""\-... Sl -
] "-\\ ‘H-""-\, ]
T Rt
ot
2 \ ~
@ - -
z e ey e % . \\\
n 400 psi Hoop Stress <= Relalivir Ranking 1 | . ]
a L e et %
g ¥
- o
7 A
E Y
@
A
1 im 1,000,000
<= 1 i 0000 Y
1 in 00 A
1im W0
mean
im0
— = =88 100
8990 in 10,000
556,995 In 1,000,000 ¥
2 L
o A
F { i H 5
L I
10" 10° 1 10

Figure 1-7. Relative Ranking Bands for Failure Stress Relative to Absolute Hoop Stress in psi
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15 °C Reference Temperature Plot of Aldyl A Test Data With All Historic Data Points for Reference. Stress Riser=1
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Figure 1-8. Relative Ranking Bands for Failure Time Relative to Absolute Time to Failure in
years

Some typical output (Data Set 1, 1969 vintage Aldyl A, approximately 45 years in service ) is
presented in Figure 1-9 to Figure 1-12. We can see that the materials RPM performance puts
it in medium to high risk bands, however the test stresses translate to very high operational
pressures at the reference temperature and all of the failure points are in a low operational
risk band looking at operating stress alone. Looking at the projected times to failure we see
that most of the points are projected to relatively low failure times, placing them in medium
to very high risk looking at projected failure times alone. The composite operational risk is
low to medium in the absence of fittings, squeeze-offs, or other installation conditions that
could introduce a SIF. It is extremely important to have good knowledge of potential SIF to
conduct a complete FFS evaluation. We will comprehensively address SIF in later section of
the report.

The histograms are a simple count of how many individual data points from the long-term
hydrostatic RPM testing fell into each ranking category for the data sub-set being analyzed.
A histogram is presented for each of the three rankings described above for a single
illustrative example: Data Set 1 (1969), 15°C ground temperature and a stress riser of 1
representing straight pipe under hydrostatic pressure with no fitting or installation condition
induced stress risers.
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Histogram for Material RPM Relative Ranking for Data Set 1 at T = 15°C and Stress Riser =1
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Figure 1-9. Material RPM Relative Ranking for Data Set 1 @ 15°C
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Figure 1-10. Failure Stress Relative Ranking for Data Set 1 @ 15°C
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Figure 1-11. Failure Time Relative Ranking for Data Set 1 @ 15°C
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Figure 1-12. Operational Relative Ranking for Data Set 1 @ 15°C
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The Impact of Pipe Inner Wall Surface Condition on Ranking Scores

During the investigations carried out under the Operations Technology Development (OTD)
funded project 2.8.d (GTI 20649) that developed risk models for Aldyl A gas distribution
piping, it was noted that certain surface features visible in Cross-Polarized Light Microscopy
(CPLM) and Scanning Electron Microscopy (SEM) appeared to correlate to times to failure in
the RPM testing of pipe specimens. A categorical logistic regression model yielded
surprisingly good predictive power as shown in Figure 1-13. The results of this study were
presented at Plastics Pipes XVII in Chicago, IL September 2014 [7]. In this paper the term
“Risk” is used out of context relative to risk assessment where risk is probability of
occurrence multiplied by the consequence of the probable event if it occurs. Here the usage
of riskis: “someone or something that creates or suggests a hazard” e.g. “There is a risk of
liver damage with this medication”, “Pipes with these surface features present have an
increased risk of reduced lifetime expectancies due to the lower resistance to damage
associated with the presence of these features.”.

Surface Feature Model Prediction vs RPM Risk Score Calculation for
Aldyl A
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Figure 1-13. Initial Surface Feature Model for Predicting “Risk” Scores

This kind of model is extremely useful for pipeline operators in that it can help narrow down
the conditional probability estimates of low lifetime expectancy given the presence of these
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features. Table 1-2 shows visually how the presence of these features correlates with “Risk”
ranking calculated from the DuPont control RPM model and the DuPont LDIW RPM model.

Table 1-2. Data for Initial Surface Feature Model

Risk CPLM Risk CPLM
Crystal Fiber [rod) Rank Crystal Fiber [rad)

0

0 0
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Figure 1-14 and Figure 1-15 show examples of the surface features.
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Figure 1-14. SEM image showing Crystals, Rods and Micro-crack
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Figure 1-15. SEM Image Showing Dimples
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Table 1-3 shows the data for an improved surface feature model where the initial surface
feature model was improved by including relative rankings derived from Oxidation
Induction Time (OIT) from thermal testing and Carbonyl Index (CI) from Fourier Transform
Infrared (FTIR) testing.

Table 1-3. Data for Expanded Surface Feature and Thermal Characteristics Model

et B e e P e e e e et P e

: o _ Micro Fiber _ _ )

ILIMSNo LTHSId  |SamplelD Dimple Crystal CPLM | QIT Risk | FTIR Risk |Risk Scorg

! SamplelD crack (rod)

I

I 111174-001 452 E1A E1A 1 1 1 1 10 1 1 0.6 |

I 111174-002 455 E1B E1AB 1 0 1 0 15 1 1 0.6 :

| 111174-006 456 ESBE ESBC 1 1 1] 1 10 2 1 1.1 :
111174-012 451 E10B E10A 1 1 0 0 10 3 1.7 :
111174-014 457 E12 E12 1 1 0 1 10 2 1 1.7 i
111174-015 458 E47 E47 1 1 0 0 10 1 1.7 :
111174-018 461 E200C E200C 1 1 1 0 25 3 1 1.7 :
111174-019 462 E207A E207AB 1 1 1 1 30 3 1 1.7 :
111174-029 472 E211C E211CD ] ] 0 0 10 3 1 1.7 i

i 111174-030 473 E213A E213A 0 1 0 0 10 3 1 1.7

I 111174-031 474 E213B E213B ] ] 0 0 10 3 1 1.7

i 111174-032 475 E217A E217AB 0 0 1 0 20 3 1.7

} 111174-034 477 E217C E217BC 0 0 1 0 3 1 1.7

I 111174-035 478 E217D E217CD ] ] 1 1 20 3 1.7

: 111174-036 479 E224A E224AB 0 0 1 1 10 3 1 1.7

i 111174-037 480 E224B E224B ] ] 1 0 10 3 1 1.7

i 111174-039 482 E224D E224D 0 0 0 0 3 1.7 :

l 111174-041 484 E226B E226B 0 1 1 0 20 3 1 2 :

I 111174-042 485 E230A E2304A ] ] 1 0 10 3 1 2 :

I 111174-043 486 E230B E230BC 0 0 0 0 15 3 1 2.2 :

i 111174-044 487 E230C E230CD 1 1 0 1 10 2 1 2.2 :
111428-001 489 EA01A E401A 1 1 0 1 2 2.2 :
111428-002 430 E4A01B EAQ01BC 1 1 0 0 10 1 2.2 i
111428-005 491 E401E E401E 1 1 1 1 10 1 2.2 :
111428-007 492 E402B EA02AB 1 1 1 0 10 1 2.2 :
111428-009 433 EA02D E402CD 0 0 1 0 10 1 2.2 :
111428-010 494 E402E E402DE ] ] 0 0 10 3 2.2 :
111428-012 496 E403B E403CD 1 0 1 1 20 3 2.2 I

I 111428-015 497 E403E E403DE 1 1 0 1 25 3 1 2.2

i 111428-016 498 E404A EA04AB 1 1 1 0 10 3 1 2.2

} 111428-019 499 E404D EA04DE 1 1 1 1 30 3 2 2.2

I 111428-021 500 E405A E405AB 1 1 1 0 30 3 1 2.2

: 111428-023 502 E405C E405CD 0 0 0 0 20 3 1 2.2

i 111428-025 304 E405E EA05DE 0 0 1 0 10 3 1 2.2

i 111428-029 505 E406D E406D 1 1 1 1 10 3 1 25 1

l 111428-032 306 EA07C EA07CD 1 1 1 1 10 1 1 2.5 :

I 111428-034 507 E407E E407E 1 1 0 0 2 25 :

I 111428-035 508 EA0EA E408A 0 0 1 1 10 3 2.5 :

i 111428-041 309 E410A E410AB 0 0 1 1 10 3 2.5 :

} 111428-042 510 E410B E410BC 1 1 1 1 15 3 1 25 :
111428-044 311 E410D E410DE 1 1 1 1 20 3 2.5 i
111428-046 512 E411A E411A ] ] 1 1 20 3 25 :
111428-048 513 E411C E411CD 1 1 1 0 10 3 1 2.5 :
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o ) Micro Fiber
LIMSNo LTHSId  |SamplelD Dimple Crystal CPLM
SamplelD crack (rad)
111428-048 513 E411C E411CD 1 1 1 0
111428-053 314 E412C E412BC 1 1 1 0
111428-054 515 E412D E412DE 1 1 0 1
111423-001 316 E413A E413A 1 1 1 0
111429-007 518 E4144 E4144 1 1 1 0
1114295-012 519 E4154A E415A 1 1 1 0
111429-018 520 E416B E4164A 1] 1] 0 0
111425-024 521 E417C EA17CD 1 0 0 0
111429-026 522 E417E E417E 0 0 0 0
111429-027 523 E418A EA1E8AB 0 1 0 0
111429-031 323 E413E E418DE 0 0 1 1
111429-033 526 E419B E4194 1 1 1 0
111429-035 227 E413D E413CD 1 0 1 1
111429-040 528 E420D E420E 1 1] 1 1
111425-042 329 E4214A EA21AB 1 1 1 1
111429-045 530 E421D E421DE 1] 1] 1 0
111425-048 531 E422B EA22AB 1 1 1 0
111429-049 532 E422C E422CD 1 1 1 0
111429-050 533 E422D E422E 1 0 1 0
131119-012 343 E19 E2 1 1 1 1
1321115-016 247 E21B E21B 1 1 1 0
131119-013 343 E331A E331AB 0 0 0 0
121119-019 550 E331C E331CD 1 1 1 1
131119-021 352 E332A E332BC 1 1 1 1
131119-022 553 E332D E332CD 1 1 1 1
131119-023 554 E333A E333AB 1 1 1 0
131119-024 555 E333D E333DE 1 1] 1 1
131119-025 556 E3344A E334BC 1 1 1 1
131119-026 557 E334D E334D 1 1 1 0
131119-027 558 E335A E335AB 1 1 1 1
131119-028 359 E335B E335CD 1 1 1 1
131119-029 560 E3364A E336AB 1 1 0 0
131119-030 361 E336C E336CD 1 1 1 0
1321119-031 562 E337A E337AB 1] 1] 0 0
131119-032 563 E337C E337CD 1 1 1 0
131119-033 564 E337D E337DE 1] 1] 0 0
131119-035 566 E338C E338BC 0 0 0 0
121119-036 567 E338D E338DE 1 1 0 0
131119-037 568 E333E E332EF 0 0 0 0

Figure 1-16 shows the performance of the improved model graphically.
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Figure 1-16. Revised Surface Feature Model

The early surface correlation model was further refined for this project by rigorously
documenting the surface condition and thermal characteristics of 16 long-term hydrostatic

test specimens of Aldyl A pipe from a large set of exhumed pipe covering vintages from 1969
to 1974. The data set is presented in Table 1-4.
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Table 1-4 — Improved Surface Condition Ranking Model: 14 correct predictions, 2 conservative
errors; 87.5% success rate

Boundary| Surface RPM Predicted
oIT FTIR-CI ) )
Crystals | Crystals Ranking | RPM Ranking

[TV PSSV SN I PSRN UV FIRNY SN FRENY SR PN

[N SN [FEENY) RENY FEEN OV RN R N RN TN

NNww.hwl—\l—\l—\l—\l—\l—\l—\w.bI

NIWWW[WININININITWINWIN|IWS W
NIWIWIWIWIWINININIWINIWIWlws W

(S ISV N VN TN I S (0%}

The inputs considered for the model were:
1. Binary for the presence, or absence of:

a. dimples,
b. micro-cracks, and
c. rods.

2. Scaled for the presence of crystals on:
a. The spherulitic boundaries, and
b. Across the surface of the spherulites.
3. OIT results, and
4. FTIR results quantified via the Carbonyl Index (CI).

A method for counting the number of crystals per unit length, or area was developed and the
count was normalized to a scale of 1 to 5 where 1 reflects the minimum number and 5 the
highest number of crystals observed. The OIT and FTIR results were scaled in a similar
manner.

A logistic regression model was developed for predicting the Material Ranking
Categorization established from the RPM testing described above.

o
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The regression model correctly predicts 14 of the 16 results, with the missed pair of points
being conservatively over estimated for severity of ranking. The success rate of the model is
87.5% (14/16) — the results are shown graphically in Figure 1-17.

Surface Feature and Thermal Properties Model for Predicting Aldyl A relative Material Ranking Category
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Figure 1-17. Performance of Surface Feature and Thermal Properties Model for Material
Ranking Category Prediction

In Figure 1-18 to Figure 1-33 we show the probabilistic RPM performance band prediction
from surface features and thermal characteristics of each specimen. We do this to emphasize
that the prediction is probabilistic and that we should select the band with the highest
probability (most likely estimate). We can see that for most data points the choice is clear
cut, but for some there is close to a 50% likelihood that the point falls in each of two adjacent
bands. This was the output for four (4) specimens. The model correctly selected two (2) of
these specimens and incorrectly categorized the remaining two. In this case the errors were
conservative, but this is likely to be due to random chance and not inherent conservatism in
the model.
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Surface Feature and Thermal Properties. Model for Predicting Aldyl A relative Material Ranking Category for Data Point 1
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Figure 1-18. Probabilistic prediction of RPM performance band for data point 1

Surface Feature and Thermal Properties. Model for Predicting Aldyl A relative Material Ranking Category for Data Point 2
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Figure 1-19. Probabilistic prediction of RPM performance band for data point 2
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Surface Feature and Thermal Properties Model for Predicting Aldyl A relative Material Ranking Category for Data Point 3
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Figure 1-20. Probabilistic prediction of RPM performance band for data point 3

Surface Feature and Thermal Properties. Model for Predicting Aldyl & relative Material Ranking Category for Data Paoint 4
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Figure 1-21 Probabilistic prediction of RPM performance band for data point 4
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Surface Feature and Thermal Properties Model for Predicting Aldyl A relative Material Ranking Category for Data Point
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Figure 1-22. Probabilistic prediction of RPM performance band for data point 5
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Figure 1-23. Probabilistic prediction of RPM performance band for data point 6
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Surface Feature and Thermal Properties Model for Predicting Aldyl A relative Material Ranking Category for Data Point T
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Figure 1-24. Probabilistic prediction of RPM performance band for data point 7
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Figure 1-25. Probabilistic prediction of RPM performance band for data point 8
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Surface Feature and Thermal Properties Model for Predicting Aldyl A relative Material Ranking Category for Data Point 3
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Figure 1-26. Probabilistic prediction of RPM performance band for data point 9

Surface Feature and Thermal Propertios Model for Predicting Aldyl A relative Material Ranking Category for Data Point 10
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Figure 1-27. Probabilistic prediction of RPM performance band for data point 10
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Surface Feature and Tharmal Properties Model for Predicting Aldyl & relative Material Ranking Category for Data Point 11
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Figure 1-28. Probabilistic prediction of RPM performance band for data point 11

Surface Feature and Thermal Propertios Model for Predicting Aldyl & relative Material Ranking Category for Data Point 12
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Figure 1-29. Probabilistic prediction of RPM performance band for data point 12
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Surface Feature and Thermal Propertios Model for Predicting Aldyl & relative Material Ranking Category for Data Point 13
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Figure 1-30. Probabilistic prediction of RPM performance band for data point 13

Surface Feature and Thermal Propertios Model for Predicting Aldy| A relative Material Ranking Category for Data Point 14
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Figure 1-31. Probabilistic prediction of RPM performance band for data point 14

L]
Slow Crack Growth Evaluation of Vintage Polyethylene Pipes Page 42 of 383 gtl



Surface Feature and Thermal Propertios Model for Predicting Aldyl & relative Material Ranking Category for Data Point 15
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Figure 1-32. Probabilistic prediction of RPM performance band for data point 15

Surface Feature and Thermal Propertios Model for Predicting Aldy| A relative Material Ranking Category for Data Point 16
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Figure 1-33. Probabilistic prediction of RPM performance band for data point 16
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Applying the Surface Correlation Model

The usefulness of the surface correlation model in reducing predictive uncertainty is
illustrated in the example presented below. Three data points falling into three different
RPM bands as ranked by the long-term testing result were selected. The points are
highlighted in Table 1-5.

Table 1-5 — Data for Evaluating Use of the Model (Table sorted by stress)

LIMS r::::‘zl 23 [cpif; €58 23°C Time [y] Location | Vintage
152246-014 2 401 134 Data Set 2 1970
152244-004 2 410 110 Data Set 4 1971
152243-052 4 469 10 Data Set 2 1970
152243-053 3 471 16 Data Set 2 1970
152246-009 2 507 61 Data Set 2 1970
152244-012 2 511 62 Data Set 4 1971
152299-013 2 514 39 Data Set 1 1969
152245-025 2 514 41 Data Set 3 1974
152299-009 3 556 7 Data Set 1 1969
152299-003 2 556 27 Data Set 1 1969
152299-011 3 605 6 Data Set 1 1969
152244-006 3 620 11 Data Set 4 1971
152299-010 3 827 6 Data Set 1 1969
152244-013 3 963 11 Data Set 4 1971
152299-006 3 989 2 Data Set 1 1969
152243-004 3 1164 2 Data Set 2 1970

The material rankings for the three samples are 2, 3 and 4. The RPM data points for the
samples with rankings 2 and 4 fall in the range of test stresses that correspond to pipe
operating at 45 psig with stress risers in the 2.2 to 3.1 range (very common in installations).

The reference temperature used in this example is 23°C as it is the standard reference
temperature used in many baseline calculations. The same method would be used for any
chosen reference temperature (e.g., 15°C, or 10°C). The predicted material rankings are
constant across all temperatures — they simply need to be applied to the correct reference
temperature graph for the analysis at hand.

The region of the graph being discussed is highlighted with a shaded ellipse in Figure 1-34.
The RPM test data indicate that the expected lifetimes in this stress range can be anywhere
from about 3 years to 70 years.
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Figure 1-34. Highlighting Correctly-Predicted Reference Categories for Three Example Points

If we take advantage of the material ranking prediction the expected residual lifetime ranges
are narrowed as follows for the case of a pipeline operating at 45 psig (225 psi hoop stress for
DR 11 pipe) and at a stress riser of 2.2 (=500 psi/225 psi):

1. Material Ranking 2: 38-80 years, 42-year range.

2. Material Ranking 3: 13-38 years, 25-year range.

3. Material Ranking 4: 6-13 years, 7-year range.
The expected lifetime prediction is now more precise and gets more specific as the relative
material ranking moves towards a higher likelihood of failure. This is due to the power law
relationship between stress and time to failure — when plotted on a log-log set of axes we get
straight lines, but each decade is an order of magnitude shorter than the decade to the right
along the x-axis and the gradations are not linear.

Surface Correlation Conclusions

1. The revised version of the surface-feature model is a significant improvement over
the previous version.

2. The surface feature analysis needs to be expanded to the full RPM data set in
future work as well as the retained samples from the OTD 2.8.d (20649) dataset.
The combined data sets would give approximately 200 points that can be properly
divided into training, check and validation data sets for a “production” model that
can be reliably used in system integrity models.
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Bi-directional Shift Factors

In the examples above we have presented entire data sets that were generated at multiple
temperatures in accordance with the RPM, at single reference temperatures. This is achieved
by applying bi-directional shifting to each data point [8-11]. We will now discuss how to
develop these bi-directional shift factors, how they relate to the RPM, and creep in
polyethylene in general.

The molecular Structure of Polyethylene

We noted above that the model that Coleman [5] selected was that of rate process theory,
where the number of jumps away from their nearest neighbors that elements of the polymer
chain take, is the process whose rate we are measuring. We will now explore this concept in
a little more detail with respect to polyethylene molecular structure. Figure 1-35 shows the
basic structure of a polyethylene molecules that are an approximately linear chain of
ethylene monomers.

Ho A H HHH
c=c R
,C=C, —C—C—C—C—
H H [ I
H H H H
Fig. 1.1. Ethylene and polyethylene
Fig. 2.1. The steric structure of PE. Rotations about the C-C bonds result in
a change in the conformation
20
CHy
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Fig. 2.2. Potential energies associated with the rotation of the central C-C bond
for ethane (broken line) and butane (econtinuous line). The sketches show the two
molecules in views along the C—C bond

Figure 1-35. Polyethylene Structure and Potential Energies for Rotation of C-C Bond [12]
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It is possible for the C-C elements to rotate about their axis. The lower sub-figure in Figure
1-35 shows the potential energy associated with each of these rotations. These rotations are
one of the basic ways in which we can get “local” reorganization of an individual
polyethylene molecule. In the solid-state there are many polyethylene chains in close
proximity to one another and many more modes for reorganizing the structure come into
effect. Figure 1-36 and Figure 1-37 show the unit cell structure and a possible mechanism for
long chains to order themselves into the semi-crystalline structure typical of medium and
high-density polyethylene used in gas distribution piping systems.

Fig. 5.12. Unit cell of PE crystallites: Orthorhombic symmetry, a = 7.42 A,
b= 495 A, ¢ = 2.55A. Each cell is occupied by two CsHy groups. Structure determi-
nation by Bunn [39]

Figure 1-36. Unit Cell Structure of PE Crystallites [12]

Fig. 5.7 The ‘solidification
model’ of the
crystallisation process,
showing how a chain can
be incorporated into a
lamellar structure without
significant change of
overall shape.
(Reproduced by
permission of IUPAC.)

Figure 1-37. Solidification model of Crystallization Process [13]
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There are several methods available to us for probing the mechanical and electromagnetic
responses of polyethylene under cyclic loading. Nuclear Magnetic Resonance (NMR) and
Dynamic Thermo-Mechanical Analysis (DTMA) techniques are very effective in measuring
the activation energies for various relaxation phenomena in the solid state. Figure 1-38 shows
some results derived from these methods for polyethylene.
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Figure 1-38. Left-Relaxation Mechanisms in PE, Upper Right — Mechanical o-Process Loss
Tangent as a Function of Frequency, Lower Right - Mechanical a-Process Storage Modulus as
a Function of Temperature [12]

The relaxation of interest to us is the a-process. This is the molecular movement process that
Coleman [5] was alluding to. Strobl [12] provides an excellent description of this process and
the energies (measured by NMR and DTMA) associated with it in the insert below.

L]
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The largest changes in the mechanical properties of polyethylenes with moderate to high
crystallinity are caused by the a-process. Figures 6.31 and 6.32 present results of
frequency-dependent measurements of the tensile modulus of such a sample, conducted at
different temperatures between 26°C and 95°C. As can be seen, the loss tangent shows a
systematic shift to higher frequencies. The temperature dependence of the loss maximum
is indicative of an activated process with an activation energy A = 104 k] mol-'. Figure 6.32
shows that the storage tensile modulus decays with both decreasing frequencies and rising
temperatures, whereby the latter effect is caused by the continuous melting.

What is the origin of the a-process? Different observations must be included in the
considerations. First, remember the results of the NMR experiment presented in Sect.
5.4.2. Here, a longitudinal chain transport through the crystallites was clearly indicated. The
chain motion is apparently accomplished by a 180°-twist defect, which is created at a crystal
surface and then moves through the crystallite to the other side. As a result, all monomers of
a crystalline sequence are rotated by 180° and shifted over the length of one CHz-unit. This
screw-motion alone cannot set up the a-process, since it is mechanically inactive. As the
crystals remain unchanged, both internally and in their external shape, there is no coupling
to a stress field. Furthermore, the high relaxation strength of the a-process suggests a
location in the weak amorphous parts of the structure rather than in the crystallites. How
can the different observations be cast in one common picture? The answer is that the a-
process in polyethylene has a composite nature. The mechanical relaxation indeed originates
from an additional shearing of the amorphous regions. However, the prerequisite for this
shearing is a chain movement through the crystallites. If such a motion is thermally
activated, the pinning of the amorphous sequences onto the crystallite surfaces is no longer
permanent. This allows a reorganization of the amorphous regions, which gives rise to a
further stress decay. Hence, in the a-process, two relaxation processes, one in the crystallites
and the other one located in the amorphous zones, are coupled. As indicated by the
broadness of the loss curves, the a-process is based on a larger group of relaxatory modes.
Since the temperature variation leaves the shape of the loss curves essentially unchanged, we
conclude that all modes employ the same elementary process, to be identified with the step-
like longitudinal shifts of the crystalline sequences. NMR experiments and dynamic
mechanical measurements indeed yield nearly identical activation energies — A = 105 kJmol”
in Fig. 5.53 and A = 104 kJmol™ in Fig. 6.31. Of interest is a comparison of the rate of
elementary steps with the mechanical relaxation rate. The difference amounts to four orders
of magnitude, telling us that the reorganization of the chains in the amorphous regions is a
complex procedure requiring a huge number of elementary steps.

Strobl, G.R., The Physics of Polymers: Concepts for Understanding Their
Structures and Behavior. 2013: Springer Berlin Heidelberg. pp280-283
Emphasis added
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Bower [13] has a concise explanation of the site-model theory and a derivation of the rate
process formulation for relaxation times described by the Arrhenius equation®:

k=A e?(E’I? Equation 1-3
k -  The rate constant
T -  The absolute temperature (in kelvins)
A- Pre-exponential factor, a constant for each chemical reaction that defines the rate
due to frequency of collisions in the correct orientation
Ea-  Activation energy for the reaction (in the same units as R T)
R -  Universal gas constant

In the present context, we are not discussing chemical reactions, but rather the coherent
movement of groups of molecular units in a semi-crystalline polymer structure like
polyethylene. Site-model theory, in its simplest form, describes two sites, each representing a
particular local conformational state of the molecule, separated by an energy barrier as
shown in Figure 1-39.

Fig. 5.20 The site model:
a representation of the
energy barrier between
two molecular states.

Figure 1-39. Site-model as described by Bower [13] pp 148

Bower discusses the number of molecules in each conformational state and the probabilities
that they will transition to the alternate state in a time interval. The endpoint of the
derivation is that when a semi-crystalline polymer is subjected to a fixed displacement, the

1 Wikipedia contributors, "Arrhenius equation,” Wikipedia, The Free Encyclopedia,
https://en.wikipedia.org/w/index.php?title=Arrhenius_equation&oldid=799107578 (accessed
September 15, 2017

The Arrhenius equation is a formula for the temperature dependence of reaction rates
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strain will relax to its equilibrium value with a time constant, or relaxation time, “t“that is
temperature dependent and is equal to the average time between jumps over the barrier. The
time constant equation is:

AE
=A — Equation 1-4
T exp[R T] q

AE is the activation energy, which is equal to the enthalpy difference between the two states.

Bower presents an example where he compares the relaxation times at two different
temperatures and develops the following equation:

T AE 1 1
o TPl G

)] Equation 1-5

Equation 1-5 is extremely useful as it defines the time-temperature equivalence for a material
process that is adequately described by an Arrhenius relationship. The ratio t/7o is often
called a shift factor as it defines a linear multiplier on a known relaxation time at a reference
temperature to arrive at a relaxation time at a different temperature:

AE

1
T =Ty* exp[?

(F — Tl)]: Ty * Ar Equation 1-6

ar — Shift factor for time/temperature equivalence

Popelar [10, 11, 14] arrived at horizontal and vertical shift factors for polyethylene
empirically and published “universal” shift factors that adequately described the
time/temperature equivalence of several commercially available polyethylene materials used
in natural gas distribution systems at the time he published his work. These shift factors
became known in the industry as the Popelar Shift Factors and their application is
ubiquitous. The methodology? used in the United States for determining the strength ratings
of polyethylene resins uses the Popelar shift factors in the validation of regression curves
developed for specific application temperatures.

Mavridis [9] addresses the temperature dependence of polyolefin melt rheology and describes
a DTMA methodology for extracting the activation energies needed to calculate temperature
dependent shift factors. He discusses thermorheological simplicity of melts, where all

2 http://plasticpipe.org/pdf/tr-3-2017a.pdf

TR-3/2017a HDB/HDS/PDB/ SDB/MRS/CRS Policies: Policies and Procedures for Developing
Hydrostatic Design Basis (HDB), Hydrostatic Design Stresses (HDS), Pressure Design Basis (PDB),
Strength Design Basis (SDB), Minimum Required Strength (MRS) Ratings, and Categorized Required
Strength (CRS) for Thermoplastic Piping Materials or Pipe, Section F.4.1.2
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relaxation processes have the same temperature dependency. He points out that by
independently evaluating the temperature dependence of relaxation times and modulus we
can derive coherent vertical and horizontal shift factors that fully describe the relaxation
behavior of polyolefins as a function of temperature. The method utilized by Mavridis is
simply fitting of DTMA data to Equation 1-5 to extract AE for the horizontal and vertical
shift factors.

Lever [8] applied the DTMA method described by Mavridis to multiple pipe materials and
showed that there is variation in the shift factors amongst materials as well as batch to batch
variation. At this point it needs to pointed out that there is a difference in the Mavridis and
Popelar approaches in that Popelar [11] used stress relaxation data to fit a non-linear
viscoelastic model that captures the essence of the materials relaxation behavior. This
viscoelastic model was used to develop horizontal and vertical shift factors that produced a
coherent master relaxation curve for a wide array of polyethylene materials in use at that
time. The Popelar shift factors are presented in the form:

Shift Factor = exp(Constant * (T — Ty¢f) Equation 1-7

T—  Test Temperature [°C]
Trer— Reference Temperature [°C]

By contrast the Mavridis methodology fits an Arrhenius form yielding:

Activation Ener 1 1 . _
Shift Factor = exp( & (=——) Equation 1-8
R T Tref

R — Boltzmann’s Constant
T- Test Temperature [K]
Tret— Reference Temperature [K]

Equation 1-7 is dependent on the temperature differential between the test temperature and
the reference temperature and is very nearly linear on a log/linear plot. Equation 1-8 is
dependent on the difference between the inverse of the test temperature and the inverse of
the reference temperature in degrees Kelvin. This relationship has noticeable curvature on a
log/linear plot Figure 1-40.
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Direct Comparison of Popelar Horizontal Shift Factorsand DTMA
Horizontal Shift Factors for PE 2306

1.00
0.00
R -3
=
"
~
w
o
,E 1.00
g —e—DTMA UCL
£ —e—DIMALCL
o=
= ® DIMAMean
m
.é 2.00 Popelar Shift Factors
§ Linear (DTMA Mean)
g

-3.00

20°C 30°C A0°C 50°C 60°C 70°C 80°C 90°C
Accelerated Test Temperature ['C)

Figure 1-40. Comparison of DTMA and Popelar Horizontal Shift Factors in Form Presented in
[11]

The results of the DTMA based activation energy determinations are presented in Figure
1-41 to Figure 1-44 and Table 1-6. The activation energy for the o relaxation process in
polyethylene gas distribution pipe compares favorably to the value of 104 k]J/mol Strobl [12]
lists for Low Density Polyethylene (LDPE).
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Figure 1-41. Horizontal and Vertical Activation Energies of Aldyl A (PE2306) Pipe Batches

Measured by DTMA. Energy in cal/mol
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Vertical Activation Energy by DTMA
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Figure 1-42.Horizontal Activation Energies for Modern and Aldyl A Materials Relative to
Equivalent Popelar Activation Energy. Energy in cal/mol

26000

25000

24000

Energy

23000

22000

21000

20000

Horizontal Activation Energy by DTMA
¢

‘ * . . .
i | . H ' . Lt

3 : : : 3 o Mean

H ) i ‘ . ouct

i , ] n - ——Seriesd
* @ % P Q : A ] ™ 2 o B &

& o & R 5 o 5 & &
& & « & o dﬁd Qdf Oﬁ QO@ & ‘od,d«p <
Q“j'ﬂp
Batch

Figure 1-43Vertical Activation Energies for Modern and Aldyl A Materials Relative to
Equivalent Popelar Activation Energy. Energy in cal/mol
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Popelar Shift Factors vs Individual DTMA Shift Factors per Material

80°C Validation Test Settings for 20 year Required Lifetime at 73.4°F {23°C) and 55 [psig]Operating Pressure
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Figure 1-44. 80°C Validation Test time/pressure Combinations for Several Materials to Validate
a 20-year Minimum Lifetime at 23°C and an Operating Pressure of 55 psig

Table 1-6. Activation Energies for a relaxation process in polyethylene gas distribution pipe as

measured by DTMA

Total Activation Energy

Aldyl A Batch [ ki/mol]
UCL Mean LCL
111174-005 96 92 87
111174-013 97 93 89
131819 101 95 90
131820 96 92 88
131821 96 92 88
131752 98 95 92
Total Activation Energy

Modern Material [kJ/mol]
UCL Mean LCL
unimodal MDPE A 114 105 96
bimodal HDPE C 102 98 95
unimodal MDPE B 100 94 89
bimodal MDPE D 104 98 93
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Using material specific bi-directional shift factors developed from DTMA measurements
allows us to shift data points from tests performed at multiple temperatures to any given
reference temperature as shown in Figure 1-45. The points in the figure are actual data and
the lines reflect the Lower Prediction Limit, Mean and Upper Prediction Limit of the RPM
model for the data set. We can see that RPM model and bi-directional shift factors measured
for the material tested are coherent. The combination of the two methods is a very powerful
data analysis tool.

RPM and Bi-Directional Shift Analysis of Butt-Fused TR418 MDPE Pipe
10000
=z ¢ 23°CData
ey
‘ué < 60°C Data
t © 80°CData
‘w1000 - r
H < 90°C Data
g_ & Data Bi-Directionally Shifted to 20°C
T ©  Bi-Directionally Shifted Fusion Failures
—— RPM 20°C Mean
=== RPM 20°C LPL
| -=== RPM 20°C UPL
1m { 18 ! | 1 i 1 1
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Time To Ductile Creep Rupture Failure [h]

Figure 1-45. Plot of RPM analysis results®

The bi-directional shift factors allow us to plot master curves at any given reference
temperature from data generate at multiple temperatures. The higher the test temperature,
the more we accelerate the test.

3 Figure originally presented in final report for DOT PHMSA contract DTPH56-14-H-00001 project 554
https://primis.phmsa.dot.gov/matrix/PriHome.rdm?prj=554&s=6D8E1B6104BE4ADCEB642A4ACAF14CA8
4&c=1
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2. Stress Intensification Factors (SIF) for Aldyl-A Piping Systems

Brief Literature Review for Current Context

In 1 we have already seen that at its core, the Rate Process Method is a damage propagation
model. Coleman [5] defines a variable, “y”, which he defines as a convenient measure of how
much the applied stress has distorted the structure of the fiber at a time t. He is talking about
the creep process that is governed by the a-relaxation of the polymer being evaluated.
Bragaw [4], in addressing the burst life of polyethylene pipe and fittings, moves on to discuss
the rupture process by defining an Arrhenius relationship between the fracture rate, the
applied stress and the activation energy of the a-relaxation process in polyethylene. Neither
Coleman, nor Bragaw, directly mention the a-relaxation process. However, from the
literature [9, 11-13], and the coherence between the shift factors developed from the DTMA
measurement of the a-relaxation and the RPM test results that are shifted to a reference
temperature, it is clear that the a-relaxation process provides a good explanation of pipe
rupture. Bragaw mentions that the Arrhenius equation only identifies a single activation
energy, while there must clearly be many activated processes in a typical pipe rupturing
process. Strobl [12], Strobl insert, covers this point adequately in noting that the activation
energy for the a-relaxation process rolls up a large number of elementary processes. We now
need to develop a better understanding of stress as a factor that drives variance in the
calculated lifetime expectancy.

Failure Modes of Polyethylene

It is customary to identify three failure modes for polyethylene pipe as illustrated in Figure
2-1. In this project, we are interested in Region A and Region B as defined in the figure. The
two failure regions are governed by the same a-relaxation process, only the degree of
constraint at the damage tip is different in the two regions. The degree of constraint is
discussed in detail in 8 below. For now, we can simply note that the magnitude of the
parameters C2 and C4 in the RPM models shown in Table 2-1 define the slope of each curve
and reflect the degree of constraint at the damage tip. A cursory inspection of the equations
will show that stress has a larger impact in Region A than in Region B. The shallowness of
the slope in Region A reflects this. In Region A, the entire pipe wall is subject to the driving
stress, whereas in Region B, a small volume at the damage tip is subject to the driving stress
(the stress is highly constrained), and only this volume undergoes critical creep phenomena
that are governed by the a-relaxation process (damage propagation through the wall — SCG).
Table 2-1. Aldyl A RPM models for Region A and Region B

Parameters C1 C2 C4
Region B, Quasi-Brittle Failure -17.6172 | 9485.337 | -898.536
Region A, Ductile Failure -42.5629 | 37387.00 | -7515.74
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Figure 2-1. Schematic illustration of the failure behavior of pressurized PE

pipes [15]

Variance of Stress in Pipes

Bragaw [4] begins his analysis from the fracture rate relationship defined in Equation 2-1.

dc/dt
T
€
c

2
KT]

de KT &2 Equation 2-1
o2l
dt 7

Fracture rate

Absolute temperature in Kelvin
Activation energy

True stress at activated sites

Other symbols are constants

GTT adopts the ISO 9080 [2] formulation of the rate process model as defined in Equation 2-2.

C4log(o) Equation 2-2
T

C
log(t) = C; + ?2 + Czlog(o) +

L]
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Ci, C2,G3,C4  Constants determined from data by linear regression (dependent on stress
units used)

t Time to failure in hours
T Absolute temperature in Kelvin
c Stress usually in MPa, but can be in any stress unit. In this report psi is used to

remain consistent with units commonly used in the industry in the USA.
log Log base 10

The stress used in standard RPM analysis is the pipe hoop stress as derived from Barlow’s
formula that relates the internal pressure that a pipe can withstand to its dimensions and the
strength of its material*

p— 28t Equation 2-3

Pressure
Allowable stress
Wall thickness
Outside diameter

o+ wHx

For polyethylene pipe the formula is modified to take advantage of the practice of specifying
the Dimension Ratio (DR) of the pipe, defined as the ratio between the pipe outside diameter
and the wall thickness. If the DR is constrained to be a number from the Renard R10 series®
it becomes a Standard Dimension Ratio (SDR). Pipe manufactured to a DR results in pipe
with the same pressure capacity across all diameters under the assumption that the pipes are
not thick-walled cylinders. This assumption holds for pipes of DR larger than 20
(radius/thickness<10), Young [16] § 13.2. We can immediately see that for the majority of

4 Barlow's formula. (2016, December 1). In Wikipedia, The Free Encyclopedia. Retrieved
11:28, September 20, 2017, from
https://en.wikipedia.org/w/index.php?title=Barlow%27s_formula&oldid=752557552

5 Renard series are a system of preferred numbers dividing an interval from 1 to 10 into 5, 10, 20, or 40
steps. [1] This set of preferred numbers was proposed in the 1870s by French army engineer Colonel
Charles Renard.[2] His system was adopted in 1952 as international standard ISO 3. Renard's system of
preferred numbers divides the interval from 1 to 10 into 5, 10, 20, or 40 steps. The factor between two
consecutive numbers in a Renard series is approximately constant (before rounding), namely the 5th,
10th, 20th, or 40th root of 10 (approximately 1.58, 1.26, 1.12, and 1.06, respectively), which leads to a
geometric sequence. This way, the maximum relative error is minimized if an arbitrary number is
replaced by the nearest Renard number multiplied by the appropriate power of 10.

Renard series. (2017, June 18). In Wikipedia, The Free Encyclopedia. Retrieved

11:34, September 20, 2017, from
https://en.wikipedia.org/w/index.php?title=Renard_series&oldid=786314581
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polyethylene piping applications the thin-walled cylinder assumption is not strictly true. The
variance is not critical for determining the ductile-rupture boundary of the pipe as defined in
PPI TR-3¢, however we should expect to see a significant component of variance in test
results associated with the thin-walled assumption. The presence of stress-risers, or stress
concentrations’ will introduce additional variance.

6 http://plasticpipe.org/pdf/tr-3-2017a.pdf

TR-3/2017a HDB/HDS/PDB/ SDB/MRS/CRS Policies: Policies and Procedures for Developing
Hydrostatic Design Basis (HDB), Hydrostatic Design Stresses (HDS), Pressure Design Basis (PDB),
Strength Design Basis (SDB), Minimum Required Strength (MRS) Ratings, and Categorized Required
Strength (CRS) for Thermoplastic Piping Materials or Pipe, Section F.4.1.2

7 A stress concentration (often called stress raisers or stress risers) is a location in an object where stress
is concentrated. An object is stronger when force is evenly distributed over its area, so a reduction in area,
e.g., caused by a crack, results in a localized increase in stress. A material can fail, via a propagating
crack, when a concentrated stress exceeds the material's theoretical cohesive strength. The real fracture
strength of a material is always lower than the theoretical value because most materials contain small
cracks or contaminants (especially foreign particles) that concentrate stress. Fatigue cracks always start at
stress raisers, so removing such defects increases the fatigue strength.

Stress concentration. (2017, July 1). In Wikipedia, The Free Encyclopedia. Retrieved

12:05, September 20, 2017, from
https://en.wikipedia.org/w/index.php?title=Stress_concentration&oldid=788498711

Slow Crack Growth Evaluation of Vintage Polyethylene Pipes Page 62 of 383 gtl


http://plasticpipe.org/pdf/tr-3-2017a.pdf
https://en.wikipedia.org/w/index.php?title=Stress_concentration&oldid=788498711

Stress Intensification Factors (SIF)

We will now develop basic SIF for the ductile failure mode of Aldyl A pipe following a
process similar to that used in ASME B31.3 as described by Becht [17] §8.4. We do not use
fatigue testing to determine the number of cycles to failure and then calculate a ratio to a
reference configuration as is done in the ASME context, but do assume that the true stress in
the pipe specimen is related to a stress intensification factor as is used in assessing damage
tolerance:

“The stress intensity factor, , is used in fracture mechanics to predict the stress state ("stress

intensity") near the tip of a crack caused by a remote load or residual stresses.! It is a
theoretical construct usually applied to a homogeneous, linear elastic material and is useful
for providing a failure criterion for brittle materials, and is a critical technique in the

discipline of damage tolerance. The concept can also be applied to materials that exhibit
small-scale yielding at a crack tip.

The magnitude of depends on sample geometry, the size and location of the crack, and the
magnitude and the modal distribution of loads on the material”

Stress intensity factor. (2017, September 20). In Wikipedia, The Free Encyclopedia.
Retrieved 12:22, September 20, 2017, from
https://en.wikipedia.org/w/index.php?title=Stress intensity factor&oldid=801550951

We can empirically estimate the SIF associated with each data point in a robust data set i.e.
developed using consistent testing methodology and a statistically significant number of
results that can be fitted to a model.
Assumptions:
1. All the variance in the data set is due to variance in the true stress at the point of
failure (data sets with a known material variance can be used to develop an equivalent
SIF for the known material condition e.g. LDIW)
Method:

1. Fit a regression model to the data set.

2. Find the point with the best relative performance by shifting the mean regression line
to pass through each point, observe the new intercept and select the point with the
largest intercept as being that with the best relative performance.

3. Define the regression model that passes through the best performing point as the
reference model.

4. Calculate the reference model stress for each data point by inserting the actual failure
time for the data point into the derived equation for stress given failure time.

5. Divide the reference model stress by the actual failure stress and define this ratio as the
individual SIF for the data point
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Figure 2-2 shows the DuPont data sets used to calculate empirical SIF using the above
methodology, or variants of the methodology. Figure 2-3 and Figure 2-4 show the results for

ductile failures.

Aldyl A Reference RPM Models
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Figure 2-2. Aldyl A Data Sets for Deriving Empirical SIF
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Figure 2-3. PDF for Empirically Derived SIF for Ductile Failures
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Cumulative Density Plot for Empirically Derived SIF for Aldyl A Pipe in DuPont Control Ductile Data Set
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Figure 2-4. CDF for Empirically Derived SIF for Ductile Failures

Two distinct distributions of SIF are evident after the application of algorithm described
above. It is reasonable to suggest that these two distributions reflect two quality levels of pipe
as defined by the wall thickness irregularities, faceted inside diameter and die-lines always
present to varying degrees in extruded pipe. To test this idea detailed FEM analyses were run
to assess the impact of shallow grooves from die-lines on the SIF for the pipe as described
below.

FEM analyses were run to determine the SIF due to sharp and blunt grooves introduced into
the pipe internal diameter during extrusion. The assumption is that these SIF “seed” the
ductile rupture process and that the ductile stress rupture curves reflect these SIF Figure 2-5
and Figure 2-6 show that at internal pressures typical of stress rupture tests the SIF for sharp
grooves approaches 3, and for blunt grooves they approach 2.2. The SIF in the ductile data
set was calculated as above, with the exception that the maximum SIF was set to 3 to match
the maximum SIF from the FEM and the remaining SIF referenced to this value. The
resulting distribution of ductile pipe SIF is shown in Figure 2-7. The minimum SIF calculates
to 2.2, which is in remarkable agreement with the FEM analysis. This result is viewed as
validation of the assumption that failure in the ductile regime is seeded by the axial scoring
on the pipe ID.

o
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Surface: First principal stress (psi)
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Figure 2-5. FEM analysis of stress associated with die line grooves on internal diameter of
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Figure 2-6. SIF measured in FEM as a function of internal pressure at 73.4°F
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Figure 2-7. Distribution of ductile failure SIF referenced to FEM results

Important Caveat for Ductile Failure SIF

Actual testing of heavily scored pipe does not result in empirical SIF matching the FEM
values, and the failure location does not match the groove locations. This is due to large scale
plastic yielding of the pipe wall that reduces the SIF, and potentially the differential creep
noted on page 329 that could lead to preferential yielding in the pipe wall resulting in
eventual ductile rupture. The SIF distribution shown in Figure 2-3 shows the effective SIF for
different levels of pipe scoring because of the two processes described above playing out. Gas
distribution pipe with deep grooves on the ID was extensively tested by GTI using the RPM
Figure 2-9, and the results were referenced to baseline data from the resin supplier. The
resulting SIF distributions are shown in Figure 2-8.
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Figure 2-8. Empirical SIF Distributions for Heavily Grooved Gas Distribution Pipe

23 °C Reference Temperature Plot of Grooved Pipe Test Data.
Uni-modal MDPE Gas Distribution Pipe.

All data shifted using material specific shift factors developed by GTI DTMA test method.
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Figure 2-9. RPM Analysis for Empirical SIF Determination
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The empirical method was extended to the SCG failures in the DuPont reference data sets
and the resulting SIF distributions are shown in Figure 2-10 together with the FEM adjusted
ductile SIF distributions discussed above.

Distribution of Calculated Stress Intensification Factors in Control Aldyl A Pipe.
Analysis performed on DuPont data sets for Ductile and SCG failures

37 B i I R N R O | L R Ll I I 1 | N N Y Y | |
29+ [l Ductile SIF H
[Jsce siF
o siF
EELDMW Indent SIF
I squeeze-Off SIF
—— Dugclile SIF Normal Distribution PDF

SCG 8BIF Logistic Distribution PDF 11

~———Squesze-Off SIF Logistic Distribution POF | |
LDMW SIF Logistic Distribution PDF m
LDIW Indent SIF Logistic Distribution PDF |

ol . b :
MREEAE YadaPa®q® PalabaPa® Py B® QlobePu® ClletePe? Yatata®a? TalataPa? 20)oaPo? Satalele? Nakannb

Stress Intesification Factor (SIF)

Figure 2-10. SIF Distributions for Various Aldyl A SCG Data Sets

The empirically derived SIF were used to predict expected lifetimes for the entire reference
data set using the control DuPont SCG model with excellent results as shown in Figure 2-11,
log-log plot, and Figure 2-12, linear-linear plot to emphasize variance. The variance in SCG
failure times for a given stress over the performance range in Figure 2-2 is a factor of 225.
The SIF and reference model results yield a variance across the performance range of 2.5 as
shown in Figure 2-13 and Figure 2-14. That is, we get a two order of magnitude reduction in
variance by addressing the true stress at the damage tip calculation via the empirically
derived SIF, and using a single RPM reference model. This is a significant improvement over
the simple hoop-stress approach and having to generate multiple RPM reference models.
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p Actual Test Failure Times vs Predicted Failure Times Using SIF Based RPM Calculation
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Figure 2-11. Actual vs Predicted Plot for SIF and Reference RPM Model Lifetime Prediction
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Figure 2-14. CDF for Actual to Predicted Failure Time Ratio
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SIF for Polyethylene Piping Systems

In the preceding sections, we focused on extracting effective SIF from reference data sets
under the assumption that the variance in performance implied by the results was entirely
due to combinations of SIF in the test specimen. We will now look at SIF derived from FEM
analyses of pipe and pipe assemblies. The FEM analyses all utilized advanced constitutive
models for polyethylene based on extensive mechanical testing of multiple materials. The
constitutive models incorporate temperature effects, strain rate effects and relaxation. The
SIF listed below are all the SIF associated with initial loading of the assembly and represent
the initial static stress state. Table 2-2 lists some stand-alone SIF for different piping
configurations. They are stand-alone because we have not yet addressed how to combine
individual SIF into a composite effective SIF that can plugged into a RPM model.

Table 2-2. Stand-alone SIF for Polyethylene Piping Systems

. . . . Stress
Pipe or Fitting Configuration A
Intensification

(All with 45 - 60 psig Internal Pressure, SDR11)

Factor

Socket Coupling — Coupling Edge (FEA Analysis) 1.25
Soil Loading to 4% Deflection (FEA Analysis) 1.6
Saddle Tee (FEA Analysis) 2.7
Socket Coupling — Coupling Center (FEA Analysis) 1.8-2.9
Pipe with Bend Radius of 100 Pipe Diameters (FEA Analysis) 3.0
Bending (Empirical correlation from RPM testing) 3.4
Pipe with Bend Radius of 80 Pipe Diameters (FEA Analysis) 3.6
Pipe with Bend Radius of 50 Pipe Diameters (FEA Analysis) 4.7
Socket Coupling with Bend Radius of 100 Pipe Diameters (FEA 4.8
Analysis)

Socket Coupling with Bend Radius of 80 Pipe Diameters (FEA 5.8
Analysis)

Impingement (Empirical correlation from RPM testing) 5-7
Socket Coupling with Bend Radius of 50 Pipe Diameters (FEA 7.5
Analysis)

Squeeze-Off at time of squeeze (FEA Analysis) 8.5-10.5

The SIF listed above correlate reasonably well with empirically derived SIF and give a
plausible explanation for observed field failures and the proportions of individual causes
reported by various sources. There is not much useful failure data in the public domain.
Maupin and Mamoun [18] reviewed several hundred data points that included 55 field
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failures they analyzed, 104 failures in databases they had access to and 162 failure reports
from other sources. Their summary of failure categories is presented in Table 2-3.

Table 2-3 Maupin and Mamoun summary of failure categories

Failure Type Number
Material Failures
Pipe
Rock Impingement 9
Squeeze-off 8
Insert Renewal 1
Bending/Settlement 3
Internal Pressure 1
Joints
End Caps 8
Tapping Tee Caps 9
Tees and Ells 21
Sockets 74
Saddles 118
Fusion Failures in Joints
Butt Fusion 29
Socket Fusion 7
Saddle Fusion 5
Quality Control Problems 6
Third Party 14
Other 8
Total 321

Another source of information is the Plastic Pipe Database Collection Initiative (PPDC):

“A group of representatives of federal and state regulatory agencies and the natural gas and
plastic pipe industries have come together and formed The Plastic Pipe Data Collection
Initiative. Their goal has been to create a national database of information related to the in-
service performance of plastic piping materials. Members include the American Gas
Association, the American Public Gas Association, the Plastics Pipe Institute (PPI), the
National Association of Regulatory Commissioners, the National Association of Pipeline
Safety Representatives (NAPSR), the U.S. Department of Transportation and its Office of
Pipeline Safety.”

Source: https://www.aga.org/plastic-pipe-database-collection-initiative , accessed 9/21/2017
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The PPDC April 2017 Status Report summarizes the data presented in Figure 2-15

13.4%

2.4%

B1. All Polyethylene (PE) Failures/Leaks by Component

32.7%

51.5%
M Pipe W Fittings M Joints Mot Recorded
All PE Failures/Leaks by Cause
% of All PE % of All PE
% of All PE % of All PE Pipe |Fitting Joint

CAUSE Failures/Leaks |Failures/Leaks |Failures/Leaks |Failures/Leaks
Excessive Expansion/Contraction 1.7% 1.2% 1.4% 4.3%
Excessive External Earth Loading 5.7% 9.0% 3.6% 4.8%
Installation Error 28.3% 12.2% 31.5% 56.4%
Squeeze Off 2.0% 5.7% 0.1% 0.1%
Point Loading 6.9% 16.2% 2.1% 3.0%
Previous Impact 1.9% 5.2% 0.3% 0.4%
Unknown 13.3% 9.1% 16.0% 13.6%
Other 14.0% 16.0% 14.5% 2.9%
Cap 4.9% 0.0% 9.2% 0.0%
Not Recorded 3.0% 2.9% 2.8% 3.7%
Material Defect 16.0% 18.8% 16.3% 10.3%
Gopher/rodent/worm damage 0.4% 1.2% 0.0% 0.0%
Unknown - Not Excavated, Replaced 1.2% 1.4% 0.6% 0.4%
Unknown - Abandoned 0.1% 0.1% 0.1% 0.0%
Corrosion 0.8%, 0.8% 1.4% 0.1%

100.0% 100.0% 100.0% 100.0%

Figure 2-15. PPDC April 2017 Data for Polyethylene
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The only useful information we can glean from the PPDC data is that fittings dominate the
failures, point loading, squeeze-off and earth loading appear as prominent causes. This
information supports the relative severity of SIF presented in Table 2-2.

A more detailed FEM analysis of fittings subjected to bending was undertaken and it was found
that saddle fittings represent one of the most severe combination of SIF for fittings in a
polyethylene piping system. Studies, shown in Figure 2-16, were performed on three sizes of
pipe 1.257,2”,4”, with and without tees. For each pipe configuration, the stress intensity factor
(SIF) was calculated by taking the maximum von Mises stress in each load case and dividing it
by the nominal pipe hoop stress calculated from the internal pressure of the respective load
case. After comprehensive analysis, it is found that the calculated SIF is size independent, as
expected, and all the regression models can be generalized to a single power law function that
correlates the SIF with input configuration parameters, such as internal pressure (P) and
bending radius factor (BRF) Equation 2-4.

" - wiTakn
.!' 'd_'_,a-" g a2 el of waddl

Figure 2-16. FEM models for saddle tee SIF evaluation

SIF = aP"BRF°¢ Equation 2-4

SIF — Stress Intensity Factor
P — Pressure|[psi]
BRF — Bend Radius Factor expressed as multiples of the pipe diameter

a, b, c — Regression Coefficients

The FEM models were extended to consider the direction of the pipe bending relative to the
fitting placement for saddle tees, which are not symmetric in this context. Socket couplings
are symmetric and the direction of bending is immaterial. The bending moment sign
convention used in this analysis is defined in Figure 2-18. The tee will be on the concave up
portion of the pipe for positive bending, and on the convex up portion of the pipe for
negative bending. The correlation coefficients for the key configurations are presented in
Table 2-4. A plot of the SIF for a pipe without saddle tee is illustrated in Figure 2-17
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Figure 2-18. Bending moment sign convention-positive concave up, negative concave down

Table 2-4. Correlation coefficients for pipe under bending with and without fittings

Configuration a b c

Pipe without Saddle Tee 4453.0 -1.0657 -0.744

Plpe with Saddle Tee 5310.7 -0.9654 10.7251
Positive Bending

Pipe with Saddle Tee 9364.1 -1.0757 10.7789
Negative Bending

Pipe with Saddle Tee Lateral 3476.7 -1.0059 -0.5593

Pipe with Coupling 4285.0 -0.676 -0.9252
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The relative effect of the different bending configurations on saddle tee assemblies is

presented in Figure 2-19 and the SIF for pipe, tee and couplings in Figure 2-20.

; Stress Intensification Factor as a Function of Pipe Bend Radius Factor at Internal pressure of 60 [psig]
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Figure 2-19. Relative effect of bending configurations on saddle tee assemblies

Stress Intensification Factor as a Function of Pipe Bend Radius Factor at Internal pressure of 50 [psig]
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Figure 2-20. SIF for pipe, tee and coupling under bending
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Combining SIF Distributions for Polyethylene Piping systems

In the sections above we have presented several SIF distributions extracted empirically from
actual test data. Through inspection of many of these data sets, it was found that a Logistic
Distribution provides the best fit for the data. The logistic distribution is a two-parameter
distribution with a location parameter that is the mean of the variable being modeled and a
shape factor that reflects the variance of the variable Figure 2-21.

Parameters | localion (real) 0.3 : : : :
& > [ scale (real)
Support X E (= =)
PDF e
]
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COF 1 0.7
1+e =
Mean 7]
Median I
Made [
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Entropy In{s) + 2 = In{z) + 1.40457¢
where o is the standard deviation
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Figure 2-21. Wikipedia contributors. "Logistic distribution." Wikipedia, The Free
Encyclopedia. Wikipedia, The Free Encyclopedia, 15 Jul. 2017. Web.

The logistic distribution resembles the normal distribution, but has heavier tails making it
better suited to simulation techniques where there is uncertainty as to the actual values of
the parameters.

Inspection of several empirically derived logistic distributions for SIF in polyethylene pipe
systems leads to the “rule of thumb” that setting the shape factor “s” to 6 percent of the mean
value is a reasonable first approximation that can be updated as more data is gathered. It was
also found that a convenient approach to combining multiple SIF acting on a single piping
component is to use the Euclidean, or L2 norm to sum them. We can represent “n”

independent SIF as a vector:
SIF = (SIF1,SIF2, ....SIFn)

The magnitude of the composite SIF is given by Equation 2-5

Equation 2-5
|ISIF||, = \/SIFf+---+ SIF2 quation
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We can use Equation 2-5 to reference all SIF to a baseline SIF that we define as Pipe Quality
Tier 1 as discussed above and shown in Figure 2-3 by requiring the L2 norm of every pair of
SIF that includes the baseline SIF to be equal to the standalone value of the second SIF. The
same method can be applied to the shape factors. Table 2-5 presents a collection of SIF for
both the ductile and SCG failure modes, each group being referenced to the Pipe Quality Tier
1 SIF for the relevant failure mode. SIF for Ductile and SCG failure modes need to be treated
separately. For the most part we are only interested in the SCG failure mode.

Table 2-5. SIF Distributions for Polyethylene Piping systems

SIF for Ductile Failure: Logistic Distributi Standalone SIF Referenced to
or Ductile Failure: Logistic Distribution baseline pipe SIF
Parameters . :
Mu sigma Mu sigma
Pipe Quality Tier 1 — Baseline SIF 1.110 0.014 1.110 0.014

Use standalone SIF value for single SIF. Develop composite SIF by adding SIF referenced to
baseline using Equation 2-5 for each independent SIF component acting on pipe component to
the baseline SIF

Pipe Quality Tier 2 1.185 0.018 0.417 0.011

Pipe Quality Tier 3 Severe Grooves 1.819 0.109 1.441 0.109
. o Standalone SIF Re.lativte to

SIF for SCG Failure: Logistic Distribution Parameters baseline pipe SIF

Mu sigma Mu sigma

Pipe Quality Tier 1 SCG — Baseline SIF 2.000 0.120 2.000 0.120

Use standalone SIF value for single SIF. Develop composite SIF by adding SIF referenced to
baseline using Equation 2-5 for each independent SIF component acting on pipe component to
the baseline SIF

Pipe Quality Tier 2 SCG 2.200 0.132 0.917 0.055

Pipe Quality Tier 3 Severe Grooves SCG 3.000 0.180 2.236 0.134

Pipe Quality Tier 4 LDIW SCG 5.780 0.347 5.423 0.326

LDIW Squeeze-off SCG 6.696 0.402 6.390 0.384

LDIW Impingement SCG 8.598 0.516 8.362 0.502
SIF Summary

e We have discussed the failure mechanism of polyethylene in some detail

e We have discussed the variance of stress in polyethylene pipes

e We have defined our usage of the term SIF

e We have developed SIF for various polyethylene piping configurations

e We have shown how to develop a probability distribution for SIF using a mean value
and a quantification of our uncertainty for the mean

e We have presented a method for combining multiple SIF in a coherent manner
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3. Adjusted RPM Models for Use with Aldyl-A SIF

So far, we have established a sound reference RPM model for Aldyl A that can be used to
predicted the lifetime of a piping component, provided we have an accurate representation of
the stress driving the mode of failure. We have developed SIF to represent the driving stress,

provided a means for combining SIF and are left with the task of reconciling the RPM model
with the SIF.

The complicating issue is that the RPM models were developed with test specimens having a
wide variance of actual effective-SIF during their evaluation. In the section Stress
Intensification Factors (SIF) above, we presented a method for estimating the distribution of
these SIF in a dataset under the assumption that the variance in test results is due solely to
the distribution of effective SIF. We showed that the standalone SIF we developed match SIF
determined by various other methods quite closely.

Adjusting the RPM Model for Internal SIF

We will now adjust the RPM model for SCG in Aldyl A to account for the SIF that were
present in the test specimens, normalize the standalone SIF accordingly, and demonstrate the
validity of the method using several independent datasets.

Figure 3-1 shows the distribution of SIF in the DuPont control dataset for SCG failures. It is
interesting to note that the mean SIF value is very close to that shown in Figure 2-6 for blunt
grooves, and that there is peak around SIF=3 that would correspond to sharp grooves. We
would expect to realize the full effect of SIF in SCG type failures. Figure 3-2 shows the true
stress in the test specimens, obtained by multiplying the hoop stress by the SIF developed
from assuming that the variance in results is solely due to differences in the true stress.

On substituting the true-stress values into a RPM analyses we find that 94 of the 122 data
points closely follow the expected Arrhenius behavior as evidenced by a straight line on a
log-log plot. Twenty-nine data points deviate markedly from this behavior. This is shown in
Figure 3-3. In selecting data points to include in the model the 94 well behaved points were
selected by default and a further 5 points were added to ensure that the mean line of the
RPM model closely matched the slope of the 94 points on the log-log plot. The justification
for this step is that the slope of the model lines reflects a combination of the activation
energy for the a-relaxation process and the degree of constraint at the damage tip. The data
points that deviate from this behavior may have been mixed mode failures where the degree
of constraint at the damage tip was greatly reduced, or they could reflect data recording or
other experimental errors. The resulting adjusted RPM model is presented in Table 3-1.
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Distribution of SIF in DuPont Aldyl A SCG Dataset
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Figure 3-1. Distribution of SIF in DuPont SCG Reference Dataset
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Table 3-1. SIF Adjusted DuPont SCG Control Model Parameters for 3 Parameter ISO 9080
Model

Parameters C1 C2 C4 | R? | R2ag; ‘ n ‘ P | o?

Value -18.051 | 10268.4 | -1030.7
Standard Error | 0.52565 232.21 28.0683

Covariance Matrix

0.954

0.276312393 -116.2678638 7.443808708
-116.2678638 53921.28778 -4836.675907
7.443808708 -4836.675907 787.830244

23 °C Reference Curves for Aldyl A Expected Lifetimes.
RPM model adjusted for use with SIF
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Figure 3-3. SIF Adjusted RPM model for DuPont Control SCG Dataset

The prediction limit bands for the adjusted RPM model are shown in Figure 3-4. There is no
intrinsic significance to the prediction bands as they do not reflect true variance in a dataset,
they simply give a convenient measure of distance from the mean for when we plot actual
data sets for comparison.
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Figure 3-4. Adjusted RPM Model with Prediction Limit Bands

In addition to the control SCG dataset GTI has DuPont reference datasets for Aldyl A pipe
with LDIW, LDIW with Squeeze-off, and LDIW with indentation. These four datasets are
independent and reflect varying levels of intrinsic defect and material condition. The hoop
stress for each data set was multiplied by the standalone SIF presented in Table 3-2. The SIF
adjusted for use with adjusted RPM model are normalized to the median of the SIF for the

control SCG dataset.

Table 3-2. Adjusted SIF for use with Adjusted RPM Model

Adjusted SIF for SCG Failure: Logistic Distribution
Parameters for use with adjusted RPM model given in

Table 3-1

Standalone SIF

Relative to
baseline pipe SIF

Mu

sigma

Mu sigma

Pipe Quality Tier 1 SCG — Baseline SIF

1.016

0.061

1.016 0.061

the baseline SIF

Use standalone SIF value for single SIF. Develop composite SIF by adding SIF referenced to
baseline using Equation 2-5 for each independent SIF component acting on pipe component to

Pipe Quality Tier 2 SCG 1.117 0.067 0.461 0.028
Pipe Quality Tier 3 Severe Grooves SCG 1.524 0.091 1.136 0.068
Pipe Quality Tier 4 LDIW SCG 2.936 0.176 2.755 0.165
LDIW Squeeze-off SCG 3.401 0.204 3.246 0.195
LDIW Impingement SCG 4.367 0.262 4.247 0.255

The SIF adjusted data points for the four datasets are overlaid on the adjusted RPM model in

Figure 3-5.
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Figure 3-5. Validation of Adjusted RPM Model and Standalone SIF Approach for 4
Independent Datasets with Different Intrinsic Defects and Loading Conditions

All four of the datasets overlap in the same region and capture the same slope as the model

indicating the adjusted model is a true material behavior model calibrated to the true stress at
the damage tip. There are 7 points out of 351 above the Band 2 UPL, or 1.02% and 8 points
below the Band 2 LPL, or 1.17%. We would be expecting to find 1% of data points above and
a further 1% of data points below these two prediction bounds respectively. Given this

excellent agreement we can say that the proposed methodology gives us 98% certainty in our

predictions.

Summary

1. We have developed a RPM prediction model for Aldyl A that captures the SCG
behavior if we know the true stress at the damage tip
2. We have developed SIF for many known material conditions and loading
configurations that are calibrated to the RPM model
3. We have demonstrated the validity of the RPM model and SIF with four independent
datasets containing 351 validation points.
4. We have demonstrated that the prediction limits of the RPM model match the
reference data to the expected confidence level.
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4. Bayesian Network Model for Aldyl-A Lifetime Expectancy

Introduction

In this section, the roots causes for pipe risk assessment are identified and an ontology
describing the interactions between them is proposed, which primarily includes the current
knowledge base of the subject matter experts. Upon that, a directed acyclic graph (DAC)
approach, i.e. Bayesian network is employed to express the causal relationship between the
root causes. Different from the classical index-based risk model, the probabilistic Bayesian
network model can inherently incorporate the historic data, subject matter expert’s opinions,
as well as the belief about the collected data. Those characteristics allow for continuous
refinement of the network structure and node probability table when additional knowledge
is available. The risk prognosis and context condition diagnosis are achieved by propagating
the information in forward and backward directions, which means the causal network can
not only calculate the pipeline segment risk given the context conditions, but also
recommend the optimal mitigation approaches taken to achieve certain

operation goals. The network developed in this section acts as the engine for the enterprise
decision support system. The detailed description of the overall development process is
discussed below.

Bayesian Network Theory

Bayesian networks are causal probabilistic models that combine data and subject matter expert
knowledge to quantify certainty, providing the most rigorous and rational basis for critical decision
making process. Specifically, a Bayesian network is a directed acyclic graph where the nodes
represent a set of random variables X = {X{, X;, X3, ..., X,,}, and the edges connecting any two nodes
represent direct dependency between them[19]. The strength of an edge is given by conditional
probability distribution of the nodes associated with the edge. Figure 4-1 shows a Bayesian network

model of five nodes.

Figure 4-1. Example of Bayesian network with five nodes

Mathematically, a Bayesian network of a set of n random variables X = {X;, X,, X5, ..., X,,} is
represented by its joint probability distribution P(X; = x4, X, = x5, X3 = x3, ..., X;, = x,) or
P(x4, x5, X3, ..., Xy), Where x4, X5, X3, ..., X, are the values of the variables X;, X,, X3, ..., X,
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respectively. The probability distribution for each variable X; is computed by taking the
marginal integration of all the other variables. Based on the direction of information
propagation, the Bayesian network can be used for prognosis and diagnosis.

P(xq, X5, X3, ) Xp) Equation 4-1
= P(x)P(x2|x)P(x31%1, X3) oo P(Xn ], X2, X3, 0e) Xppo1)

n
= 1_[ P(x;lxq, x5, %3, 0y Xi—1)
i=1

Pipeline Risk Modeling

It has been stated before that the failure of pipeline results from the interaction of multiple
causes. The capabilities of Bayesian network enable the calculation of threat interaction
levels and severity of risks in vintage gas pipelines. To improve the analysis accuracy, the
subject matter expert’s opinions, historic data, and concurrent inspection data are integrated
in the developed Bayesian network model.

Graphical Analysis for Risk Factors

Initially, 32 factors, identified by SMEs were considered to have critical impact on the
performance of vintage gas pipelines. Those factors are illustrated in Figure 4-2 and they
represent the nodes of the developed Bayesian network.
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Figure 4-2. Factors selected by SMEs
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The second step is to determine the interaction between every two nodes. Out of a theoretical
possible combination of 4,294,967,296 interactions between the 32 factors, SMEs then selected
65 plausible interactions to construct the edges of the initial Bayesian network as shown in
Figure 4-3. Two simple graphical analyses were then run. First, betweenness centrality, which
is equal to the number of shortest paths from all vertices to all others that pass through that
node, was calculated for every node. It is shown in Figure 4-4. Second, degree centrality, which
is the number of ties a node has to other nodes, was calculated for each node as shown in Figure
4-5. Larger red dot denotes higher centrality value in both Figure 4-4 and Figure 4-5. The
product of degree centrality and betweenness centrality gives a composite ranking, which then
helps to identify the most important factors. Figure 4-6 and Figure 4-7 show the composite
ranking of nodes in the Bayesian network. As expected, the top five factors with the highest
composite rankings in decreasing order are Stress concentration, Manufacturing methods,

Bending, RPM model, and Surface condition.
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Figure 4-3. Initial Bayesian network graph selected by SMEs
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Figure 4-7. Composite ranking of the nodes in Bayesian network graph
The third step is to construct conditional probability tables for the factors in the Bayesian
network. Three methods were identified for the purpose: FEM analysis, Data collection and
analysis, and Experimentation and observation as shown in Figure 4-8. We used an extensive
historic hydrostatic test data covering all vintage pipelines to construct the preliminary
conditional probability table. Figure 4-9 demonstrates the preliminary analysis results. The
initial study was conducted on a set of 105 slow crack growth failures in pipe that were not
associated with fittings or other known stress risers. The pipes were all extracted from a gas
distribution system in 2010 -2011. They had been in service since 1972, 1973 and 1974. A
combination of simpler statistical models, subject matter expertise and historical observations
was used to estimate initial graphical structure and probabilistic distribution of a Bayesian
network model. This process is represented in ontology illustrated by Figure 4-10. Statistical
models help to understand various levels of threat interactions between factors of interest that
may lead to failure. Some of the modeling methods, evaluated in this preliminary work, are
rate process method, fault tree analysis, event tree analysis, surface feature model, finite
element method, risk score model, etc. The following sections will demonstrate the continuous
refinement of the developed Bayesian network when additional data or knowledge are

collected.
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Bayesian Network Quantification for Aldyl A Risk Assessment

Under the normal operation pressure, pipelines will experience the slow crack growth (SCG)
failure pattern, because the applied stress is too low to cause ductile failure. Three factors
were identified to have the greatest impact on the pipe SCG lifetime expectancy - pipe inner
wall surface condition, stress state, and ground temperature. The pipe inner surface condition
depends on a number of factors notably the presence of surface oxidation, surface crystals,
boundary crystals, large Spherulites, rods, inside diameter micro cracks (IDMC), and dimple.
The pipe stress state is the result of any stress risers acting on the pipe such as material
properties, impingement, bending, etc. Ground temperature is directly associated with the
creep behavior of a pipe, and thus affects its lifetime expectancy.

In this project, AgenaRisk[20], a popular risk analysis and decision support software, is used
to develop the causal network, which is then deployed to the developed Enterprise Decision
Support System. The JavaScript Object Notation (JSON) messaging format from the previous
quarter is also updated with new features for sensitivity analysis, initialization, update and
query operation in the Bayesian network model. Given the SCG failure pattern described
above, the initially constructed Bayesian network in Figure 4-3 is updated and illustrated in
Figure 4-11. In this updated network, volumetric creep node is eliminated because through
extensive studies, available volumetric creep models could not provide satisfactory prediction
for the initiation of inner diameter micro cracks (IDMC) as well as the total lifetime
expectancy. An alternative approach is proposed in the following section to incorporate the
effect of years in service. Apart from that, some intermediate nodes, such as “OD_ID_ratio”,
“Resultant Movement”, and “Risk Score” are introduced here to alleviate computational
efforts.
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Figure 4-11. The modified overall Bayesian network

Prior Stress Intensification Factor (PSIF)

In this section, the effect of years in service is considered by introducing the prior stress
intensification factor (PSIF) node. The stress concentration node in the initial design is
modified as operational stress intensification factor (OSIF), which represents the stress
intensification factor (SIF) caused by factors related to pipeline operations, such as soil
movement, impingement, pipe type, operational pressure, etc. Analogous to previous
discussion, the network is partitioned into several sub-networks according to the nodes
highlighted in Figure 4-11. The node “Impingement Stress Intensification Factor” is the
output from a separate Bayesian network model, which will be discussed in detail below. The
node types and states are determined with the best knowledge of the investigator and they
are summarized in Table 4-1.

Table 4-1. The summary for node types and states

Node Name Node Type States/Distribution Unit Explanation
Years in Service Continuous N (40, 400, 5, 70)* Year From Installation Time to Now
Years after Repair Continuous U (0, 50)* Year From Repair Time to Now
Years before Repair Continuous Year Years-YaftRep
. Check If the Aldyl a Pipe Has
f Aliéllgwuh Boolean (False, True) Low Ductile Inner Wall
(LDIW)
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Node Name Node Type States/Distribution Unit Explanation
If Repaired Boolean (False, True) Check If the P_l pe Has Been
Repaired
. (Mechanical Coupling, Butt .
R Meth Labell R Meth
epair Methods abelled Fusion, NA) epair Methods
Prior Stress Prior Stress Intensification
Intensification Factor Continuous Factor based on Historic
(PSIF) AldylA Data
Horiz Soil Movement Continuous N(12, 36, 0, 120) Ft Soil M ovemel.lt al(?ng
Horizontal Direction
il M ! ical
Vert Soil Movement Continuous N(24, 36, 0, 120) Ft Soi ovem.ent aong Vertica
Direction
Resultant Movement Continuous Ft Resultant Soil Movement
Diameter of Displace Continuous N(50,100, 0, 100) Pt Diameter of the Area with Soil
Area Movement
Bending Radius Continuous Pipe Bending Radius
Pipe Type Boolean (Service Lines, Mains) Pipe Function Type
=1 inch, <=2inch, <=4 inch, . . .
PE Pipe Size Labelled (<=Linch, < -1nc TR Pipe Outside Diameter
<=6inch)
Bending Radius Continuous Bending Radius/Pipe Size
Factor
Check if the Bending Radius
BRF Less Than 140 Boolean (False, True) Factor is Less Than 140
Pipe with Tee (PWT) Boolean (False, True) Check if the j}[l:zm Pipe hasa
Oper.a.tlon.al Stress . SIF Caused by Root, Rock,
Intensification Factor Continuous Impineement. and Bendin
(OSIF) ping : &
Stress Intensity Continuous Combination Between
Factor (SIF) PSIF and OSIF
ID Micro Cracks Discrete Real (0.0, 1.0) EXIStence,Of Ml,cro Cracks
on Inside Diameter
Sy . Surface Oxidation on
Surface Oxidation Discrete Real (0.0, 1.0, 2.0, 3.0, 4.0, 5.0) . .
Inside Diameter
f: 1
Surface Crystal Discrete Real (0.0, 1.0, 2.0, 3.0, 4.0, 5.0) Surface Crystal on
inside diameter
Exi f Dimpl
Dimple Discrete Real (0.0, 1.0) x15ter.1ce ° . 1mple on
Inside Diameter
Exi f Rod
Rod Discrete Real (0.0, 1.0) x1st§nce(‘) odon
Inside Diameter
Boundary Crystal | Discrete Real (0.0, 1.0, 2.0, 3.0, 4.0, 5.0) Boundary Crystal on
Y T T e Ee Inside diameter
Relative Risk Score
Risk Score Labelled (1,2,3,4) Determined by Pipe Micro
Surface Features
. . ([-1.29,6.50],[-2.36,-1.29], Quantile Range from
T Quantile Range Continuous [-3.84,-2.36],[-5.00,-3.84)) t Distribution
Application Continuous 23 Celsius Average Operatlon'
Temperature Temperature of the Pipe
Pressure Continuous N(50, 400, 1, 100) Psi Operation Pressure

Standard Dimension
Ratio (SDR)

Discrete Real

9, 11, 13)

Outside Diameter/Wall
Thickness
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Node Name Node Type States/Distribution Unit Explanation
OD_ID_Ratio Continuous (1.6531, 1.4938, 1.3967) SDR"2/(SDR-2)"2
H I 1
Hoop Stress Continuous Psi oop Stress Caused by Interna
Pressure
. Continuous . Hoop Stress
Intensified Stress Psi Intensified by SIF
Mean Life Continuous Log(hrs) Mean Life Prediction using
Expectancy 8 Control SCG Model
. . Life Prediction Considering
Life E Log(h:
ife Expectancy Continuous og(hrs) Risk Score of the Pipe
Impingement SIF Continuous SIF Caused by Impingement

* Represents truncated normal distribution N (y, 02, Lower Bound, Upper Bound)
*“Represents uniform distribution U(Lower Bound, Upper Bound)

The Dupont Company has performed hydrostatic testing of Aldyl A in accordance with the
industry accepted Rate Process Model (RPM). The times of failure of the specimens under
different conditions overlay the Dupont control reference data at all stress levels. The
hydrostatic pressure testing data sets for Aldyl A are depicted in Figure 4-12, in which it can
be seen that the pipes have different failure time distributions for different geometry/loading
conditions such as low ductile inner wall (LDIW), indentation/impingement, and squeeze-
off. LDIW is the inner surface feature defects induced by manufacturing process for Aldyl A
in 1970s. Since indentation has similar effect with the impingement, its effect is considered
in the impingement node. Generally, squeeze-off is a common method for stopping the gas
flow for plastic pipe repair. Therefore, it is assumed that the pipe will be under squeeze-off
loading condition if the pipe has been repaired.

Slow Crack Growth Evaluation of Vintage Polyethylene Pipes

Page 95 of 383 g't|




23 °C Aldyl A Reference RPM Models
N N
N N
AN N
\\
\\
\\
\\
10°
=
k=
0
123
<4
n L 1in 1,000,000
§- — . —-1in10,000
T — 1in100
8 .
£ 1in 10
=
& mean
9in 10
99in 100
9999 in 10,000
999,999 in 1,000,000
¢ Control Data Points Shifted to 73.4 °F
10 2 | ‘ Control LDIW Data Points Shifted to 73.4 °F ! N N A N
B Squeeze-off Data Points Shifted to 73.4 °F - N N <
¢  Control LDIW-Indent Data Points Shifted to 73.4 °F 4 \\\ N
n e T ST —————E T Ll R P N
102 10° 10* 10° 10° 107 108
Shifted Time to Failure [y]

Figure 4-12. Data sets for SCG control, LDIW control, LDIW with indentation and LDIW with
squeeze-off shifted to 73.4°F

In pressure testing guidelines, stress intensification factor (SIF) originating from the
extrusion process seeds the ductile failure mode, which was consistent with the results from
finite element analysis (FEA). Bearing the idea that the distribution of SIF on the inside
diameter will not vary between different testing methods, the mean SIF value for the SCG
data should be identical with that of the Ductile data. To compute the life under different
loading conditions, the data sets for control LDIW, LDIW with Indentation, and LDIW with
squeeze-off were mapped to the SCG control curve with an equivalent SIF value for each
data point. The mapping process is discussed in 8 below. The prior distributions for SIF under
different loading conditions are depicted in Figure 4-13. Before substituting the computed
SIF distribution into the RPM, the values need to be normalized with respect to its mean SIF
value of the control SCG data and the normalized SIF is represented as SIFN below.
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Distribution of Calculated Stress Intensification Factors in Control Aldyl A Pipe.
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Figure 4-13. The SIF distributions under different loading conditions

To accurately quantify the remaining useful life (RUL) of pipes, it is critical to consider the
effect of years in service. The schematics for computing the relative stress intensification
factor (SIFR) are illustrated in Figure 4-14. Plugging these two data points into SCG
reference rate process model (RPM), we can get

c, C .
log(t,) = C; + ?2 + %log(ao) Equation 4-2

c, C .
log(t, — At) = C; + ?2 + %108(01) Equation 4-3

Combining Equation 4-2 and Equation 4-3, the relative SIF can be computes as

T .

0, to — At\Ca Equation 4-4
SIFR = 2% = <_>
o to

Thus, the total SIF (SIFT) after At years in service is expressed as

L]
Slow Crack Growth Evaluation of Vintage Polyethylene Pipes Page 97 of 383 gtl



SIFT = SIFRXSIFN Equation 4-5

&y — At o

Figure 4-14. The schematics for computing the relative SIF (SIFR)

Given the years in service, the total failure life of the pipe is the summation of years in
service and the predicted RUL. Taking the LDIW data as an example, Figure 4-15 illustrates
the procedures for computing the RUL and total failure time after certain years in service.
The LDIW is shifted to the left by At years as shown in Figure 4-16. Conceptually, the
predicted total failure time after certain years in service should be identical to the control
LDIW data without considering other material degradation factors. The predicted total
failure time considering different years in service is given in Figure 4-17.

1.Shift the LDIW data left by years in service

!

2.Compute the relative SIF using Equation 4-3 to Equation 4-5

3.Compute the remaining useful life
considering the SIFR*SIFN for LDIW data

4. The total failure time is sum of the remaining
useful life and years in service

Figure 4-15. The procedures for computing the RUL and total failure time
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Figure 4-16. Shift the LDIW data leftwards by At
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Figure 4-17. The validation of predicted total failure time after different years in service

For pipes in service, their loading conditions may change due to the change of pipe inner
wall surface features, such as LDIW or internal damage caused by squeeze-off. In the
developed Bayesian network, different loading conditions generated by different
combinations of repair or inner diameter surface features are summarized in Table 4-2. That
means different data sets will be used for computing the SIFT in Equation 4-5 for each
individual case. The SIFT are proportionally combined by the ratio of the years under a
specific loading condition and the total years in service. For example, the pipe has been in
service for At years under the loading condition 1 and loading condition 2 for At; and At,
years, respectively. The final SIFT can be calculated as
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At At . )
SIFT = SIFT, A—tl + SIFT, A_tz Equation 4-6

The sub-network for computing the prior SIF distribution is shown in Table 4-2, in which
the prior SIF distribution is computed considering the years in service as well as the years
after repair by means of AgenaRisk application programming interface (API)

Table 4-2. Different combinations of loading conditions

If LDIW? True False
If Repaired?
True LDIW + Squeeze off Control SCG + Squeeze off
False LIDW Control SCG
HA Years in Service _ﬂ Years after Repair If Aldyl A with LDIW ? | f Repaired?
0.0 T T T T 0o T T T
m = W s ; i S B S}
(=] [=] (=] o @ % 5: E :
z Years before Repair Prior Stress Intensification Factor
0016 0.048
0.024
0.0
s T |_. \“ ‘a- 00
253588 RN
T

Figure 4-18. The sub-network for computing the prior SIF distribution
Impingement Stress Intensification Factor (ImpSIF)

Since the deformation caused by indentation and impingement are similar, they are generally
considered as impingement in this developed Bayesian network. In 1982, Dupont issued a
letter urging its customers to realize the risk of pipes subject to rock/root impingement.
According the report published in 2014[21], the stress concentration introduced by
impingement occurs more often than that caused by squeeze-off. Additionally, impingement
is of particular concern because it would accelerate pipe failures by around 12 years from the
time when the pipe was initially impinged.

Extensive studies have been performed to quantify the stress or strain caused by
indentation/impingement[22, 23]. In[24], the author applied the equivalent load approach to
study the stress distribution around imperfection in thin-walled structures. The latest version
of ASME B31.8 standard recommends the equations for calculating the effective strain in
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dents. Based on the theory of plates, the strain components are estimated considering the
geometry of the deformation, which includes the dent length and dent depth along the
circumferential and axial directions.

€ =3 (R—0 — R_l) Equation 4-7
o= _ 1t Equation 4-8
X -
2R,
1/d\* Equation 4-9
= =3(3)

where ¢4, &,, €3 stand for the circumferential bending strain, longitudinal bending strain, and
extensional membrane strain. The values for R; and R, are negative for reentrant
impingement. The symbols in above equations illustrated by plotting them in Figure 4-19
below,

A

\ 4

Figure 4-19. The geometry of indentation/impingement

As stated in[25], the pipe material will experience severe plastic deformation due to
indentation, therefore the elasto-plastic characteristic of the polyethylene material should be
used to avoid overestimating the stress concentration. GTI has generated the stress strain
curves for medium density polyethylene and Aldyl A materials, which was successfully
implemented to simulate the nonlinearity of the squeeze-off process. The stress strain curve
for Aldyl A material is illustrated in Figure 4-20.
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Stress Strain Curve for Aldyl A
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Figure 4-20. The stress strain curve for Aldyl A

Since the pipe is not undergoing uniaxial stress state, the strain components along tri-axial
directions are combined to calculate the effective strain in the inside diameter,

V2

Equation 4-10
gepr =3V (e1—€2)7 + (61— €3)° + (2 — €3)°

where e, e,, e; stand for the total strain along circumferential, axial, and radial directions,
respectively and &5 is the combined effective strain. For polyethylene, the Poisson's ratio is
very close to 0.5, Equation 4-10 can be simplified as €, = e; under uniaxial loading.
Generally, the stress along radial direction can be neglected in comparison with the other

two directions and Equation 4-10 is rearranged as

2 Equation 4-11
Eeff = 5\/612 —e.e, + e,? q

where e;=¢; and e, = ¢, + &3. Using the effective strain, the effective stress induced by
impingement can be computed by substituting the effective strain in the stress strain curve.

Empirically, for a specific pipe diameter, the geometrical parameters shown in Figure 4-19
are bounded. For example, the dent depth d should be less than the pipe radius R,. It is
defined in that dents are considered to be injurious if the depth d is greater than 6%. The
circumferential dent length L. should not be greater than the pipe outside diameter. Based
on the geometric relationship, the bend radius along the circumferential and axial directions

can be estimated as
L d Equation 4-12

Ri=54732
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Equation 4-13

Thus, the sub-network for computing strain components is shown in Figure 4-21. It is
explicitly demonstrated that the circumferential strain is much higher in comparison with
the other two components, which can be explained by the restrained dent length along the
circumferential direction. If impingement information is unknown to the operator, the
induced SIF severity can be empirically estimated using linear combination of root and rock

density. Given the prior distributions, the distribution of impingement induced stress
concentration can be calculated and shown in Figure 4-22(a). Figure 4-22(b) plots the SIF

distribution by processing the reference Aldyl A hydrostatic testing data.
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Figure 4-21. The Bayesian network for strain components
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Figure 4-22. The distributions of SIF from Bayesian network (a) and experiment (b)

From the above plots, it can be observed that the estimation from the Bayesian network is
much higher than the experimental results. The discrepancy may originate from the
accuracy for the bending radius estimation and the true stress strain curve difference for the
pipe under hydrostatic testing. For simplicity, a correction factor 0.5 is introduced here in
the Bayesian network to make it consistent with the experimental testing. After calibration,
the Bayesian network for computing the impingement SIF is depicted in Figure 4-23.

Table 4-3 summarizes the type and states for each node.

L]
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Figure 4-23. The Bayesian network model for computing impingement SIF

Table 4-3. The type and states for each node

Node Name Node Type States/Distribution Unit Explanation
Circumferential Continuous N(0.5,0.04, 0, 1) In . Dent Length al.ong-
Dent Length Circumferential Direction
Dent Depth Continuous N(0.05, 0.0004, 0.00001, 0.14) In Depth of the Dent
Axial D Dent Length along Axial
al Dent Continuous N(15, 16, 0.5, 25) In ent Length along Axia
Length Direction
Circumferential .
Bending Radius Continuous In |R1|
Axial Bendin .
Radius & Continuous In |R>|
Circumferential Contin
Bend Strain ontnaons &
Axial Bending .
. Continuous &
Strain
Extensional .
. Continuous &3
Strain
Effective Strain Continuous Eeff
Stress on Corresponding to
Effective Stress Continuous Psi &eff on the Stress Strain
Curve
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Node Name Node Type States/Distribution Unit Explanation
Computed
Impingement Continuous Effective Stress/Hoop Stress
SIF
Installati
nstatation Labelled (Open Trenching, Horizontal Drilling) The Methods of Installation
Methods
Root Ranked (Very Low, Low, Medlum’ High, Very Root Density
High)
Rock Ranked (Very Low, Low, Medlum, High, Very Rock Density
High)
Estimated Ranked (Very Low, Low, Medium, High, Very Estimated Impingement
Impingement High) Severity
heck if the Pipe i
If Impinged ? Labelled (Yes, No, Unknown) Check t eripets
Impinged
Implr;{lg;ment Continuous SIF Caused by Impingement

As seen above, the distribution for “Impingement SIF” node overlays the distribution from
experimental testing after introducing the correction factor. The advantage of this network is
it can provide relatively accurate SIF prediction for different impingement configurations,
which is more informative than the extracted SIF distribution for the decision making
process.

Operational Stress Intensification Factor (OSIF)

Operational stress intensification factor (OSIF) represents the SIF introduced by real
operational conditions, such as impingement, soil movement or bending. As stated
previously, prior stress intensification factor (PSIF) represents the SIF introduced by primary
loading conditions caused by years in service or repair methods. The superposition of these
two sources of SIF is the total stress intensification factor (SIF).

A FEA model was created to investigate the SIF caused by bending, with or without fitting
tees. Then, the model was extended to consider the relative angle between fitting tees and
bending curvature. Figure 4-24 shows the definition of bending sign convention used in this
report. The tee will be on the concave up portion of the pipe for positive bending and on the
convex up portion of the pipe for negative bending. For each pipe configuration, the SIF was
calculated by taking the maximum von Mises stress in each load case and dividing it by the
nominal pipe hoop stress calculated from the internal pressure of the respective load case.
After that, a power law regression model was constructed to correlate the SIF with input
configuration parameters, such as internal pressure (P) and bending radius factor (BRF).
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Figure 4-24. Bending moment sign convention-positive concave up, negative concave down

Through comprehensive analysis, it is found that the calculated SIF is independent of pipe
size, as expected, and all the regression models can be generalized to a single power law
function. The generic equation for the fitting is shown in Equation 4-14 and the regression
coefficients are listed in Table 4-4.

SIF = aP’BRF°¢ Equation 4-14

where SIF - Stress Intensification Factor
P —Pressure[psi]
BRF - Bend Radius Factor expressed as multiples of the pipe diameter

a, b, c — Regression Coefficients

Table 4-4. Regression coefficients for each configuration

Configuration a b c
Pipe without Tee 4453.0 -1.0657 -0.744
Pipe with Tee Positive Bending 5310.7 -0.9654 -0.7251
Pipe with Tee Negative Bending 9364.1 -1.0757 -0.7789
Pipe with Tee Lateral Bending 3476.7 -1.0059 -0.5593

Figure 4-25 shows the relative severity of the bending configurations at an internal pressure
of 45 psig. The maximum stress is the greatest for a lateral bend > positive vertical bending>
negative vertical bending > pipe with no tee. To simplify the computation and application of
the developed network, the regression coefficients for pipes with the tee under lateral
bending are chosen to represent all three configurations, which can provide relatively
conservative life prediction for Aldyl A pipes.
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Impact of Bend Radius for Various Bending Configurations at 45 psig Internal Pressure
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Figure 4-25. The relative severity of bending configurations at 45 psig internal pressure, SDR
11 pipe

The investigation of the soil movement effect on the pipeline has been performed in GTI
project 21559 and 21584 Mobile Hybrid LiDAR & Infrared Sensing for Natural Gas Pipeline
Monitoring. Gas distribution pipeline may experience high longitudinal strains in the events
of soil movement resulting from external force, seismic activity, slope instability, flooding,
and soil subsidence. The deformation of the pipeline may be either along the vertical
direction because of soil settlement or along the horizontal direction because of landslides.
The schematic representation of pipe deformation under vertical or horizontal soil
movement is shown in Figure 4-26. It can be easily concluded that bending will be
introduced on the pipe due to the combinatory effect of the vertical and horizontal soil
movement. The rough estimation of the bending radius can be computed using the
fundamental knowledge of solid geometry. The schematics of the resultant pipeline
deformation are demonstrated in Figure 4-27.
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Figure 4-26. The schematic representation of pipeline bending undervertical soil movement (a)
and horizontal soil movement (b)
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Figure 4-27. The resultant deformation of pipeline bending due to soil movement
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As seen above, the bending radius (BR) can be calculated as

RM =+/V? + H? Equation 4-15
L* Equation 4-16

BR? = (BR —RM)? + - quation
BR = g + 4;21\/1 Equation 4-17

From the expression in Equation 4-14, it is trivial to find that the bending radius caused by
soil movement can be easily incorporated in this formula. Considering the impingement, soil
movement, and bending discussed above, the Bayesian network for operational SIF is shown
in Figure 4-28.
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Figure 4-28. The Bayesian network for node “Operational SIF”

Risk Score

During the investigations carried out under the OTD 2.8.d (20649) project, it was noted that
certain surface features visible in Cross-Polarized Light Microscopy (CPLM) and Scanning
Electron Microscopy (SEM) appeared to correlate to times to failure in the RPM testing of
pipe specimens. A categorical (multinomial) logistic regression model yielded surprisingly
good predictive power. The model was later improved by incorporating relative ranking
derived from Oxidation Induction Time (OIT) from thermal testing and Carbonyl Index (CI)
from Fourier Transform Infrared (FTIR) testing. The developed logistic regression model was
implemented in the Bayesian network to create the node probability table given the fitted
model coefficients. Details for computing the probability of each state (i.e. outcome) are
discussed below.

The multinomial logistic regression is a classification method that generalizes logistic
regression to solve problems with more than two possible discrete outcomes[26]. Assume
there are K possible outcomes, the multinomial logit model is to regress the K — 1 outcomes
against the pivot outcome, such as outcome K. The logit regression can be expressed as

In(Pr(Y; =1)/Pr(Y; = K)) = B, X; Equation 4-18
In(Pr(Y; = 2)/Pr(Y; = K)) = B,X; Equation 4-19
In(Pr(Y; =K —1)/Pr(Y; = K)) = Bx_1X; Equation 4-20
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where f31, 5,, ..., Px-1 are the model coefficient vectors correspondingto 1, 2, .... ,K — 1
outcomes, X; is a vector representing the surface condition attributes of a pipe. Since the
sum of the probabilities for K outcomes is one, the probability for each outcome can be

computed as

K-1
Prf=K)=1/(1+ ) exp(BXy)
k=1

K-1

Pr(t = 1) = exp(B1X0) /(1 + ) exp(FiX)

k=1

K-1
Pr(ti = 2) = exp(BoX) [ (1+ ) exp(BiX)
k=1

K-1

Pr(t = K = 1) = exp(BeaXd) /(1 + ) exp(BiX)

k=1

Equation 4-21

Equation 4-22

Equation 4-23

Equation 4-24

Given the derivation above, the node probability table of the “Risk Score” node can be
constructed using the AgenaRisk API. The completed subnetwork is illustrated in Figure

4-29.
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Figure 4-29. The Bayesian network for node “Risk Score”
Sub-networks Assembly

In this part, the sub-networks developed above are integrated as an overall Bayesian network
as shown Figure 4-30. Using the developed network, on the one hand, the remaining useful

life (RUL) of pipelines can be predicted given context conditions, such as buried
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environment, application temperature, and pipe inner diameter surface features. On the
other hand, the context conditions can be diagnosed based on the evidence for pipeline RUL.
The forward and backward reasoning process will be provided later to validate the integrity
of the developed risk assessment network.
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Figure 4-30. The integrated Bayesian network for pipeline risk assessment
Bayesian Network Testing and Validation

Risk Score Validation

For Bayesian network, one node is independent of the others if the evidences for all of its
parent nodes are provided. Analogously, in the developed overall network, the risk score can
be computed given its parent nodes representing the inside diameter surface features. In the
OTD project (4.12-GTI 21301), different combinations of surface features and the predicted
risk score from logistic regression were listed. Plugging these data into the developed
network, the risk score for each scenario should be replicated. The risk scores from the
original regression model and Bayesian network are compared in Table 4-5.

Table 4-5. The risk score comparison between logistic regression and Bayesian network

Risk Score from Probability of Each Category Risk Score from
Regression 1 ) 3 4 network
3 7.40E-05 0 0.998062 0.001864 3
4 0.000179 0 0.010156 0.989665 4
3 0.000707 5.00E-06 0.998109 0.001179 3
3 0.001328 0.496864 0.501255 0.000553 3
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3 0.001982 0.03762 0.958174 0.002224 3
2 6.00E-06 0.972903 0.027091 0 2
3 0.001328 0.496864 0.501255 0.000553 3
2 0.000366 0.982811 0.015212 0.00161 2
2 0.00032 0.993946 0.003589 0.002146 2
2 4.00E-06 0.997916 0.00208 0 2
3 0.002037 0.494501 0.501623 0.00184 3
3 0.001875 0.012431 0.984085 0.001609 3
3 0.000811 0.00141 0.997339 0.00044 3
3 7.60E-05 0.001317 0.998605 2.00E-06 3
3 0.002037 0.494501 0.501623 0.00184 3
2 2.00E-06 0.999757 0.000241 0 2

From Table 4-5, it can be seen that the developed network can completely reproduce the
results from the original logistic regression model when the category is determined by the
maximum predicted probability. In the developed Bayesian network, the probability for
each category will be considered for risk assessment, which will minimize the information
loss from the logistic regression model.

Rate Process Model Validation

In this Bayesian network, the pipes are undergoing slow crack growth failure pattern under
the normal service condition. The risk score computed above was initially generated relative
to the reference SCG model. Different scores mean different levels of risk for SCG failure. In
order to validate the reference SCG model, the Bayesian network is run multiple times with
different stress and risk scores. The prediction limits (PL) from the SCG reference model and
the Bayesian network are plotted in Figure 4-31.
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Figure 4-31. The reproduced prediction limits using Bayesian network
Remaining Useful Life Prediction

The critical application for this network is to assess the risk of the pipe by predicting its RUL
given specific context conditions, such as temperature, buried environment, inner diameter
surface features, and so on. If the pipe is under the same internal pressure, the RUL will be
decreasing with higher risk score. To validate this conceptual understanding, three scenarios

are generated and listed in

Table 4-6.
Table 4-6. The context conditions for 3 scenarios
D idati
. Intensified | Temperature . . Boundary | Surface Ox:ldat‘mn Surface Risk
Scenarios Stress (psi) (Celsius) Dimple | Micro | Rod Crystal | Crystal Induction Oxidation | Score
Cracks e e Time
3 500 23 1 1 1 1 1 4 4 1
1 500 23 1 1 0 5 2 1 2 2
2 500 23 1 1 0 1 2 3 5 3
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Figure 4-32. The final distributions for the log of the life expectancy (hrs) Mean life=53.1
years, (b) Mean life=21.7 years, (c) Mean life=8.7 years

To investigate the effect of prior SIF, 10 scenarios are generated by changing the evidence for
nodes “If Aldyl A with LDIW?”, “If Repaired”, “Repair Methods”, “Years in Service” and
“Years after Repair”. Using the network, their corresponding median and quantile life
prediction can be easily computed. It should be noted that the life prediction may not
represent the true life for the pipe, because the overall Bayesian network has not been
calibrated using true testing data for pipes undergoing the combination of different loading
conditions. However, the trend for the life prediction should be consistent with the
conceptual understanding of the pipeline failure mechanism. Those assumed 10 scenarios are
summarized in Table 4-7, in which the first row listed the node names. The life prediction
results are summarized in Table 4-8.

Table 4-7. The context conditions for 10 scenarios

If Aldyl A If Reair Years Bending
Scenarios with . L after Years Temperature Pressure Radius
Repaired Methods .

LDIW Repair Factor
1 False False NA 0 40 23 60 150
2 False True Butt Fusion 10 40 23 60 150
3 False True Butt Fusion 20 40 23 60 150
4 False True Butt Fusion 30 40 23 60 150
5 False True | Mechanical 30 40 23 60 150

Coupling
6 True False NA 0 40 23 60 150
7 True True Butt Fusion 5 40 23 60 150
8 True True Butt Fusion 10 40 23 60 150
9 True True Butt Fusion 15 40 23 60 150
10 True True | Mechanical | g 40 23 60 150
Coupling
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Table 4-8. The median and quantile life prediction for those 10 scenarios (years)

Scenarios Median Upper Quantile Lower Quantile
1 35.54 89.92 15.22
2 22.17 41.27 8.21
3 21.50 39.40 7.99
4 17.16 39.15 7.70
5 13.34 28.95 6.14
6 23.41 43.76 9.11
7 10.48 24.05 4.77
8 10.15 22.01 4.65
9 10.69 2425 4.96
10 8.52 17.86 4.01

From above table, it can be seen that the predicted life will be shorter for the pipe that has
been repaired longer time back. The reason is because it is assumed that the plastic pipe will
be squeezed once it is repaired. The mechanical coupling may also decrease the life time and
the reason is the localized bending will be introduced around the coupling edge. Those
preliminary assumptions can be updated once additional knowledge is acquired.

Conclusions and discussions

This section presents the procedures of designing, developing, and validating the
probabilistic risk assessment model. Bayesian network is proven to be a good candidate for
expressing the semantic ontology of pipeline risk phenomenon. The inherent causal
relationship could greatly reduce the complexity and scale of the network model. By
processing the Aldyl A hydrostatic testing data sets, the effects of years in service, squeeze-
off and LDIW are successfully taken into account as the prior SIF distribution. Impingement
induced SIF is modelled by combining the theory of plates and stress strain curve considering
large plastic deformation, the sub-network developed from which is also calibrated and
corrected using the hydrostatic testing results. Each sub-network can be continuously
refined with additional data acquisition. Then, they are assembled to compute the life
expectancy of pipeline segments given different context conditions. The risk model can be
combined with smart data collection, pipeline inspection, and mitigation practice to provide
informative guidance for integrity management and concurrent situation awareness.

It should be noted that the contribution of each sub-network to the final failure time is
determined by the investigator’s best knowledge. Additional research is needed for the
interactive nature of different sources of SIF. The accuracy of each part of the network may
also be further updated if more reliable data is collected.
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5. Structured Light Method for Internal Inspection of Aldyl-A Pipe

Introduction

Identification and classification of the current vintage pipeline inner wall damage precursor
are of critical importance. However, there is a limited success in sensing and characterizing
the long lengths of deteriorating plastic pipelines with a high probability of detection (POD),
and the capability of the currently available accelerometers and imaging technologies that
can be miniaturized and integrated into smaller CTS size pipes for a fast scan is questionable
and needs a systematic assessment. There are several known inner pipe wall surface
conditions that increase the probability of premature failure due to slow crack growth. The
major drivers of premature failure due to slow crack growth are bending stresses due to tight
bend radii, impingement, and fittings. Damage is also introduced by pipe squeeze-off during
maintenance operations. These conditions identification has been investigated by various
nondestructive evaluation (NDE) techniques, such as direct visual/optical methods using
CCD cameras, ultrasonic testing, liquid-coupled acoustic measurement (e.g. sonar) and laser
based surface inspection approaches including light detection and ranging (LiDAR) and laser
topography[27-29]. However, these currently available technologies suffer either from low-
sensitivity and resolution for small damage precursors, or complex settings and large system
footprint that makes it incapable for plastic gas distribution pipes with much smaller
diameters. In this task, led by the PI at MSU, we developed a multi-spectral and miniaturized
optical sensing platform for imaging the smaller CTS size pipe inner walls with high
sensitivity and specificity of damage identification. The literature review and progress in the
15t quarter are presented in the following sections.

Principle of 3D optical inspection system

3D profiling has been widely used and has a lot of applications in manufacturing and medical
field. The principle of capturing 3D image is mathematically based on the triangulation. This
technique depends on two basic and critical components in the system, which are camera
and projector. The optical projector/source sends structured light to the object, where a
typical structure light pattern is shown in Figure 5-1. The benefit of using this light is to
computationally capture the depth information from the 3D object from a relatively simple
light projection. In the literature, a pinhole model is used to capture the light that reflected
from the object.

i€ oc K°[RC t°1M™ Equation 5-1

where o stands for the equality up to scale factor, [R€ t€] is extrinsic parameters matrix and
K¢ is the camera parameters whose matrix form is shown in eqn. Equation 5-2:
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K¢ = Equation 5-2

0 B v
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Uy and v, are coordinates of the principle point, while « and f are the focal lengths.

Figure 5-1. Example of a structured light pattern projected onto an object [30]

By using the structured light illumination, the collected images by the camera will be
reconstructed into 3D data. Figure 5-2 illustrates the triangulation system by a camera and
light source. In this task, by taking advantage of the endoscope technique, the innovative
imaging principle of using the multicolor multi-ring is considered to increase the resolution
and sensing speed for possible in-line inspection (ILI) integration. Although there are many
kinds of structured light methods, Single Shot (SS) technique is one of the most used
techniques, and we will adopt it for the first prototype development. Since the single shot
just needs one image of the scene to reconstruct 3D data, it will simplify the sensor hardware
design as well as reduce the image processing load. In other literature in the medical field,
one design of structured light endoscope needs a camera and a slide projector to collect the
3D data, which will also be investigated in this task. Figure 5-3 shows the endoscope
technique using for clinical applications at the diameter of 3.8mm.
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Figure 5-2: Illustration of a 3D structured light measurement [31]

Optical sensing is one of the NDE techniques that have been improved significantly in the
past few years. There are several ways under optical sensing to produce a 3D image.
However, two different techniques will be the main categories which are passive acquisition
and active acquisition, in which laser and structured light will be classified under active
acquisition. The following chart shown in Figure 5-3 illustrates the main categories of the
optical sensors.

Optical sensor
L
| |
Active Acquisition
. —
Multiple Single View Active- Triangulation Time-of-Flight
viewpoints point stereo

Figure 5-3. Classification of the optical sensors category
Passive Acquisition

Passive Acquisition is one of the methods that can be used to obtain 3D optical images. This
technique is called passive because the data is collected by using the camera without using
any active source, such as lasers to provide strip line or by using structured lights. Multiple
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viewpoints and single view point techniques are classified to be the main methods for the
passive acquisition

Multiple viewpoints

This technique is used to take the image from different viewpoints/angles. Two cameras or
more can be used to collect the data from different angles. By using multiple cameras, the
technique will be called stereo vision. There are different kinds of stereo with a different
number of the cameras that have been used. For example: if two cameras have been used to
capture the image the technique, is called binocular stereo. Similarly, trinocular stereo is
when three cameras have been used to capture the image. Also, if a single camera has been
used to take the image for the same point but from different locations and time, this
technique is called structure from motion. By processing the images that have been taken
from the different locations or different cameras, the 3D rays will be determined. Finally,
from the 3D rays, the 3D position of the point in the scene can be determined. One
illustration of the multiple viewpoints is shown in Figure 5-4.
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Figure 5-4. Illustration of multiple viewpoints technique [31]

Single view points

In this technique, the captured image does not come from multiple cameras or the camera
motion. The captured image, in this case, will be taken by using the object details, for
example, the texture of the object, shading, or focus, etc. Figure 5-5 shows that the 3D image
has been generated by shape from shading. This technique depends on the reflection from
the object. The pixels in the reconstructed image illustrate the intensity of the reflection that
comes from the object shade, and by using regularized surface fitting, the 3D image can be
reconstructed. Overall, the multiple viewpoints method is more accurate and more efficient
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than single view point method. This technique’s limitations and the enhancement of the
reconstructed image are described in [32]. Shape from shading technique is known as
Photometric stereo. Main steps to generate a 3D image by using this technique is that taking
more than one image for the same point but the illuminations for the scenes are different.
The other technique is called shape from focus. Taking two images from different depths of
field is the main idea of processing 3D image, and the approach is described in [33].

In summary, single view technique is not as good as multiple viewpoints technique in terms
of speed and regulation. Therefore, multiple viewpoints technique is more commonly used.
However, the passive acquisition is not suitable for this project. The active acquisition will be
the tool for making the 3D imaging which will be reviewed and discussed in the following
section.

' P
E An

Figure 5-5. Illustration of generating 3D image by using shape from shading [28]
Active Acquisition

Active Acquisition has different techniques to capture the viewpoints comparing with
passive techniques. As illustrated in the passive techniques, captured image does not need
structured light or laser stripe to collect the data. However, in Active Acquisition, optical
detectors such as camera need to be used to detect the point. In addition, the active sources
such as laser source or structure light should be considered to complete the imaging process.

Active-stereo

Active stereo has a similar concept with multiple viewpoints. In this technique, a light source
with special features is used to replace the function one of the cameras in the multiple
viewpoints method. Figure 5-6 illustrates the principle of the Active-stereo method with
laser scanning. The light source has been focused on the scene; then the camera captures the
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view. There are different kinds of the light sources. Structured light and laser are two of the
most known sources. These techniques will be discussed in the following sections. Active
stereo is more common than passive techniques because of the high resolution, and the data
that have been taken by the laser or structured light are more accurate. However, to generate
a 3D image by using a camera and light source, the triangulation should be considered to
calculate the depth of the scene, which makes the method mathematically rigorous and
challenging.

Laser source

Projection
lens

Collecting
lens

e

Baseline

=

Figure 5-6. Illustration of active stereo with laser scanning technique [31]

Laser Scanning

A lot of applications have used laser scanning to get a 3D image. Laser scanning is using a
strip of laser light, or it can be a circle-shaped source to scan the inner surface of an object,
(e.g. pipelines in this project, which will be discussed in detail later). Basically, a camera with
high resolution has been used as a sensor to capture the scene. Both the camera and the laser
source work as one unit to produce a 3D image. Figure 5-7 illustrates how the laser and
camera work together. The distance between the camera and the laser source and the
illumination is calculated by using triangulation to create the 3D images. When the laser
projects the light on the object, the laser light will capture the object shape. Then by
knowing the camera and laser positions, the depth of the object can be easily calculated.
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Figure 5-7. Laser scanning technique using CCD camera and laser source [34]

Structured Light

As discussed in the laser scanning section, structured light is similar to the laser technique in
setup, however, a structured light projector is used in this technique instead of the laser
source. The structured light technique has been used for a lot of applications in industrial
and medical testing. The principle of structured light is shown in Figure 5-8, which depends
on the relative positions of the camera and projector. In this system, the projector is
connected to the computer and is controlled to generate pre-designed patterns. There are
different kinds of patterns that are used for structured light such as: Spatial patterns,
Temporal patterns, Colored patterns.
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Figure 5-8. structured light technique with a light projector and camera [35]

Multi colors multi rings approach:

Laser ring approach is a robust technique to scan surfaces, but the main drawback is its long
scanning time due to the small number of 3D points acquired from each single frame.
Another factor is the limitation of the spatial resolution due to the width of projected laser
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ring. In this section, we present a multi rings approach to increase the number of acquired
3D point from each recorded frame and to increase the resolution of the acquisition system.
In this scenario, a 1D stripes sequence or a 2D grid is projected to the object to be scanned.
The projection of multiple scanning lines leads to the rise of the correspondence problem
(i.e. the correspondence between the projected and imaged scanning lines). Different
methods are used to solve this problem. It varies from shifting of binary patterns to the use of
frequency domain methods. Experiments show that the methods that are implemented with
multiple projections provide dense 3D acquisitions but with the cost of processing time while
single shot techniques provide nearly real-time results but provide a more sparse 3D grid that
depends on the number of projected stripes in each single frame[36, 37]. In the case of the
pipe internal surface scanner, the camera is moving inside the pipe which eliminates the
possibility of using multi images technique due to the difficulty of acquiring these images for
the same scene during the camera movement along the pipe. Thus, a single shot system is
employed to account for the effect of scanner movement.

Colored single shot patterns:

In this method, multiple lines with different colors are projected to the surface with special
sequences in order to acquire them uniquely[38, 39]. This method requires only one frame to
perceive the depth of the scanned object. The method produces surfaces with less resolution
due to the limitations on the number of projected lines, but it is considered fast and can be
adapted to suit real-time systems and the imaging of moving objects [30].

Projector pattern

Single shot techniques require the projection of special patterns where each set of sub-
patterns are unique within the projected color sequence to retrieve the actual location of the
projected colored lines. For this purpose, the sequence is required to have a set of words that
are uncorrelated with their entire projected sequence. De Bruijn sequences offer such
capability by providing a set of uncorrelated sets of numbers. Each set is governed by two
factors kand n. Where k represents the number of values that can be chosen for sequence
elements, and n represents the length of each sub-pattern. These factors also govern the total
length of the sequence where the total length equals k™.

Reconstruction algorithm

The reconstruction algorithm is executed in the following sequence:

Image enhancement

The recorded images are passed through a number of steps that may include noise reduction,
color correction and transformation to another color spaces, etc. these steps enhance the
image quality and improve the image segmentation of the projected rings.
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Segmentation:

One of the main operations in the line detection is the segmentation. Each layer is segmented
by taking the gradient of the image with Sobel filter. A 2D filter is used because the lines are
circular and the color change happens in both the vertical and horizontal axes. After finding
the gradient in each channel, they are combined by using an or operator:

final edge = edger|edgeg|edgeb

The gradient is thresholded to separate the foreground from the background.

Color sequence detection:

In this step, the algorithm compares the sequence of the projected and detected pattern by
comparing the values along the projection axis. In the case of rectangular pattern projection,
the comparison is made by exciting a raster scan along the horizontal or vertical axis. In the
case of the pipe scanner, the color change detection is done along the radial axis as explained
by the direction of the arrows in Figure 5-9.

(@) (b)
Figure 5-9. Projection patterns: a) rectangular, b) circular

The algorithm is utilized to check the color difference instead of checking the absolute value
of the color because it is more robust to noise due the luminance differences [30]. The
algorithm checks the detected sequence for any potential matching with projected sub
patterns. For example, if the word length is four, then the algorithm starts matching the first
four detected edges with the first four projected colors. If there is no match, the algorithm
shifts the detected sequence and repeats the comparison process. If there is no match the
projected colors windows is shifted and the comparison process is repeated. If a match is
found, the four detected edges are registered as true edges, and the depth is extracted. Figure
5-10 shows the comparison process between the two hypothetical channels where the first
one is the projected channel while the second is the received channel. The algorithm selects
four elements from the projected sequence and starts shifting through the received channel
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until it finds a match as shown with the sequence [-1 0 0 1]. In our case, the matching is
executed through the 3 RGB channels at the same time.

1] 0 |—1 0 |u 1

Beceived sequence f
Figure 5-10: Matching process

Experimental
Defects and cracks in the pipes

In the beginning, 3 inch diameter pipes are considered as the specimen. Figure 5-11 shows
the pipes that have been used in the experimental work.

Figure 5-11. Pipes for the experimental work

Then some defects were introduced into the pipe as illustrated in Figure 5-12. Through hole
defects with different diameters were introduced. In the white pipe specimen, the smallest
hole in the pipe has the diameter of 0.0787 inches, and the biggest hole is 0.314 inches. Also,
there are additional holes with 0.157 and 0.197 inch diameters. Moreover, some screws were
installed to mimic different defect types. In the black pipe specimen, some damage was
introduced to simulate different kinds of defects. Figure 5-13 shows cracks with different
directions on the pipe wall with a crack width 0.039 inches.

o
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Figure 5-13. The linear cracks in the spacemen

Because our focus is to minimize the sensing system to fit the specimen smaller than 1 inch, a
smaller pipe provided by GTI with different kind of defects was shipped to LEAP and tested
in Q2. The diameter of this pipe is 1.85 inches. Figure 5-14 shows the second type of pipe
that has been used in the experimental work in Q2.

o
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Figure 5-14. Pipe with a small diameter (1.85 inches) and damage section

The damaged section of this pipe is explained in Figure 5-15 with Figure 5-15.a showing the
outer section of the damaged area while Figure 5-15.b is showing an internal view that was
taken by an endoscopic camera.

(a) (b)
Figure 5-15. Optical outer and inner view of the E41 damage of GTI pipe sample damaged area

Scanning without light source

Before performing the laser scanning or structured light scanning, passive scanning is
considered to show the defects without any light source. Two different cameras were used to
scan the inner side of the pipes as shown in Figure 5-16. These cameras have different
diameters. The diameter of the smallest camera is 0.23 inches, and the diameter of the largest
camera is 0.62 inches. The camera is installed in a special prototype that was produced by 3D
printing. After installing the camera and moving it inside the pipe, a video is recorded to
capture all inner surfaces in the pipe. Figure 5-17 a illustrates the cracks that have been

o
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captured by using the two camera. Also, Figure 5-17 b shows the holes that were introduced
into the pipe.

Figure 5-16. Two different cameras installed inside the pipe

(a) (b)

Figure 5-17. The different defect types captured by using the camera

L]
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Using a single passive camera gives an initial indication about the existence of damage on the
pipe’s surface but it doesn’t provide enough information about the size and the shape of the
damaged area. This is due to the lack of any depth information in the recorded camera
frames.

Single ring scanning

In this part of the research, a single ring laser is considered to be the light source of the
scanner. Laser source with a specific red ring was used to detect the cracks and the
deformation. An image of the laser source and the projected red laser ring is shown in Figure
5-18. The relation between the diameter of the ring and the distance between the ring and
the laser source is (1:1). This means that if the distance between the laser and the scene is 1
meter, then the diameter of the ring on the scene will be 1 meter.

Figure 5-18. The laser source used in the sensor prototype

Scanning with small view angle camera

One of the cameras that was shown in Figure 5-18 was used with the laser source to scan the
pipe. Figure 5-19 illustrates the prototype that has been used for scanning. The camera in this
prototype is attached to the cover of the laser source and two centimeters to the back to
provide a better view angle due the small view angle of the camera (65 degrees). Therefore
this shifting is needed to let the camera capture the maximum amount of the laser ring. By
moving the prototype with constant speed, the camera collects the data and saves it to an
external computer.

L]
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L

Figure 5-19. Simple camera and source bundle prototype

As shown in Figure 5-20, the laser ring is not complete because the camera captures only a
partial part of the projected laser ring. Thus, part of the scene is blocked. This kind of missing
ring parts is called shadowing. This shadow area blocks about 25% of the whole scene while
the other parts can be reconstructed successfully. Therefore, this kind of missing information
is one of the limitations that should be considered to solve in the next sections. Figure 5-21a
shows that the laser ring does not have any deformation. On the other hand, Figure 5-21b
shows some deformation in the segmented laser ring. The changes in the laser ring shape are
indications of the existence of deformation on the pipe’s wall which is decoded later to form
the damage 3D profile.

(a) (b)
Figure 5-20. Some frames form the collected data: a) with no defects and b) with defect
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(a) (b)
Figure 5-21. Results after applying the thresholding

3D image reconstruction

As mentioned before, the reconstruction process depends on the triangulation between the
camera and the projector. To determine the shifted location of the projected lines, some
intermediate image processing steps are implemented. The complexity of the required steps
depends on the type of the used structured light methodology and the amount of noise and
artifacts that corrupt the camera image. For this project, two types of implementations are
considered. The first one is the single laser ring, and the other is the multi-ring multi-color
method which will be implemented in later sections.

For the single laser ring, the reconstruction algorithm is applied to either one of the RGB
layers that has the maximum intensity for the laser ring or the gray scale version of the
image. In the case of the red laser scanner, the green layer is chosen because it contained
minimum amount of noise from the red light. The extraction process starts with applying a
weighted threshold to the image to reduce the noise. After that, a two-dimensional Sobel
filter is applied to extract the edges the ring from the image. To enhance the laser line
detection, a multiple morphological operation is applied to fill and connect the
discontinuities of the laser ring [40]. The laser ring is then extracted, and the deformation
depth is calculated. Figure 5-22 shows a brief description of the implemented algorithm.
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Figure 5-22. Reconstruction algorithm for single laser ring

The Multi rings patterns are proposed to increase the resolution and the speed of the 3D
acquisition. With the introduction of multiple rings in the image, the problem of the ring
correspondence arises. One of the proposed solutions to solve this problem is the use of
colored rings. The colors of the rings are coded with a special code to create sets of unique
sequences that can be identified correctly in any location inside the image. Many methods
are proposed to decode those patterns. One of the methods is to use graph based
reconstruction to decode the pattern [41, 42]. In this method, the image is segmented with
watershed transformation. Then a graph diagram is created for the segmented image, and the
edges are extracted per this graph diagram. For both described methods, after processing each
frame, the depth information is collected and registered to form the final 3D shape. One of
the registration methods is performed by using the location of the camera as a reference for
the registration process. The other method is to use special image registration algorithm to
estimate the location and register the frame. Multiple registration algorithms are proposed to
solve this problem, one of the popular algorithms depends on Iterated Closest Point [41]. The
problem with those algorithms is that they fail to deal with flat smooth surfaces due to the
lack of any distinctive features [42]. For this reason, a combination of both position data and
registration algorithms need to be applied to achieve the accurate results.
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Preliminary results of the 3D reconstruction for the single laser ring can be seen in Figure
5-23. The results show that about 75 percent of the pipe’s surface is reconstructed correctly,
and the defect are represented as a bumps or holes on the pipe’s walls. The surface
reconstruction can be enhanced by using a more advanced setup for the camera and the
projector to reduce the amount of the shadows. The results also show some defects due to the
instability of the camera holder. A more stable holder and a correction algorithm are
required to reduce those defects. The projector and camera setup and the required algorithms
for the multi ring methodology are shown in the next sections.

g0

Figure 5-23. 3D reconstruction of the internal surface of the pipe

Scanning with large view angle camera

In this section, we repeated the same 3D reconstruction but with a different prototype. The
missing part in the previous 3D image causes some problems. For example, if there are any
defects or cracks in the missing area, the 3D reconstructed image will not show these defects.
Therefore, some enhancement needed to be made to avoid this kind of problems.

Using a large view angle camera is one of the solutions that make the reconstructed image
better. The difference between this camera and the previous one is the view angle. In the old
one the view angle is about 65 degrees, but in the new one it is 180 degree that allows the
whole scene to be detected by putting the camera and the laser source on the same base line.
This wide angle is achieved by using a convex mirror or using a fisheye lens. In our setup, we
opted to use a fisheye camera to simplify the setup and make it more robust and practical.
Figure 5-24 shows the fisheye camera that is used in this experimental work.

Slow Crack Growth Evaluation of Vintage Polyethylene Pipes Page 135 of 383 gtl



Figure 5-24. Fish-eye camera

In the previous prototype the camera was attached to the laser source but in the new
prototype the camera and the laser source are separated, and they are on the same base line.
Because the camera has 180-degree view angles, all the ring will be captured without missing
any part. The new prototype can be illustrated in Figure 5-25. The prototype will be inserted
into the specimen to collect the data. However, the scanning will be performed by human
hand so, some misalignment will be introduced. After that, the same 3D reconstruction
process will be repeated. Then taking a few frames from the recorded video, the laser light
inside the pipe will be as shown in Figure 5-26 a and b. In Figure 5-26 a, the ring is complete
and the laser light does not have any deformation. This indicates that the areas that have
been covered by this light are still without any defects. On the other hand, Figure 5-26 b
shows the small deformation in the laser light.

Figure 5-25. The camera and the laser source installed in temporary prototype
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(a) (b)

Figure 5-26. Complete ring images, a) full ring. b) ring with some deformation

Per this deformation, this frame will represent the area that has the defect in the pipe.
Likewise, by stacking all the frames and generating the 3D image, the defects will clearly
appear in the final image Figure 5-27. The laser and camera take up a large space inside the
pipe making the minimization of the prototype more complicated. Different prototypes are
being developed to minimize the size of the sensor and will be reported in next sections.
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Figure 5-27. The 3D reconstructed image with complete FOV
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Scanner and the Sensor in Opposite Direction

As mentioned in the previous section, the laser source and the camera take more space if
they are installed in the same baseline. Therefore, in this section different prototype will be
illustrated. Although this prototype will reduce the size of the scanner, the image will not be
a full ring. Some missing part will be shown in the collected data because of the metal that
has been used to connect the laser source and the camera. A part of the light will be blocked
and will not be recorded by connecting the prototype as shown in Figure 5-28. Therefore,
when moving the prototype inside the pipe, the scene will be as shown in Figure 5-29.

Figure 5-29. Illustration of one frame that has defects

Clearly, the defects can be illustrated as missing points in the laser beam. Thus, after
processing all the frames, the final 3D reconstructed image will be as shown in Figure 5-30.

o
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Figure 5-30. 3D reconstruction

Deformation Detection

3 D visualization is an efficient method to emphasize the deformation in the pipes. The
circularity of the pipe can be checked by performing eccentricity calculations from the data.
In this section, the eccentricity is calculated, quantitative analysis is performed, and the
misalignment correction is provided to minimize the camera misalignment.

Eccentricity Calculation

As known, a circle has a fixed diameter or radius in all directions as shown in Figure 5-31.
This radius is measured from the center of the circle to the edge. Therefore, the distance (a)
equals to distance (b). On the other hand, in the case of the ellipse, the (a) and (b) are not
equal.

The ellipse has two different radii which are called semi-major and semi-minor. Semi-major
denoted as (a) and indicates to the larger radius, and the other radius (semi-minor) denoted
as (b). As shown in Figure 5-32, there are two focal points which are F1 and F2, and the
distance between the focal point and the center is called linear eccentricity. Then by
choosing any point on the ellipse (p) and calculating the distance between it and the focal
points, we can get the semi-major axes as follows:

PF, + PF, = 2a Equation 5-3
f2=qa?— b2 Equation 5-4

Then by knowing a, b and £, another term can be calculated which is called eccentricity and
denoted by e. In case of ellipse, e will be between O and 1 (0 <e > 1).
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Equation 5-5

Equation 5-6

Equation 5-7

Equation 5-8

For example, if we have a=2.5 and b=2, then e = 0.6, Which is less than 1. Also, if a=b=2.5
e, is equal to zero, which is the case of the circle. Thus, by calculating the eccentricity for

each frame, we can define if the frame is normal or defective.

—-—
B
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o

Figure 5-32. Illustration of the ellipse [43]
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Eccentricity of a deformation free area

In this section, the eccentricity formula will be applied for some frames that do not have a
deformation to emphasize whether if it has a circle shape or not. Because of some other
effects, the eccentricity may not be zeros in the case of free deformation area. This issue is
due to the scanner misalignment and will be discussed later. However, let’s consider that the
misalignment is negligible in the current section, and just focus on the large variation of the
sequence. Then the defects can be easily illustrated. Figure 5-33 illustrates the eccentricity of
20 frames without defects, and the variation is not significant. The eccentricity in Figure 5-33
varies between 0.26 and 0.32. By taking a special case to check the eccentricity. And frame
number 60 has been chosen for that, then the semi-major radius is 200 (number of pixels).
And semi-minor radius is 193 pixels then the eccentricity will be equal to 0.26622. It is still
not zero, but this result will be compared with the results in the following section.
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Figure 5-33. Ilustration of 20 frames (4.4 cm) from collected data

Eccentricity of the Area with Squeezed Parts

For the frames that have defects, the eccentricity will be much bigger than the other that
were illustrated in the previous section. Therefore, by picking some frames that have defects,
and let’s say ten frames (120-130). One of the frames is shown in Figure 5-34.a. Vertical and
horizontal lines are added to the image to illustrate the center of the ring. However, the
eccentricity will be calculated for frame number 125. Then by calculating semi-major radius
which is 217 and the semi-minor radius will be 185 and the eccentricity is equal to 0.5227.
The eccentricity is increased when compared with the previous result. To emphasize the
difference between the deformation free area and squeezed part the eccentricity will be
calculated for all the frames as shown in Figure 5-34.b. Initially, the eccentricity will be
fluctuating around small value then suddenly will start increasing until reaching the pick
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value (0.58) after that it will decrease until starts fluctuating around small value again. These
analyses show that the deformation can be easily discovered by using the eccentricity.

b c
Figure 5-34. a) Illustration of one frame with a defect and there are two lines to emphasize the
ring center, b) Final result of the eccentricity has been calculated for 71 frames (17.6 cm), c)
Ilustration of the semi-major radius of all 71 frames (17.6 cm)

Misalignment Correction

The misalignment is one of the problems that are faced when the data is analyzed. This issue
makes the reconstructed image not clear enough to emphasize the defects, therefore, in this
section, the misalignment correction will be applied to one of the data sets that does not have
defects Figure 5-35, but the eccentricity is large because of the misalignment.
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Figure 5-35. The region without defects but the shape is not circle

Moreover, if the eccentricity algorithm was applied to a couple of frames, the output will not
be zero as mentioned previously, the eccentricity will be around (0.6359) as shown in Figure
5-36. (a). Also, the 3D reconstructed image will be as shown inFigure 5-36.b. Thus, the
correction should be applied to decrease the eccentricity to be close to zero for deformation
free images. This correction depends on the semi-major radius, semi-minor radius, and the
orientation of the ring. These parameters are used to determine the (tform) matrix by using
an affine transformation, then the image is reshaped and squeezed to a circular shape as
shown in Figure 5-37.b.
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Figure 5-36. a) The eccentricity of multi frames without misalignment correction, b) 3D
reconstructed image of number of frames without applying misalignment correction
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Figure 5-37. a) illustration of one frame that effected by misalignment and the shape is not a
circle. b) The same frame after applying misalignment correction and the shape is closer to
circle. c) 3D reconstructed image after applying misalignment correction, d) The eccentricity
after applying misalignment correction

Finally, the eccentricity of the same frames after applying misalignment correction will be
around (zero) which is what we expected to have and Figure 5-37.d illustrates the
eccentricity after misalignment correction.

Raspberry Pi based scanner:

Outdoor field deployment of the scanner makes the mobility of the system a crucial factor to
increase its efficiency and flexibility. In this section, a brief description is given about the use
of a small size single board computer as the processing unit for the scanning system. This will
enable the integration of the system to build a battery-powered handheld device that has a
light weight, small form factor, and low power consumption.

The Raspberry Pi 2 model B, was released in February 2015 as the latest Raspberry Pi model
with updated hardware. The Raspberry Pi 2 model B, has a quad-core ARM Cortex-A7 CPU
processor running at 900MHz with 1024 Megabytes of onboard memory with four USB-ports
with one 10/100 Megabit/s Ethernet port, and one micro-SD card slot for storage on board
[44]. The Raspberry Pi 2 model B, is faster and has twice the amount of memory compared to
its predecessor, the Raspberry Pi Model B+. It now has a quad-core processor, which is
speculated to make the Raspberry Pi 2 model B up to six times faster than the previous
models. Arch Linux ARM is an ARM-based Linux distribution ported from the x86 based
Linux distribution Arch Linux. The Arch Linux philosophy is that users should be in total
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control over the operating system, which allows the users to implement it in any way they
like. Therefore, Arch Linux can be used for simple tasks and as well as more advanced
scenarios. Arch Linux ARM is based directly on Arch Linux, and they share almost all the
code, which makes Arch Linux ARM a very fast, Unix-like and flexible Linux distribution.
Arch Linux ARM has adopted the rolling-release update function from the x86-version. This
means that small iterations are made available to the users as soon as they are ready, instead
of the releasing larger updates every few months [44]. The crack detection program is laid
out to run on top of an operating system, so installing one on the Raspberry Pi is the first
thing to do. The preferred system for this task is NOOBS, as there is a distribution available,
which is optimized for the Raspberry Pi. For this project the NOOBS:v:1:7:0:zip distribution
was used. The operating system always runs from an SD card, which was found to be
reasonable during the development of the Raspberry Pi. SD cards deliver high capacity, are
cheap and fast, easily writable and easily changeable in case of damage. The size of the used
card should amount to at least 4 GB, as it will contain the operating system (about 2 GB) and
should still provide some additional space. We used 32 GB SD card since we were dealing
with High-Resolution images. The file system used for the first setup during the integration
of the Raspberry Pi into the WSI system was ext4. It is recommended to continue working
with ext4 or at least another journaling file system, as journaling provides higher security in
case of a power failure or a system crash. After unpacking the downloaded NOOBS image, it
can be copied onto the SD card. If connected to a monitor, booting the Raspberry Pi with its
new operating system for the first time should display a configuration menu. In the case of
not using an extra monitor for the Raspberry Pi the configuration menu can be accessed with
the help of the command raspiconfig (as root). One should at least expand the file system on
the SD card to be able to use all its space. On top of the operating system, we install OpenCV
libraries and Visualization Tool Kit with Python interface. OpenCV libraries provide a set of
instructions to perform morphological operations. Visualization Tool Kit installed on this
machine helps rendering system for analyzing the cracks. Since Raspberry Pi has a lot of
resources available on the system, it provides support for a vast variety of libraries on it. But
all the resources available on the system provides only limited processing capability for the
current real-time implementation. Onboard memory is very limited about 1GB of RAM due
to which we experience a limited Image processing capabilities.

Motion detection and distance estimation:

In this section, the small, low-cost device is used to reconstruct the frames from the camera,
with a processing time of 0.35 seconds per frame. The reconstruction results by using
raspberry pi are shown below in Figure 5-38 (a) and (b). As the number of images for
processing increases the performance of raspberry pi decreases and the memory available on
the raspberry pi is not sufficient.
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(a) (b)
Figure 5-38. a and b Represents the Reconstruction Results on Raspberry Pi

To avoid running out of memory, we split the scanning into equal sized slices and store them
in individual files. Figure 5-39 shows the slices for certain scanning section. When we split
the data, we avoided the memory issue with the raspberry pi, but we were unable to know
the distance of scan range. Therefore, to avoid this problem, we calculated the scan distance
of each scan sample and also we calculated the distance of defect from the starting point.
Since we are moving with the hand, we assumed the scanning speed to be constant and
assumed that our sensing module captures ten frames for every 1cm distance. Scan Distance
equals to the Number of Frames Captured divided by the Number of Frames Per Centimeter
with assumption that the Speed is constant. Then we captured 210 frames, i.e.; we moved 21
cm from the starting point. Then we split the data based on the equal sized slices each of 7cm
as in Figure 5-39 (a), (b) and (c).

(al (b} (cl
Figure 5-39. Equal Sized Slices 28cm long a) 0-7 cm b) 7-14cm c) 14-21cm
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The other experiment was to detect the crack and its position from the starting point. We
used our test specimen that is shown Figure 5-40. (a) for this experiment and performed some
tests. We marked our cracks as shown in Figure 5-40. (a). We determined with a measuring
scale that the first crack is at a distance of 18 cm, second at a distance of 20 ¢cm and third at
23 cm from the starting position. The rendered results are shown in Figure 5-40.(b). The
cracks are detected by the principle of motion sensing. At the beginning we capture two
images and find the difference between them. If the difference is not null then the motion is
detected, and we assume that it is due to some deformation or crack inside the pipe at that
point. The distance from the starting point is calculated according to the block diagram in
Figure 5-41.(a) .

(a) (b}

Figure 5-40. a) Object under test for distance calculation, b) 3D Rendered Scan with Crack
Detection

Figure 5-41. (b) shows a comparison between the actual and estimated positions of defects.
From the figure, we observed that the crack one and two were accurately matching with the
original measurements, but few points were not overlapping this was due to the movement
of the prototype. Our experiment requires the prototype to be moved at a constant speed
manually which is not an easy task.
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Figure 5-41. a) Experimental flow for distance calibration, b) Comparison between the actual
distance and measured distance

Multi-Rings Multi-Colors Scanning

As discussed in previous sections, structured light is one of the methods that have been used
to generate a 3D image by using a camera and an active light source. To produce a pattern
that is needed to illuminate the scene, a projector is required to do this step. In typical 3D
imaging by using structured light, the projector will be like one that is shown in Figure 5-42.
However, this kind of projectors will not be sufficient inside the small pipes. An alternative
to using a DLP projectors, is design small slide projector to provide the wanted pattern.
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Figure 5-42. Structured light with a projector used to generate the [45]

Simulation environment:

A simulation geometry is created by using an open source software (POV-ray) to simulate
the structured light scanning process. The simulation helps developing the algorithm in
parallel with developing the hardware. It also provides a controlled testing environment to
test the robustness of the algorithm against different noise and interference conditions. The
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simulation environment provides a light source and a camera that are modifiable to perform
different scanning tasks for different targets shapes.

Two geometries were simulated, the first one is a simple rectangular geometry to test the

performance of the algorithm then the geometry is modified to simulate the pipe scanner.
1. Simulation with rectangular geometry:
A 3D object (Stanford bunny [46]) is used as the target to be scanned. In the simulation,
the camera and the projector are aligned at different angles with reference to the target.
The target is illuminated with a colored sequence that generated with De Bruijn
algorithm. As De Bruijn consists of some repeated colors and as the camera cannot
differentiate between repeated colors, XOR operator is used to removing any color
repetition [30]. A sequence with K=5 and n=3 is shown in Figure 43. (a). The image
captured by the camera is shown in Figure 43. (b), and it is obvious that the projected
stripes are deformed by the object surface. After that, the image is segmented as shown in
Figure 43. (c). The segmentation results show that the area near the tail couldn’t be
segmented correctly due to the poor illumination because the projector is projecting from
the opposite side. The final results after post-processing are shown in Figure 44. The
results show that the object has been successfully constructed and the depth is retrieved.
The 3D acquisition of the object suffers from some small missing parts due to some
segmentation problem related to the scene illumination.

(a)

(b} i<
Figure 5-43. a) Illumination pattern, b) Geometry after illumination, c) Segmented image
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Figure 5-44. 3D reconstruction results

2. Simulation with circular geometry :

The simulation is repeated with circular geometry with the camera and projector orientation
shown in Figure 5-45. The camera is placed in front of the projector to collect all the
reflected light from the pipe walls. The scanner is placed inside a cylindrical tube that was

created by using CAD software.

A

Figure 5-45. Circular geometry of the simulation

The projector illumination pattern is the same as the one shown in Figure 5-9 b. It is created
by converting the pattern in Figure 5-9.a to circular geometry. The first simulated geometry
is normal defect free pipe to act as a reference model. The simulation results are shown in
Figure 5-46. It shows the simulation geometry, simulated pipe surface, reconstructed 3D
points from 16 consecutive frames, and interpolated and rendered final profile. The
reconstructed 3D geometry shows good agreement with the smooth circular pipe internal
surface therefore we decided to move forward and started to introduce defects to the pipe
wall to test the algorithm performance. The first geometry is a bent pipe, and it is shown in
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Figure 5-47 a. The acquired camera image is shown in Figure 5-47 b. It is clear that the
projected circular lines are deformed due to the existence of the bend inside the pipe. The
reconstructed 3D points are shown Figure 5-47 c. The 3D profile of the bend is accurately
reconstructed with some missing data on the edges of the bend due to the sudden change in
the surface. The interpolated 3D frame is shown in Figure 5-47 d in which the missing points
have been interpolated. A simpler type of bends is simulated in Figure 5-48 where it is
simulating a flattened upper surface of the pipe due to an external load. The reconstruction is
ideal in this case due to the smooth transitions. The second defect geometry type is shown in
Figure 5-49. It showins the simulation of reconstructing a sudden bump on the pipe wall.
From the simulation results it is obvious that the projected rings are deformed by the shape
of the bump. But it also shows that the bump is blocking the camera from seeing any detail
behind the bump. This is the reason for the partial reconstruction of the bump surface. The
algorithm is able to reconstruct on the frontal surface of this bump while the rear part
appears as a hole in the 3D reconstruction due to the shadowing effect.

(a)

Figure 5-46. Simulation of a normal defect free pipe

(d)

(c) (d)
Figure 5-47. Simulation with a bend along the pipe

(a)

2. Simulation with a hole:

The 3D sample is modified to have a hole on its internal surface in order to simulate the
case of the existence of a hole on the pipe surface. In a similar manner to the previous
simulations, the scanner is moved inside the pipe. The simulated geometry and the
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reconstruction results are shown in Figure 5-50. The simulation starts with the hole on
the edge of the projected pattern, where it has no effect on the reconstruction.

(d)

Figure 5-48. Simulation of deformation along the pipe wall

(a)

Figure 5-49. Simulation of bump in the pipe wall

(b} (d)

After that, it is moved more and more toward the end of the pattern until it exits. The
reconstruction results show that at the beginning the hole has no effect, then it starts to
create a big hole inside the reconstructed surface (larger than its size) then this effect starts to
disappear until it diminishes completely. The reason for this effect is that the hole size is
smaller than the size of the projected code. To reduce this effect, shorter codes and thinner
stripes are preferred. But for our scanner inside the pipe this effect is not severe, because the
final profile is a combination of all the frames in the scanned video. Therefore, the hole
boundaries will be reconstructed successfully but with a lower density of 3D points near the
hole region.
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Figure 5-50. Simulation of a hole in the pipe wall
Defects database:

Data reduction and classification tools require a large number of images with different
defects types and projected patterns. Therefore, a dataset is created to provide a reference
training and validation dataset for our current and future data analysis. The dataset is
designed to have a diverse defects types with different view angles and different sizes. The
defects types that are simulated in the dataset is explained in Table 5-1.

Table 5-1. Database defects types

Damage type Damage shape Sample scanning image

No damage

Impact damage(bump)

Dent

Hole

s
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Split

Squeeze

Currently, five defects types have been simulated within the same simulation environment
that is described in the simulation environment section, and a defect free pipe is also
simulated to take it as a reference. The first defect type simulates an impact damage that is
caused by an external tapered object. The second defect simulates a dented pipe by an
external load from above. The third defect shows a hole through the pipe wall. The fourth
defect represents a split defect on the pipe wall. The fifth defect represents a squeezed pipe
by an external load. The images in the data set are created by simulating the scanning process
along the pipe which gives different view angles for each different frame in the scanning
video. The same defect is then simulated with different sizes to simulate different scenarios.
Then the resulted dataset is increased by using image rotation to produce the defects at
different locations for each rotation angle. Therefore, the data set will provide a set with
different shapes, sizes, location and rotation angles. Noise is added to the dataset to make it
more flexible and give the user the ability to control the amount of the noise in the
reconstruction or training process. The current data set is a synthetic dataset. Experimental
scanning samples will be added later to the give more the depth for the user about
experimental effects during the data analysis.
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Projector prototype III:

The main idea of using the slide projector is to emit a pattern with different colors of the
object to obtain different illumination areas. As a result, a small slide projector has been
designed to generate the colors instead of using the regular projector. Moreover, to create
this projector, some lenses are needed. The lenses that have been chosen for this step have a
diameter (1.5 inches). Therefore, the size of the projector will suite the small diameter pipes
that we need to scan. Then, these lenses will be stacked with a certain way inside a prototype
that has been designed by using the 3D printer. One achromatic lens, two double convex
lenses, and two convex lenses are used as shown in Figure 5-51. Every lens has a focal length
that should be considered when the designer stacks the lenses together. The main idea of
using the Achromatic lens is to reduce effects of chromatic and spherical aberration. The
other lenses are used to magnify the image and increase the resolution. The slide that is used
in this prototype has multiple rings as illustrates in Figure 5-52. Moreover, the power of the
light source is strong enough to generate the light that is needed to emit the pattern.

(a) (b)
Figure 5-52. a) The slide for the projector, b) Projected pattern
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However, the slide has two different colors (red and green) as shown in Figure 5-52.a. There
is a black area between the two rings just to separate the edges. This separation can be
removed in the future after increasing the resolution. Figure 5-52.b shows the pattern on the
rough surface to clarify the edges. The length of the projector is 7.87 inches, and the largest
diameter is 1.77 inches which can be used to scan the pipe that has 1.85 inches. Also, the
distance between the light source and the rings when are projected inside the pipe is 1.02
inches. Then the next step is to connect the prototype and the camera as shown in Figure
5-53.

Figure 5-53. Projector and the camera connected to each other

The camera that has been used in this step is the one that has small view angle. Because the
pipe has a small diameter, small view angle camera can be used instead to the large view
angle camera. As shown in the figure the distance between the light source and the camera is
5.51 inches. By moving the prototype inside the pipe, the data will be collected by using the
camera. Each frame has some features that came from the structure of the pipe. Figure 5-55
(a) illustrates some frames that have been taken from the data. Clearly, the shape of the rings
has been changed as shown in Figure 5-55 (b). This change shows the squeezed parts in the
pipe. As a result, the reconstructed image will have the same shape of the corrupted image.
But in this case, there is some illumination that has been generated from the extra light that
comes from the lenses. To block the extra light, a black tape has been used to cover the edge
of the lens as shown in Figure 5-54 (b). The difference can be easily illustrated in Figure
5-56, and the colors clearer after blocking the white light. Then, the algorithm will process
each frame in order to generate the 3D reconstructed image as shown in Figure 5-57.
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Figure 5-54. a) the projection on the smooth surface. b) the prototype with blocked edges

Figure 5-55. a) Illustration of one frame without defects. b) Illustration of a frame with
squeezed part

Figure 5-56. Illumination of the white color has been reduced

A color segmentation is done as a first step in the algorithm to generate the 3D image. The
red color is segmented and reconstructed as shown in Figure 5-57. It can be seen that one of
the reconstructed images is not a regular ring shape, but it is twisted. The twisted area in the
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image illustrates the squeezed part inside the pipe. Moreover, Figure 5-58 shows just a few
number of frames that show the pressed area.
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Figure 5-57. 3D reconstructed image with and without the defects.
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Figure 5-58. Reconstructed frames that show the squeezed parts inside the pipe

Miniaturized sensor (Prototype IV):

Structured light sensors adopt the same stereo concept of using two cameras to extract the 3D
information, but use a different path to collect the correspondence points. To solve the
problem of finding correspondence points that are found in the passive stereo sensors, the
structured light uses an active light source that projects a pattern that has well-defined
points. These points can be easily matched when comparing the projected and captured
images. The number of reconstructed 3D points is proportional to the number of the
matched points between the projected and captured images. Therefore, the design of the
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sensor plays an important role in the reconstruction process because enhancing the quality of
the projected and captured image increases the number of acquired 3D data proportionally.
In this section, we are focusing on designing a new miniaturized sensor that provides a high-
resolution projected image, wide projection angle, and a small size to inspect 0.75-inch pipes.
The structured light sensor consists of a light module that projects a highly-textured pattern
and a camera that captures the deformations in the projected pattern. Three main schematics
were considered for the sensor design as shown in Figure 5-59. Schematic (a) employs a
projector and a camera that are facing each other. In this scheme, both the projector and the
camera are required to have a wide view angle to shorten the length of the sensor. In
schematic (b), the light module is put in series with a camera that is pointing in the same
direction. In this scheme, only the camera is required to have a wider angle than the
projector. In schematic (c), the light module and the camera are aligned in a parallel scheme.
In this scheme, the camera, and the light source can have similar focal length because both
are pointing to the same direction and lies at approximately the same distance from the pipe
internal surface.

For a fixed diameter pipe, both designs (a) and (b) could have the same characteristics, but as
the diameter of the pipe changes the drawbacks of the first design starts to appear. By
increasing the diameter of the pipe, the rays from the camera and projector will no longer
intersect at the same area on the pipe internal surface. To solve this problem, the distance
between the camera and the light module needs to be increased and thus increase the overall
sensor size as well. In schematic (b), the rays from the camera and the projector are
propagating in the same direction, which means that the intersection points will only
diverge slightly with the increase of the diameter size. The third scheme doesn’t suffer from
the problem of changing the pipe diameter as both the camera and the light source are
aligned in the same direction and is also shorter that the other schemes, but aligning the
sensor components beside each other’s will increase in the overall sensor diameter. For the
reasons above, we opted to go with testing schematic (b) and (c).

&

()

F;;_;ure 5-59. propose;d schematics for sensor _design
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As mentioned before the sensor consists of two main components, the camera, and the light
source module. The bellow sections give a detailed description of the sensor components, the
camera, and the light source module and give a brief description of the fabrication process.

Structured light module:

As the size of the inspected pipes can go down to 1 inch, the diameter of the new light source
module is reduced to be less than 0.6 inches. The current digital light projectors in the
market are not a good candidate for this task due to their large size (larger than one inch
diameter) and the difficulty of customizing these projectors to be embedded in our sensor.
Our team chose to go with designing a new small slide projector light module. This type of
projectors can be scaled to be in the range of 4 millimeters in diameters [47], and can also
provide high flexibility in changing the optical properties of the projector.

This type of projectors adopts powerful white light source to illuminate a colored slide to
produce the required image. The resulted image from then projected by using projection
optics. The overall structure of the structured light module is shown in Figure 5-60. It
consists of the following parts

1. Main light source: The structured light module requires a strong light source to
produce high contrast images and it should also have a small form factor to reduce the
sensor size. There are two main options for this task, either using an external light
source and transfer the light to the projector through an optical fiber or using a high-
quality light emitting diode. Each one of the options has its strengths and weaknesses.
The external light source provides a high amount of power but adds more complexity
to the system with an additional external unit and an optical fiber for light
transmission. On the other hand, LEDs provide simple and easy to implement a
solution but produce a high amount of heat in the sensor head when high
illumination is required. Our current prototype is tested with LED light source (Cree
XHP50) which can provide a maximum of 149 Im/W while having a maximum output
light intensity of 2546 Im under ideal conditions. To enhance the heat convection
from the module and to reduce the LED teperature, a high-quality copper heat sink is
attached to the LED while maintaining low current at 100 mA.
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Figure 5-60. 3D schematic of the light module

Condenser lenses: Two condenser lenses with a diameter of 10 mm and a focal length if 8mm
is used in the light module. The lens is shown in Figure 5-62.a. The first lens is placed
directly after the light source to collimate the diverging light rays from the LED and focus
them on the colored slide. The second lens is placed before the objective lens to increase the
projection angle of the light module. Figure 5-61 shows the effect of adding the second
condenser lens on the view angle of the projector.

20mm

11.5mm L

Figure 5-61. Ray tracing of the lenses

2. Objective lens: The image that is produced by the photo slide is passed through the
objective lens to project it to the pipe internal surface. An Achromatic doublet that is
shown in Figure 5-62.b is used instead of the normal biconvex lens to reduce the
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amount of chromatic and spherical aberration. The doublet lens has a diameter of 8
mm and a focal length if 10mm.

3. Photo slide: The photo slide acts as a filter that passes the colors that are printed on
the film surface and block all other light components. The photo slide is currently
fabricated by using heat resistive transparency film and printed with an inkjet printer.
A glass photo filter is considered for future prototypes.

(a) (b

Figure 5-62. a) Condenser lens, b) Objective lens

Camera:

For the camera, we are using small size(10*10*15mm) fish eye camera. This is an analog
camera that is connected to the computer by using an analog to digital convertor. The final
assembly of the camera and the light module for schematic b is shown in Figure 5-63. The
camera and the light module are assembled by using a transparent glass holder to allow the
transmission of light through the holder. Schematic ¢ does not require a special component
and can be setup directly with the simple fixture to hold the camera and the light module
together in parallel.

16mm

60 mm

Figure 5-63. Assembly of camera and light module
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Triangulation in the scanner

The triangulation process in the geometry at a specific angle 8, is explained in Figure 5-64. ¢
is the camera, p is the projector, P is the intersection point, f is the focal length, d is the
distance between the projector and camera, and r is the position of the point on the image
plane. For a general camera model, it is defined by the following two equations

X z—-d X

f_p £ fe e Equation 5-9
Z

By combining the two equations, Z and X are given by:

7 = d ¥ = ﬂ Equation 5-10
R I o
fprc

Figure 5-64. Triangulation of the system inside the pipe

Camera Calibration

To reduce the effect of using a fisheye camera and in order to calculate the internal camera
parameter for the use in the triangulation process, camera calibration is performed. In this
process, a simplified 2D camera calibration scheme that was suggested by [48] is used to
calibrate the camera with a 2D checkerboard.

u 1 T12 tl X
S Ivl =K |21 T2 U2 [Yl
1 31 T3y t3] L1

u, v are the coordinates of the corresponding image point, x, y are the world coordinate of
the points, r;; are the rotation parameters for the checkerboard image, t; are the translation
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parameters for the checkerboard image. S is a scaling factor. The focal length of the camera is
calculated and the lens parameters are then used to correct the effect of the wide lens
distortion to the image. The fish eye distortion cause the straight lines in the image to be
bent. This effect can be removed by calculating the original lens parameters then use an
inverse transformation to remove this effects. An explanation of the effect is shown in Figure
5-65 where the lines of the checker board is straightened after applying the inverse
transformation.

(a) (b)
Figure 5-65. Lens distortion removal, a) Before, b) After

Experimental results

In this section, we will explain the structured light module. The integration of the camera
will be explained in the next section. To fabricate the light module cover, we are using 3D
printing for rapid fabrication and testing before building the final prototype. The cover was
printed as two pieces that can be combined to form the final lens assembly. Figure 5-66
shows one side of the cover. The cover is designed to have Imm thickness which means that
the final light module design will have a diameter of 12 mm (13mm for the final 3D
assembled prototype).

Figure 5-66. One side of the light module cover
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The assembly of the components is shown in Figure 5-67. Currently, the projector
components are assembled and fixed inside the cover by using a glue gun. The glue is used at
this stage to facilitate the modification of internal components location in the testing stage.
In the future version, the components will be fixed with mechanical fixture after finishing
the calibration of the light module. The shape of the final fabricated prototype is shown

Figure 5-67.Light module internal components

The LED source is excited with a voltage of 5.28 volts and a current of 100milliamps.
Different slides were tested to evaluate the performance of the light module. In the
beginning, a slide that has four colors (blue, yellow, red, blue) is placed in the light module.
The projected colored pattern is shown in Figure 5-68.b. The projected image is displayed
with high resolution, and color contrast and the edges between the different rings can be
identified correctly. After that, we tried to implement a larger number of colored rings to
examine the maximum resolution of the projector, but we were limited by the resolution of
the printer. The quality of the printer also affects the saturation of the projected colors; the
blue rings are projected with purple color.

(2) (b)
Figure 5-68. a) Projector final assembly, b) Projection of multiple rings
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In the design of the final pattern that is used in the scanning, only a combination of red,
green, blue is used. This step facilitates the image segmentation on the reconstruction side by
providing an image that can be segmented by using the hue channel only [47]. For this type
of patterns, the segmentation is performed as follows. In the first step, the image is converted
from the RGB to HSV space and only the hue channel is extracted. In the second step, a
median filter is applied to reduce the noise from the camera sensor while preserving the
edges of the rings. In the final step, a multi-level thresholding is performed to isolate each
different color; then the edges are extracted by taking the image gradient. The final assembly
of the structured light module with the camera is shown in Figure 5-69. In this prototype,
the slide projector is integrated with the wide-angle camera and connected with a
transparent glass tube.

Figure 5-69. Scanner final assembly

In order to perform a controlled scans with a constant speed and orientation, the scanner is
mounted into a horizontal scanner as shown in Figure 5-70 a, and a single frame of the
recorded video is shown in Figure 5-70 b. The recorded frame is showing three complete
colored rings with the effect of the connection wires appearing as a dark shadow on the
upper side of the image. The scanned object is a black PVC tube with a surface texture that is
appearing as horizontal lines along the pipe surface.

(b)
Figure 5-70. a) Prototype IV scanning system, b) a single frame from the system
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The segmentation is performed on the image, and the location of each color is decoded by
matching it with the color change in the projected sequence as explained chapter one. The
conversion from RGB to HSV highly reduces the effect the surface texture and eliminates its

effect on the final reconstruction. The results of decoding one frame are shown in Figure
5-71.
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Figure 5-71. Reconstruction of a single frame

The final reconstruction of this single frame is showing the results from the three color
transitions. The circular shape of the pipe is reconstructed successfully although the
algorithm has failed to reconstruct the complete set of edges from the second and third
projected circle. Currently, one of the factors that are affecting the reconstruction process is
the spatial resolution of the projected rings on the walls of the pipe. The registration of the
consecutive frames is another factor that’s is under study because currently, the scanner
needs to be moved at a constant speed to assume that the distance between each two
consecutive frames is constant. An interpolated result of stacking all the consecutive frames
while assuming equidistance between them (which is partially true in our case) is shown in
Figure 5-72. The current results show that the profile of the scanned pipe is reconstructed
successfully but there are holes in the reconstructed profile and there is shifting between the
consecutive frames due to the shaking in the platform. Another factor is the existence of
outliers from the wrongly decoded edges.
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Figure 5-72. 3D reconstruction of pipe surface from multiple frames

A more efficient design of the projector is shown in Figure 5-73 where all the components are
integrated into a compact 3D printed case. In this prototype, all the lenses and slides have been
put inside frames that can be moved along a rail so that the components can be inserted and
removed easily. This new design offers a better way to easily change the projected pattern
without the need to reassemble the whole light module

Figure 5-73: The final version of the scanning tool and a separate image of the light module

(a) (b)

Damage classification and data reduction

The proposed structured light scanning platform creates high-quality inner wall optical
images. These images record the specific condition of the pipeline. How to analyze these
images will influence the accuracy and the efficiency of the detection platform. Developing a
proper pipe data analysis algorithm is necessary. However, the large amount of the images
brings challenges to extract defect features efficiently. Thus, data reduction should be done
to reduce data dimensionality and choose significant features firstly. In order to extract
pipeline inner wall damage-sensitive features, the histogram of oriented gradients (HOG)
descriptor [49] is utilized to reserve image edge information which can represent the
deformation features of the structured light. This HOG descriptor is based on calculating
well-normalized local histograms of image gradient orientations in a dense grid. The
calculation of the HOG descriptor can be summarized as follows:
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1: Compute the pixel-level gradient image for each image. Record every gradient’s amplitude
and orientation. The most common method is to apply the 1-D centered, point discrete
derivative mask in one or both of the horizontal and vertical directions. Specifically, this
method requires filtering the color or intensity data of the image with the following filter
kernels:

[-1,01]and [-1,0,1]"

2: Divide the image into small connected regions called cells, and for each cell compute a
histogram of gradient directions or edge orientations for the pixels within the cell. Each pixel
within the cell casts a weighted vote for an orientation-based histogram channel based on
the values found in the gradient computation. The cells themselves can either be rectangular
or radial in shape, and the histogram channels are evenly spread over 0 to 180 degrees or 0 to
360 degrees, depending on whether the gradient is “unsigned” or “signed”.

3: Groups of adjacent cells are called blocks. Normalized group of histograms represents the
block histogram. In block normalization, L2-norm is used in this report:

. v

IvIl+e
v denotes the non-normalized vector containing all histograms in a given block. The set of
these block histograms represents the descriptor. Figure 5-74 demonstrates the HOG
descriptor implementation scheme. The ‘cells’ can characterize defect appearance and shape.
The normalized ‘blocks’ is for better invariance to illumination, shadowing, etc. HOG
descriptor reduces the initial data dimensionality by mapping gradients into angular bins in
step 2.
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block size (red rectangle) and cell size (green rectangle)
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Figure 5-74. HOG descriptor implementation scheme

Moreover, so as to test whether HOG descriptors is appropriate in structured light data
feature extraction, linear support vector machines (SVM) algorithm is used to classify the
computed HOG descriptors. An SVM model is a representation of the samples as points in
space, mapped so that the samples of the separate categories are divided by a clear gap that is
as wide as possible. New samples are then mapped into that same space and predicted to
belong to a category based on which side of the gap they fall. Define a training data set of N

HOG descriptors X' (i=1,...,N) of the form ( Y, Yoo Xv: Yy )

Where yi are labels. In this report, yi 1 means Xi contains defects and yi —-1 means Xi
contains non-defects. In binary classification problem, linear SVM algorithm is trained by
the minimization of the error function:

1 TW+Ti
oW Hui,

sty XY +b21-p,
UiZO,i =1,...,.N

Equation 5-11

Where Ui are slack variables which penalizes samples which violate the margin
requirements. In order to judge the classification results, the accuracy ¢ is defined as
follows:

_CP+CN

P+N
where CP denotes number of images which include defects correctly classified, CN

Equation 5-12

represents number of images which have no defects correctly classified, P is a number of
defect images and N is the number of non-defect images.
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Classification results based on HOG descriptor
(1) Simulation pipe data classification

Four types of damages include bump, dent, hole and squeezing defect were simulated in the
form of a video (Figure 5-75). The size of each frame is 768*1024. Define the size of the cell as
8*8, and then four cells concatenate one block. Nine bins which are spaced over 0-—180° map
the pixel-level gradients into nine directions. After these definitions, every image can get
their corresponding HOG descriptors. Figure 5-76 illustrates four normalized histograms
which separately correspond to four adjacent cells in one block. The HOG descriptor of one
image can be evaluated by cascading all blocks. Based on this data set, we can see that the
size of each data feature-HOG descriptor is reduced to 36*12065=434340 when the initial
image dimensionality is 768*1024=786432. The row number 36 is the product of 9 bins and
four cells in one block. 12065 is computed by the step size and the block size because the
block scans the whole image. That’s to say; the original data has been reduced. Then the
SVM classifier is used to test whether the HOG features are meaningful to classify the
damages.

dent

hole squeezing defect

Figure 5-75. Four types of damages
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Figure 5-76. Four normalized histograms in one block of one simulation pipe image

Firstly, the SVM classifier is a supervised learning algorithm. One training set with labels
should be prepared. Label 1 denotes the defect frame and label -1 means the non-defect
sample. In this report, 50 labeled frames with 4 types of damages are used to train the SVM
classifier. After training, 26 frames with different types of damages are tested. From the
testing results in Figure 5-77, 26 samples have been successfully classified. According to the
definition of accuracy, the classification results achieve 100% accuracy. That’s to say, the
HOG descriptors can be used to extract structured light data features.

* true label

O actual output
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Figure 5-77. The classification results of the test simulation samples

(2) Experimental pipe data classification

The experimental pipe data (480*720) which contains several hole damages are recorded by
the Prototype IV scanning system (Multi-Rings multi-Colors scanning sensor). In the same
way, all the frames can be represented by their corresponding HOG features. Figure 5-78
shows four normalized histograms in one block. The size of each HOG descriptor is
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36*5251=189036 which is less than 480*720=345600. Separate all frames into one training
data set (80 samples) and one test data set (25 samples). From the classification results in
Figure 5-79, we can see that all test samples have been classified correctly. Combined with
the simulation results, it can be summarized that the HOG feature can be utilized to do the
structured light data reduction and feature extraction.

Cell 1 Cell 2
0.6 0.4

0.4

0.2

0.2

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

Cell 3 Cell 4
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Figure 5-78. four normalized histograms in one block of one experimental pipe image
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Figure 5-79. classification results of the experimental samples

Pipe data convolutional neural network (CNN) classification model

Data reduction extracts useful features from the initial data which can train the classification
model more easily. One deep learning approach - convolutional neural network can learn
data features by itself without manual intervention. In order to develop more data processing
method to meet the different demands of practical application, another classification model
based on CNN is researched.
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Background

The inverse problem in NDE about evaluating defect information Q=12 1) from
observed signals O =12...1) can be denoted as:
Q@) ={M }0(3); 1=12..,1 Equation 5-13

where M is the inverse operator. The solution of the inverse problem is an estimation
Q) =12....1) of defect information M =1.2.+1) One classical CNN structure is

developed to solve the evaluation of Q)i =12,..1)

A whole CNN is comprised of one input layer, one or more convolutional layers, several
pooling layers and one output layer. The convolutional layers are feature extraction layers
which can compute input’s convolutional features without artificial definition and operation.
In this layer, weight sharing is applied to increase learning efficiency by reducing the
number of free weights being learnt. The pooling layers can reduce the spatial size of the
input representation to make the CNN easier to train. Besides these layers, dropout method
can be used to prevent CNN from overfitting. In the training phase, the output of the 1+1

labeled ,|+1 ,-
On, O

convolutional layer can calculate by the following equation:

labeled,I+1 . 1+1 labeled,| ,. 1+1
®m,n (I) = zgwa,b O-(G)m—a,n—b (I)) + bm,n Equation 5-14
1+1

where m and n are pixel’s coordinate. Wb is the weight of the 1+1 convolutional filter on

b|+1

coordinate (a, b). O is the activation. ™" is the bias. Back propagation based on loss

function such as mean squared error, categorical cross entropy is a method to calculate the
1+1 1+1

gradient of the loss function with respect to the weights Web and bias B in a CNN. The
1+1

computed gradient of loss function is used to adjust the weights Wab and the bias.

Pipe data preprocessing procedure

In the designed laser scan and structured light detection system, the deformation of the laser
or the structured light which is caused by the defects in the pipe has been recorded in the
video. Separate the video into the images and then preprocess them for improving the CNN
performance. In order to pay attention to the deformation, one strategy is used to prepare the
inputs of the CNN.
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One threshold # is defined to suppress the background (the region that is outside of laser
ring or structured light). The inputs of the CNN in the training phase should contain defect
features and non-defect features. These features should help training a CNN model which
has the invariance like scale invariance and direction invariance. In this prediction model,
the local features which is captured by a window Win with fixed size (W_r, W_c) are
utilized (red line in Figure 1). The fixed window can guarantee the inputs with the same size
and scale. Moreover, because the laser ring or structured light detection system use circular
light, image rotation is utilized to make the CNN prediction model be direction invariance
(Figure 5-80).

90e

2700 1800

Figure 5-80. image rotation

Pipe data classification results

After data preprocessing, one classical CNN structure which contains four convolutional
layers and two pooling layers has been used (Figure 5-81). The size of convolutional filters is
3*3. 3 filters utilized in the first convolutional layer and 6 filters in the second convolutional
layer. Dropout method is used to prevent the overfit of the CNN model. The output layer is a
softmax layer which can map the outputs of samples into the probabilities.

Fully

NS connected

Feature map 4
i Feature map 3 (6 filter)
Pooling: 2*2 (6 filter)
Feature map 2 (3 Pooling: 2*2
Feature map 1 (3 filter)

Input filter) Dropout Dropout  Qutput

Figure 5-81: CNN structure
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Specifically, in this qualitative classification problem (defect or non-defect), defect

information 2 =12,..1) cap be regarded as an indicator set like [0, 1] that indicates
whether defects exist or not. In general, the outputs of the designed model are their inputs’
corresponding labels:

1, defect

, i=12,..1 Equation 5-15
0, non-defect

Qi) ={

After the SoftMax layer, these labels will be mapped into values between 0 and 1. If the
output is close to 1, it means this sample contains defect. One threshold 7 is needed to
determine which class they belong to:

] > 7, defect . ]
Qi) = , i=12,..1 Equation 5-16
< 7, non-defect

The laser ring data is used to test the performance of the CNN model. Thirteen hole defects
on the plastic pipe is used to train the CNN model. The laser scans the plastic pipe
continuously. So, one defect information will be recorded in a consecutive sequence. Figure
5-82 shows an example of one testing frame. Define W_r=200, W_c=200. The fixed window
Win segments this image (after background suppressing: £ =240) into 16 parts. Record the
rank of every part (as shown in Figure 5-82 ), the region of defect can be known
approximately after the testing. Figure 5-83 displays the classification results of the testing
samples. A consecutive sequence of 7 frames have been put into the trained CNN model to
test the performance of the CNN model. This sequence has recorded the same defect. As
shown in Figure 5-83, only part 3 in every image contains defects. The output of the CNN
model is a softmax function, so the output of each sample is a probability. Combined with the
labels we defined as below, if the output of one sample is close to 1, it indicates that this is a
defect sample, vice versa. Compared this information with the probability results in Figure

5-83, it is obvious that all defect areas have been identified. Define 7 =0-2. All part 3 of 7
frames have larger probabilities than 0.5. Other parts are smaller than 0.5 which means they
have non-defects. All defect regions have been successfully identified without false calls.
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Figure 5-82. segment result of one image
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Figure 5-83. classification results of a consecutive sequence of frames
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Conclusions

The project aims to develop an integrated set of quantitative tools that provides an approach
to reducing operational risk in vintage plastic distribution systems susceptible to Slow Crack
Growth (SCG) failures. The tool is an optical device that can reconstruct the profiles of the
internal pipe surface and able to detect the existence of deformations and defects that can be
visually detected on the pipe wall. For this task, structures light endoscopes are proposed due
their robustness and simplicity. In this project, the experimental work is divided into two
parts. The first part is used to develop and test the performance of laser profiling based
scanners while the second part is specified to develop and test a multicolor multi ring
structured light scanners. Four prototypes have been successfully developed for the high
resolution and sensitivity pipe inner-wall imaging. The first design is developed with an
initial capability to give a partial image about the pipe surface. This initial prototype is used
to help developing the reconstruction algorithm and became the base for the next
generations of the prototypes. The reconstruction algorithm is developed and tested on
simulation data and then used for the reconstruction of the images from the actual laser
scanner. In order to enhance the quality of the device and increase the amount of the
reconstructed surface area, prototype II is developed. This prototype is 3D printed and has
employed a new fishery camera to provide the required wide angle to capture the full laser
ring. This prototype provides a more stable scanning platform that can reconstruct 100% of
the pipe surface. In order to further improve the quality of the scanner, multicolor multi-
ring approach is used to increase the number of reconstructed points from each frame and
enhance the spatial resolution by providing sharper edges. In order to project colored rings
into the pipe a small slide projector, prototype IlI is developed. The projector is built to
project two-color rings. Prototype IV is developed to reduce the size of the scanner in order
to be fitted inside a 1-inch pipe and to increase the number of projected rings. The prototype
has been built and tested, and a simulation environment is created to develop the
reconstruction algorithm. Experimental scans have been performed and the data is used to
create the accurate profile of the pipe inner wall. The performance of the algorithm has been
tested against different defect types by using simulations. Smooth deformations and shape
changes were reconstructed correctly and precisely. Sudden discontinuities in the surface
introduce non reconstructable shadows behind the defect and also create difficulties in the
matching between the projected and received sequences. The code discontinuities are not a
severe factor because as the scanning platform is moving along the object, it can collect all
the missing points. The shadow problem is dependent on the view angle of the scanner
(larger view angle creates less shadows) and the smoothness of the deformation. A synthetic
database is created to act as a reference for our data analysis algorithms. The database
includes five defects types with different shapes and sizes and it is mainly used for the data
reduction analysis. A data reduction framework is created and followed by a classification
network. The network model works as a binary classifier that test each set of camera frames
for the presence or absence of defects. From the classification results, it can be seen that the
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classification model performs excellent in the defect prediction problem and the defined
local feature can reserve the characteristics of the initial data. The data reduction model is
also helpful to improve the performance of the classification network.

Future work

The delivered work meets the goal and proposed research objectives. Some additional
research and hardware development can be done to enhance the ESLiST sensing system.

1. The current system provides a high quality and fast surface profile reconstruction, but the
spatial resolution can be further increased by improving the hardware design, better system
calibration, and more efficient reconstruction algorithm. Currently, a fixed structured light
pattern was applied, which might not be optimal for all damage types and different field
testing conditions. With the successful demonstration of the Prototype, I to Prototype IV and
their feasibility of extracting damage dimensional information at MSU, extensive
involvement of GTI in collecting real data should be expected. Additional work on feeding
updated stress concentration factor derived from ESLiST image and ESLiST assisted decision
information back to the sensing system should be carried out to complete the development
loop and further optimize the novel structured light sensors design.

2. The proposed prototype works very well in a controlled lab environment by assuming the
sensor is moving in a controlled straight path that is along the pipe’s center axis. This
assumption might be violated in actual field testing and inspection due to mechanical
vibration of the sensing platform moving inside the pipe with complex geometries. An
inertial measurement unit (IMU) can be integrated into the system to provide an estimation
of the device orientation and positioning. Real-time compensation algorithms are needed to
correct any distortion and misalignment induced error in data reconstruction to achieve
same imaging resolution in a field environment.

3. Static structured light patterns have been studied and implemented as we proposed.
However, the potential of the structured light approach will be maximized by introducing
dynamic light patterns and data structures to adapt to various damage types and sizes under
different light conditions. This could be better understood through both numerical
simulations and experimental studies by collaborating with GTI and industry partners. An
optimization of the current static structure light patterns to study the relationship between
the smallest detectable damage feature and the parameters of the static light pattern will also
be beneficial.

4. Further improvement of the current data reduction and reconstruction will lead to faster
and more accurate damage detection. The current framework only focuses on the SCG failure
mode, so supervised multispectral data dimensionality reduction and defect classification
methods would be sufficient and are successfully demonstrated. However, additional work
should be done to realize the unsupervised damage recognition and information fusion while
multiple failure modes are considered. Integration of advanced sensors from MSU and the
intelligent decision support system from GTI and ASU would be more critical to achieving an
optimal diagnostic and prognostic framework for gas pipeline industries.
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6. Damage Detection from Optical Imaging, Creep-Crack Growth Prediction,
and Condition-based Maintenance Framework for Aldyl-A Pipes

This section will summarize all work done by ASU during the project. A novel damage
detection method based on optical imaging were developed. Damage classification was done
using a Naive Bayes (NB) classifier. The classification result was compared with the neural
network (NN) and showed little difference. In searching for an algorithm to build a new
classifier that could encode empirical information (expert opinion) into the classifier, a novel
Bayesian/maximum entropy network (BEN) classifier were developed based on the
maximum entropy concept. The BEN classifier can handle extra information such as moment
constraints. Given the available information, the classifier can achieve faster learning and
behaves better than NB when the training size is small.

An equivalent creep crack growth (CCG) prediction model using a power law equation
was calibrated and validated using the experimental data from GTI. With the proper
assumptions, the model prediction matches the experimental data reasonably well.
Uncertainty was introduced into the model parameters and Monte Carlo (MC) simulation
was used to calculate the failure probability. The model will be later applied into the
maintenance framework.

A condition-based maintenance framework was formulated for the maintenance
scheduling of the pipeline system. In the proposed framework, the conditions of the pipes
were categorized into several condition stages according to their crack length. The
conditions of the pipes can be iteratively calculated via a condition transition matrix. The
condition transition matrix can be calculated using the predicted crack growth curve. The
overall maintenance plan is optimized by minimizing the maintenance cost under the
constraint of failure probability. The maintenance was done using genetic algorithm.

The model parameter in the CCG prediction model can be updated by observations via
Bayesian updating. The updating process would reduce the uncertainty within the model
parameters and hence reduce the variances. The updated CCG curve would change the
values in the probability transition matrix in the maintenance framework and hence change
the maintenance decision. It is shown that, comparing with non-updating results, the cost for
maintenance was reduced.
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Introduction

Damage diagnosis and remaining life prediction of pipeline infrastructure systems is still a
challenging problem despite tremendous progress made during the past several decades in
understanding damage accumulation in plastic gas distribution pipes. Historically, two
entirely different approaches are used for structural system performance prediction (i.e. data-
driven or physics-based predictive models). Data-driven approaches used nondestructive
inspection technique (optical images, ultrasound, acoustic measurement, etc.) and experts’
justification (personal experience on trending function, normal range of operations, etc.) to
extrapolate system future behaviors. Physics-based models use underlying mechanisms
(crack initiation and propagation model, chemical diffusion functions, oxidization rate, etc.)
to predict system future behaviors. Information fusion between two approaches will enable
accurate risk assessment and mitigation planning.

Bayesian networks are graphic probabilistic models that are based on Bayes’ theorem
[50]. Bayesian networks describe the dependence between variables through a direct acyclic
graph (DAG). Bayes’ theorem states that the posterior probability is proportional to the
product of the likelihood and the prior [51]. Bayesian networks are widely used in inference
due to the ability to update the posterior distribution with observations. A lot of work has
been done on pattern recognition [52, 53], image classification [54] and automatic image
segmentation [55]. There are different kinds of algorithms for Bayesian network classifiers,
such as Naive Bayes, Tree Augmented Naive Bayes (TAN) [56] and Selective Naive Bayesian
Networks [57]. The Naive Bayes classifier is a simple and fast algorithm with a surprisingly
good accuracy despite the unrealistic assumption about the independence of the features
[56]. In this project, a device to reconstruct pipe inner surfaces in 3D using video frames was
built. The device comprised an endoscope camera and a patterned projector. Video was
recoded as the device move along the pipe. Reconstruction was done by the analysis of the
video frames and triangulation of the patterned light in each frame. The idea was presented
in some medical researches [42]. The device building and reconstruction algorithm was
mainly done by the MSU. Based on the reconstruction result, the geometric features such as
the length, area of the damage can be isolated and calculated. These features were put into a
Bayesian classifier. The classification result was compared with more advanced algorithms
like the Neural Network (NN) and showed no big difference in our case.

To further enhance the accuracy of the algorithm based on the Naive Bayes (NB)
classifier, various methods have been developed. The selective Naive Bayes classifier method
uses a forward search to select features that does not decrease the accuracy. An approach of
combining the Naive Bayes with decision tree method was proposed in [58] and showed
significant improvements. TAN adds additional edges between features to capture their
correlations and releases the strong independence assumption of Nave , but does not
significantly increase the computational cost. Although tremendous progress has been
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achieved in machine learning and artificial intelligent over the decades, a classifier would
still need a large dataset to be trained and would only take point data (instances). It is hard
however, to encode empirical information (constraints over a feature) into the classifier. In
this research, we presented that by introducing an additional term to the Bayesian equation,
we can handle extra information in the form of constraint in the proposed
Bayesian/maximum entropy network (BEN). The added term was derived using the
maximum entropy (ME) method [59, 60] by maximizing the entropy of the posterior
distribution under constraints. It was shown that Bayes’ theorem is a special case of ME [61].
A demonstration example showed that the BEN classifier behaves better than traditional NB
when the training size is small.

Since the working condition of the pipe is under static pressure, creep failure is the
dominant failure mode in the pipeline system. Many existing models have been proposed and
developed to analyze the creep deformation and life prediction. The characteristic of a creep
crack is that in polymeric materials is that there is craze formed at the crack tip, which is fibrils
that are bridging the edges of the crack. Schapery’s [62] model uses viscoelastic fracture
mechanics approach to determine the crack growth rate as a function of stress intensity factor
(SIF). Williams and Marshall’s model [63] considers the Young’s modulus as a time dependent
function. In [64, 65], cohesive zone model is used to model the creep cracking process as a one-
dimensional zone at the crack tip, which grows and ruptures as the time increases. The above
studies indicate that SIF is the key for the creep failure prediction. This work used a power law
equation to describe the crack growth rate. The model assumed a semi-circular surface crack
in the longitudinal direction and the SIF solution were adopted from [65] and an asymptotic
solution [66] to consider the notch effect. Model parameter uncertainty were considered to
predict life in a probabilistic sense. The model was calibrated and validated by the
experimental data from GTI. The probability transition matrix was calculated using Monte
Carlo (MC) simulation.

In the search for state-of-the-art method of developing a maintenance frame work, the
most discussed method is a condition-based maintenance(CBM). This method is constituted
by 3 parts, data acquisition, data handling and decision making. Data acquisition is a step to
collect useful data from the object, including event data and condition monitoring data. The
event data include information of jobs or operations the object has been through, like loading,
temperature change etc. Condition monitoring data are physical measurements of the object
that can identify its health state. Both types of data are equally important [67]. There are
numerous ways of data acquisition for the condition monitoring data, like microwave or
ultrasonic sensor etc. In our case, the condition data would be the image reconstruction. Data
handling is how the acquired raw data can be transformed into useful understandable and
easy-to-process data. In our case, the acquired reconstruction data was classified into types of
damages. The last step is the maintenance decision making, basically diagnostics and
prognostics. Prognostics predict faults before it occurs while diagnostics is important when the
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prognostics failed and a fault occurred. There exist large quantities of literature regarding the
subject, some researchers use hypothesis testing [68] and cluster analysis [69] for fault diagnosis
and some uses machine learning techniques [70] but due to the lack of training data, the real
application of machine learning technique is not easy. Other researchers use model based
approaches with explicit physical and mathematical model, some models for bearings [71] and
gearboxes [72] are already applied in diagnosis. The prognostics mostly predicts the remaining
useful life (RUL) of a subject under the current condition and past and future jobs or
operations. Some methods predict failure if the condition reaches a threshold value and others
uses a model based on failure mechanism. Two statistical models called proportional-hazards
model [73] and proportional intensity model [74] has become a useful tool in remaining life
predictions. A hidden Markov model can calculate the transition probability from known
experimental data [75]. Some also tried to apply artificial intelligence to RUL in [76]. Model-
based approaches are presented in [77]. For the maintenance decision making, most researches
focus on minimizing the costs, although there are some other papers that discuss the
optimization of inspection intervals [78]. This project presents a maintenance framework based
on probabilistic models. From the pipe imaging section, we can have the types of damages and
its corresponding size (can be regarded as a deterioration stage). Depending on its future
operation condition, a transition probability matrix can be formed and used to iteratively
calculate the probability of the condition of the pipes. A maintenance decision can be made
for minimizing the cost while constraining the failure probability of the system. Or if the
budget is fixed, a maintenance schedule can be made for maximizing performance.

Bayesian network updating has been extensively used for damage diagnosis and prognosis
of metallic and composite materials [79, 80]. The information fusion between diagnostics and
prognostics can achieve a more accurate risk assessment and maintenance planning. To achieve
a dynamic maintenance network, the model parameters will be continuously updated through
the on-field observation. The updating process is achieved by Bayesian updating. This
algorithm has been proved in many studies to improve the prognosis using the observation
data from the condition monitoring [77][33]. The Bayesian updating is based on Bayes’
theorem to update the hypothesis probability distribution (prior) with new information
(likelihood). With the continuous updates, the variance of the distribution would reduce,
indicating the uncertainty of the parameter would decrease.

Imaging reconstruction and damage classification

This part will discuss the performed work and results related to the pipe 3D surface
reconstruction and the damage classifications. First, the algorithm of a Bayesian classifier will
be introduced. Before the prototype reconstruction device was available, simulated pipe
imaging data were used to test the classifier and showed promising result. Despite the
difficulty using the prototype camera to get good pipe imaging, we tested a small set of real
data recorded in lab with the classifier and showed good result.
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Naive Bayes classifier

The Bayesian network classifier is based on a simple Bayes theorem:

P(A|B) = P(B|A)P(A) Equation 6-1
P(B)
where A and B are events, and P(A), P(B) are the probability of event A and B without
regard to each other. P(A|B) is a conditional probability describing the probability of event A
given that B is true, also called posterior. P(B|A) is the likelihood term describing the
probability of observing B given that A is true. During the classification, a set of training data
is required to train the Bayesian network. For each class, the network treats each feature as
random variables and find a certain distribution from the data. For a Naive Bayes classifier,
he classification is done by:

. n Equation 6-2
¢’ =argmax P(cj)li;[ P(A=a|c,)

It means that given a new data, for each feature A;, the classifier will calculate the probability
that it belongs to class j (j=1...m). And assign the class that has the highest posterior
probability for this data. The posterior probability is calculated by the product of the
probability for each feature since the Naive Bayes assume independence among all features.
A graphical illustration of a Naive Bayes network is shown in Figure 6-1

\
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Figure 6-1. Graphic model for a Naive Bayes classifier with one class node and four feature
nodes

The Bayes classifier was widely used since its simplicity in structure and computation.

Slow Crack Growth Evaluation of Vintage Polyethylene Pipes Page 187 of 383 gtl



Pipe imaging data simulation and classification
Pipe simulation

In the pipeline system, common damages include dent, slit, rock impingement and
squeeze-off Figure 6-2. These 4 types of damage were simulated in a 3D binary array with
dimension 6407480200, where O represents the void and 1 is the pipe wall. The damages
were generated frame by frame with gradual change in the shape of the circle. The dent and
impingement was simulated as an indent on the circle, while dent has a larger deformation
and impingement being shaper. The squeeze-off was simulated as a gradual change in the
diameter of the cross section of the pipe.

Figure 6-2. Four types of common damage in pipe: dent (top left), slit (top right), squeeze-off
(bottom left) and impingement (bottom right)

The four types of damage can be randomly generated with different size and position.
This can provide us with great amount of data since the real data is limited. Figure 6-3 shows
a visualization of the 3D array for samples of each damage type. Comparing with the ones in
Figure 6-2, the simulation can have a good representation of the real damage.

o
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Figure 6-3. . Sample of the four types of damage: dent (top left), slit (top right), squeeze-off
(bottom left) and impingement (bottom right)

Random noises were added to the 3D array to simulate the potential noise in a camera

sensor.

Feature calculation and classification

Geometric features were extracted based on the simulated pipe. A few methods were
tried to isolate the damage in a 3D pipe model. The first method used was a frame
differencing method, it regards the previous frame as the background of the current frame.
Such method works fine only with idealized data, i.e. the one without noise. A frame
averaging method [81] take the average of a few numbers of the previous frames as the
background of the current frame. This method would compensate a small amount of noise.
But since the camera needs to fit in small pipelines, the size of the sensor would be small and
a large amount of noise is expected. A more advanced method of foreground detection using
Gaussian mixture model [82] were tried. After comparison, the frame averaging algorithm is
chosen as the denoise method in our case due to its low computational cost as well as its good
effects on the data.

Based on the isolated 3D structure (damage), a few geometric features can be calculated.
In the demonstration example, four features were proposed, namely the surface area of the
isolated damage, the maximum cross section (x-y plane) area, the length in z direction and
the ratio of x-y plane projection to z direction length, respectively. 400 simulated damaged

L]
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pipe sections (100 of each kind of damage) were randomly generated for the feature data.
Using these feature, a NB classifier can achieve an accuracy of 89%. Figure 6-4 shows the
accuracy of the classifier vs. the training size. The drop of the accuracy at 300 training data
size is caused by overfitting.

Average accuracy
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Figure 6-4. Average accuracy vs. training data size with simulated feature data
Comparison with neural network (NN)

The previous section discussed the behavior of the simple naive Bayes classifier. It can be
considered that it achieved plausible results. In this section, a comparison was done using the
same data set by classification using Neural Network (NN) in MATLAB [83]. Since NN
classifier can directly take image as input, another method of using 2D image as input was
introduced and compared among Neural Network and NB.

Neural Network with extracted feature data

Since NN has an additional validation step, the training and testing is a bit different then
the NB. The network used in this case has 10 hidden neurons, the training set is set to be 30%
to 80% of the data, and the test and evaluation set are set to be equal. The detailed algorithm
of NN is beyond the scope of this study. The comparison of the classification result is shown
in Figure 6-5. As we can see, the Neural Network has a similar accuracy as NB. And NN also
suffers the overfitting effect.
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Figure 6-5. Average accuracy for Neural Network using simulated data

2D feature image as input

Although to the benefit that NN can take image as input, the original frames are too
large, which would take longer training and testing time, and have too much useless data
(both the inside and outside the pipe cross section have black area that is the same no matter
the damage). A method of dimension reduction is considered. And a sequence of five steps of
image processing is designed to get a feature image with a much lower resolution, which will
then act as input images for NN and NB. The targeting image is each frame for the simulated
pipe structure with noise. The five steps are dilation, filling, subtraction, rotation and
pooling, as shown in Figure 6-6. Details will be introduced bellow.

The first step is to dilate the white pixels. This will let the noisy edge of the pipe form a
closed contour of the cross section. In the second step the closed section is filled with white
pixels, as shown in Figure 6-6 (c). Then the filled cross section is subtracted from a perfect
cross section of the pipe. This step isolates the damage. Since the damages from each frame is
at a different angle, a rotation helps align them in the same direction. Figure 6-6(e) shows an
example of 50 dent section that were aligned in the same direction. Then a pooling zooms in
at the damage, forming a 60 by 60 feature image for each frame, further reduce useless
information.

Since this method uses only 2D image frames instead of 3D structure, it is able to get much

more data set from the simulated pipes. In total, one thousand images were processed with 200
for each damage and 200 for non-damaged pipe section.
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Figure 6-6. Image processing steps for extracting feature image. (a) the original frame for an
impingement, (b) the dilation helps form a closed contour, (c) the closed circle is filled, (d)
extracting the filled graphs from a round, (e) rotating the isolated damage into the same
direction and (f) pooling to enlarge the damage and eliminate useless data

Using the feature image, the neural network can almost achieve no error in classification.
It can be understood that a 2D image contains much more information than the simple 4
features data extracted from 3D model.

How would a Naive Bayes behave with the same amount of information? A network with
3,600 nodes (one node for each pixel) were created in this case, each node corresponds to a
pixel in the 60 by 60 feature images. Since the value of the pixels takes only 0 and 1, and we
only need to differentiate the magnitude of probability, the probability distribution for each
node is model as a Gaussian distribution with fixed variance. The average of the pixel value
was taken as the mean and the variance was set to a certain value for each likelihood
function. It is found that when choosing the variance to be 0.4, the network can achieve the
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highest performance. It can be seen from Figure 6-7, with this formulation, the Naive Bayes
Classifier can also achieve an almost perfect result.
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Figure 6-7. The accuracy vs. training data size using a refined Gaussian node

The above results indicated that a Naive Bayes classifier is sufficient for the damage
classification in our case.

Classification using real image

The real data was recorded using the prototype device received from the cooperating
institute (Figure 6-8). It has a fisheye camera aligned with a laser ring projector. The two
white plates are 3D printed and it can fit into a 3-inch pipe. The camera connects to a
computer via USB port and the laser projector needs an additional power supply.
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2

Figure 6-8. The prototype amera

To conduct the experiment, we bought a few PVC pipes from local hardware store and
manually created/simulated some damage. Figure 6-9 shows the manually created damages. A
slit was cut using a saw on the pipe wall. Some pastes were stuck on the pipe wall to simulate
dent and impingement.

(=) (b) (e)
Figure 6-9. Damaged pipes with slit (left), dent (middle) and impingement (right)

But the reconstruction algorithm provided is very sensitive to the vibration of the
camera. As we investigate the code, the algorithm simply stacks up all the black and white
frames to form the 3D model. And this would lead to various bad visualization of the
reconstructed pipe. To overcome these issues, photo shots, instead of videos, were taken
when the camera is moving along the pipe. By doing this we could effectively reduce the
vibration effect. Photo groups were taken with the damage set at different angle and paste for
dent and impingement with different shape. The process of collecting data is a long and
verbose process. After the data collection, each group of pictures were taken to the MATLAB
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code to reconstruct the 3D pipe model. Some good results can be seen in Figure 6-10. And
the 3D pipe model (essentially a 3D binary matrix) were processed using the denoise and
frame averaging algorithm to isolate the damage. And based on the isolated damage,
geometric features, such as length, volume, surface area, can be calculated.

Figure 6-10. Two good reconstruction results

Due to the nature of the algorithm, out of all the tests only 90 sets of data, 30 sets for each
kind of damage, can be selected to do classification. Naive Bayes classifier were used to
classify the data. By varying the size of the training data, the average accuracy is around 77%.
Figure 6-11 shows the trend of average accuracy in relation to training data size.

Classification accuracy
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40 45 50 55 60 65 70 75

Average accuracy

Training set

Figure 6-11. The average classification accuracy vs. training size using real data

Image reconstruction and damage classification conclusion

A simple Naive Bayes classifier is applied in the damage detection and classification task.
The method showed promising result with simulated pipe imaging. Its performance can be
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comparative to more advanced method, such as Neural Network. This is probably due to that
our case is not complicate in nature. The classification results using real imaging data was
disappointing. This was mainly due to the prototype reconstruction device. The algorithm
for the reconstruction needed to be revised.

Bayesian/maximum entropy network

The proposed maximum entropy (ME) network could introduce extra constraint on the
features in a Bayesian network. In this section, we first introduce the concept of the
maximum entropy. The detailed derivation of how the ME can be applied into a Bayesian
classifier. A toy example is given to demonstrate the advantage of the proposed BEN network
comparing to that of Naive Bayes.

Introduction to maximum entropy

The Maximum relative Entropy (ME) method was originally used to assign probabilities
using information as constraints [59]. Giffin [84] used the ME method to update probability
with moment constraints. Caticha [61] found the relationship between the ME method and
Bayes’ theorem and showed that the Bayes’ rule is a special case of ME. Guan [85] applied the
ME updating into fatigue damage prognosis in a single updating scheme.

For an uncertain parameter € € ® and the corresponding response variable X € X , let
(X, 0) be the prior of the joint probability distribution and p(x,#) the posterior of the joint
probability. According to maximum entropy axioms [86], the desired p(x,8) would
maximizes the relative entropy:

P(x,0) Equation 6-3

S[P, Pyy]= [ dxdOP(x,6) log 5 0.0)

The constraints with observation data X’, which is the case in a Bayesian updating scheme
can be expressed as a delta function at X:

P(x) = [dOP(x,0) = 5(x—x) Equation 6-4
And the moment constraint for a given function f{6) is given as:
[dxdoP(x,6)  (6) = F Equation 6-5

After forming a Lagrangian function including the constraint in Eq. (4) and (5), the updated
function Pis expressed in the form:
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0) P (X'16) /1 Equation 6-6

I:)new (9) = I:)old( P (X') 7

where X’ is the observation data and Zis a normalizing constant. The term fis determined
ologZ
alogz _

by op . This additional exponential term serve as a shifting factor from the old
distribution. It is clear that the result when f = Owill recover the Bayes’ rule.

Maximum entropy in Bayesian network classifier

When applying the ME method into classification, the constraint information would be
different than the above introductions. Recall a basic Naive Bayes network as shown in
Figure 6-1 the class node C is a discrete node, the value of which is the class label. And the
corresponding feature nodes £ to £2could be either continuous or discrete depending on
specific setup. Each node contains its prior distribution and the edge contains the likelihood
function between the two nodes. The constraint would be given on the likelihood function,
since the prior knowledge would usually be the information about a feature given a certain
class. For example, when distinguishing an orange to an apple, the information we know is
that if it is an orange, it must have a rough surface and the color is orange. Detailed
derivation will be shown as follows.

The constraint on the likelihood function given a known moment information is:

J‘dfjp(fj|C=ci)g(fj):(3i Equation 6-7

(7)
where £is the jth feature in the network and c;is the ith class label. The equation states
that the expected value of some function g(£) is Gi. The constraint is enforced on %
corresponding to C = ci. Additionally, we have the two normalization constraints for the
likelihood function and the joint pdf:

_[dfjp(fj|C:ci):l Equation 6-8
deijp(fj,C):l

Forming the Lagrangian function regarding the three constraint in Eq. (7) and (8) we have:

f.,C
Z:—jdfijp(fj,C)log zifjci +a[jdfijp(fj,C)—1]
+[dcpE)Ifdf;p(f;,C)a(f;)—G,p(C)] Equation 6-9

+[dCy@)If df;p(f;,C)- p(C)]
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a, B(C) and y(C) are Lagrangian multipliers. Note that Eq. (7) and the first equation in

Eq. (8) were multiplied with p(C=ci) on both sides and that
p(f;,C=c)=p(f;|C=c)p(C=c). Since the class label C is a discrete variable, the

integral can be regarded as a summation. To find the optimal posterior p(f;,C), the
variation of the Lagrangian function is se to be 0, i.e. 0. =0. This yields 6.Z /op =0:
p(f;,C) Equation 6-10

f.,C
—1+a+p(C)g(f;)+7(C)]=0
H j!C)

Ve
a—pzjdfij[—log

The above equation satisfies for any p(f;,C)which means:

fC Equation 6-11
—|ogM—1+a+/3(C)g(fj)+y(C)=o quation
u(f;,C)
Hence:

u(f;, C)e/©@Wer©)  Equation 6-12

_ ~l+a A B(C)9(f)) 1y (C) _
p(fj,C)_ﬂ(fj,C)el " e () = .

With

Z= %—HIZ = Idfjdcﬂ( fj , C)eﬂ(C)g(fj)H/(C) _ ZJ-de,u( fj ’ C)eﬂ(C)g(fJ)er(C) Equation 6-13
C

By assuming the prior does not change, i.e. p(C) = (C), we can solve for the likelihood

function:

u(f; | C)e/ @i+ (© Equation 6-14

p(f;1C) = .

Back substitute into the constraints in Eq. (7) and the first equation in Eq. (8):

[df,u(f|C)e” P Wer@g(t)) Equation 6-15
=G

z

[dfju(f;|C)e" @ Wer® Equation 6-16
=1

z
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Given the above two equations, for a fixed value of C =C, we can solve for the

corresponding unknown S(C =c;) and y(C =¢,). Since the term e’(“) / z can be regarded as

a normalizing constant for a fixed ci, we can eliminate this term by the ratio of Eq. (15) and
(16):

e’ [dfu(f;|C)"* Wg(t)

Equation 6-17
ey(C)J‘d f,—ﬂ(f,- |C)eﬂ(C)g(fJ)

Now let us focus on a specific case where the constraint on likelihood function is a first order
moment, i.e. g(f;)= f,. And the likelihood function is a normal distribution

(f5-n)?
1 - 2 . . ..
u(f;|C)= ——¢€ 20" Substitute into Eq. (17) and eliminate the common term:
2o
2 —%fﬁ(ﬁzﬁ})f
fex o7 fdf
700‘; 1 2 M = G| .
J- o2 G Equation 6-18
o0 5 bz
From basic calculus, we have: j e ™ Pdx = \/Ee Via
e a
o I N 02, Equation 6-19
[ xe X==o e
Let: !

Substitute into (18):

Equation 6-20
25°/2 b
—<& - -——=¢,
\/;ew 2a
a
Solve for [
G —u Equation 6-21
ﬂ - 02
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Substitute A into (16):
CAREE 1 Equation 6-22

2 [dfu(f|C)e”

Let:
Equation 6-23
per) _ € Gl ARl
| =[dfu(f|Ce j df
: 1 G,
Again, we let: a= 53 = _(§+ L) = -
So:
e,;? el S Equation 6-24
e4¢3\2 — e 20‘2
Hence:
e7(© s Equation 6-25
= I -1 =e 20
z
The new updated joint distribution can be written as:
Gi-p, -G Equation 6-26

P(f;,C)=u(C)u(f;|Ce = "e 2

The result shows that after the updating with moment information, there would be 2 more
exponential term. Which is similar to the result found in [84, 85].

Demonstration example for Bayesian/maximum entropy network

Using the above derivation, a maximum entropy network is formed and can be trained.
Following is a simple example to illustrate the behavior of a BEN classifier against the NB
classifier.

Assume a dataset of two types (classes) of damaged pipes, namely slit (class 1) and
impingement (class 2). Two measurements were taken: the length is measured as the longest
dimension for the damage and the volume of the damage. The data were randomly generated
according to four independent normal distributions as listed in Table 6-1:

Table 6-1. Random generator for demonstration data
Damage type ‘ Length | Volume
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Slit M175,5?) M100,15%)
Impingement M165,5?) M150,20?)

A total of 200 data were randomly generated. Assume that we know by experience that the
length of a slit is typically 100 unit. So the constraint can be mathematically expressed as:

[df,p(f,|C=C,)f, =100 Equation 6-27

Substituting into the results from the above derivation, a BEN classifier is formed and can be
trained. The classification with the example data can be seen in Figure 6-12. The comparison
is the result from Naive Bayes, i.e. no additional constraint. As we can see, due to the
additional constraint information, the accuracy of the entropy network is significantly
higher than that of a Naive Bayes when there are less training data. When the training size
increases, the accuracy from the two network converges.

0.98 Y
0.96

0.94

0.92

Average accuracy
(=]
o

0.88
0.86 —@— Naive Bayes
0.84 —@—Entropy net
0.82
0 10 20 30 40 50 60

Training data size

Figure 6-12. Average accuracy for NB and BEN

When we look at the probability distribution of the likelihood function for p(f,|C =C,) in

both cases, in Figure 6-13, the additional constraint helps enforce that the mean of the
variable is 100.
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It can be concluded that the entropy network does improved classification accuracy
when training data is small. Which is often the case for some engineering problems. Such a
method could benefit classification tasks where experimental data is hard to get.

Bayesian/maximum entropy network conclusion

In this section, the maximum entropy method was applied in the Bayesian network and
used as a classifier. Detailed derivation showed that it was possible to accept any order of
moment constraint. An analytical solution was given for a special case where the nodes are
modeled as Gaussian and the constraint as a first order moment. Theoretically, any constraint
that could be expressed in the form of an equality of the probability function could be
encoded into the classifier. A toy example was given to show that the BEN indeed performs
better when the training data is small. Since the empirical information on the pipe imaging
data is not available, the method was not tested against real data.

Creep crack growth prediction

In this section, an equivalent crack growth model for creep life prediction of polymers is
discussed. The equivalent crack growth rate is modeled using a Paris’ law like equation. The
model was calibrated and validated using the data provided by GTI. The experimental data
was done on Aldyl-A pipes under various loading condition and different damage types. This
enabled the study of the effect of damage on the life of the pipe materials. The damage is
considered as stress risers in the pipe. The results showed that the method has a good
prediction comparing to the experimental data. The prediction results was then applied to
the maintenance framework.

Model development

The proposed method expressed the crack growth rate as a Paris’ type function as:
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% _C.K" Equation 6-28

where C'and m are material properties that will be calibrated using the control data group. K
is the stress intensity factor (SIF). The crack is assumed to be a semi-circular crack at the
inner surface in the longitudinal direction. The SIF solution is given in [65] as:

Ko { g AF Equation 6-29

where ais the crack length, ois the hoop stress, Qis the shape factor, in this case is given a
fixed value of (2=2.464 and F'is the boundary correction factor. An asymptotic SIF solution
considering the notch effect is proposed in [66]. The expression for the SIF is modified as:

K — a\/% (a+ d{l—exp[—%(Kf _))F Equation 6-30

where K:is the stress concentration factor, dis a geometric measurement of the notch size. A
schematic illustration is shown in Figure 6-14. ¢is the thickness of the pipe. The boundary
correction factor is fitted as a function that is related to the geometry of the crack. In this
specific case, F'is calculated as [65]:

Equation 6-31
F = (L.04+0.2017 x (%)2 —0.1061><(%)4)><(6.05—0.5\/%) 1

Damage
///! /
/ —_ D
i ' — = Pipe wall
Wy : Crack
\ d

Figure 6-14. Schematic plot of the crack at a notch root and the semi-circular geometry of a
crack

Integrating the crack growth rate equation from initial crack length a; to critical crack
length a, the failure time 7rcan be expressed as a function of the hoop stress o as

a, 3 Equation 6-32
T, - Kmda=Cl(\/g)m0m JFas ool 20ct -y
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Taking the logarithm on both side of the equation gives a linear relationship between the
failure time and stress as:

RN Equation 6-33
logT, =-m*log o +log(C " ( 6) 1)

a
where | = I F \/ a+ d{l—exp[—%( K> -D]}da. Eq. (33) is the proposed life prediction model
for the slow crack growth (SCG) of polymers.

To predict the crack growth as a function of time, the upper limit of the integral in | can
be changed to an arbitrary crack length a,. And the corresponding time on the left-hand side
can be calculated. This gives an implicit equation for the crack length as a function of time
and stress level with five model parameters. It can be solved by numerical method and the
crack length vs. time can be plotted.

& E . _
t=C( \/%)mam | F\/a+ d{i- exp[—%(Ktz e duation &34

Calibration and validation

The data set from GTI was done using Aldyl-A pipe. It consists of 5 groups, namely the
ductile control group, SCG (slow crack growth) control group, LDIW (low ductile inner
wall) control group, LDIW with indentation and LDIW with squeeze-off. The ductile group
is tested in high stress level and failure is dominated by ductile deformation. There is a total
of 450 data points in this data set. The hoop stress and the failure time were recorded and
shifted to 23°C (73.4°F), which is the normal operating temperature. The test used Rate
Process Method (RPM) to evaluate the long-term performance of the pipe and used bi-
directional shift factors to shift the test results to a common reference temperature. The
properties of the polymeric material are governed by the activation energy of the molecular
rearrangement. It is measured using Dynamic Thermo-Mechanical Analysis techniques. The
activation energy can help determining the Time Temperature Superposition characteristics
of the material [40][2], which are the basis of the RPM calculations. GTI employed DTMA to
measure the activation energy and use the measurement to develop the bi-directional shift
factors [8]. By using these information, the test results at an elevated temperature can be
shifted to the reference temperature. The stress concentration factors in the data set are
estimated by dividing the actual shifted time by the mean time calculated from control SCG
model. Since the study focuses on the creep behavior, the ductile control group will not be
used. The SCG data will be used to calibrate the material properties in the proposed model,
and the other groups will be used to validate the prediction result of the model. The data are
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plotted in Figure 6-15 in double log scale. The log-log plot for the stress vs. life of the data
showed a linear tendency.

Experimental data
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Figure 6-15. Experimental data shifted to 23°C (73.4°F)

Figure 6-16 shows the geometry of the pipe. The outer diameter is 2.375 in. And the SDR
value is 11, which means the ratio of outer diameter and pipe thickness is 11.

D =2.375n

SDR=—=11

Figure 6-16. The geometry of the pipe

The initial crack length can be observed through SEM image in Figure 6-4, the micro-
crack measures about 25 pm. In this case, the initial crack length is set asa, =107 in . The
critical crack length is assumed to be a, =0.1in. The measurement for the critical crack

length is not important because the crack growth rate will be extremely fast when closing to
rupture. A typical damage size is around 1 inch, the value for d is chosen to be d =1in.
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Figure 6-17. The SEM image showing an initial crack

The data in SCG group is used as reference data, a linear relation between the logarithm
of stress and time is calculated by linear regression. The linear regression gives the stress as a
function of time as: logT, =-2.5632log o +13.0796, indicating m = 2.5632 . The mean of the

stress concentration factor is used as the value for K, to evaluate the integral | . And the
value for C is calculated as: logC =—-13.3442 . Here, the value of C is considered as a
random variable. Assume that the slope of the log linear curve, m, is fixed. By back
substituting the experimental data points into the equation, we could get an array of logC .
The value for the logarithm of C can be fitted into a normal distribution. For the SCG data,
logC follows a normal distribution with mean -13.3442 and variance 0.2960. Using these
data, we could plot the regressed stress vs. life curve for SCG data in Figure 6-18.
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Figure 6-18. Stress-Life curve for SCG data and its confidence bond against the lab data
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By substituting the K, with the mean value from other groups, the stress vs. life can be
predicted for other damage types. The results of the prediction versus the experimental data
for LDIW, indentation and squeeze-off are plotted in Figure 6-19. The predictions agree with
the data closely.

(®) (b) ©
Figure 6-19. The prediction of stress-life curve for (a) LDIW, (b) LDIW indent and (c)
Squeeze-off

Uncertainty and reliability prediction

The value of C'and Kzin the prediction model can be regarded as random variables. The
distribution of logC can be found by fixing m and substitute the experimental data and is
calculated above to follow a normal distribution with mean -13.3442 and variance 0.2960.
The stress concentration factor K, in each group was tested against various types of
distribution by KS test [87] and is found that a logistic distribution can best describe the

measured data. The uncertainty quantification of the model parameter for SCG group is listed
in Table 6-2.

Table 6-2. Uncertainty quantification of the model parameters for SCG group

Parameter e Distribution parameter
Distribution .

name Mu sigma
a, Constant 0.001
a, Constant 0.1
d Constant 1

logC Normal -13.3442 0.2960
m Constant 2.5632
K, Logistic 2.6192 0.2445

The crack growth prediction is achieved by numerically evaluating the integral | at
continuous values of crack length @, given a pair of random sample of C and K,. Hence, the

implicit function of @, as a function of time can be plotted. Figure 6-20 shows the crack
growth curve for SCG at ¢ =1000 psi along the 90% confidence bond. It shows that the
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crack growth process is quite slow in the beginning and gradually speeds up. This plot could

be used to calculate the failure probability at a given time.
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Figure 6-20. The crack growth curve for SCG and its confidence bond at 1000 psi

The probability of failure is studied at o =1000 psi and t =2x10° h. The mean curve in

Figure 6-20 indicates that the crack length at t =2x10° h is around 0.03 inch, which is still
far from failure. While the MC method simulation of crack length at t =2x10° h indicates
that it is possible for the crack length to exceed the critical crack length. Figure 6-21 shows
the empirical cumulative density function (CDF) and probability density function (PDF)
generated from 10,000 MC samples. As we can see in the CDF plot, only a little over 60% of
the simulated MC sample is beneath the critical crack length. The shaded area in Figure 6-21
(b) gives the failure probability. For a deterministic model, a crack length of 0.03 inch would
not be considered as failure. But according to the probability analysis, the failure probability
at t=2x10° h is 37.85%, which is not negligible. The failure probability model would be

significant in reliability analysis.

COF for the crack Bength distribution

ngthiin
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Figure 6-21. The empirical CDF and (b) PDF of the crack length distribution
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Approximated creep crack growth prediction conclusion

The prediction model used a simple power law equation to predict the crack growth in
polymer pipes. The novelty of the method is that it considered the effect of damage on the
life prediction. The error analysis was done by taking the difference in failure time of the lab
data against the predicted mean. For each data points, the error is calculated as the actual life
from test minus the predicted mean failure time at the corresponding stress. The errors were
collected and plotted as an empirical CDF in Figure 6-22 compared with the MC sample
errors. The MC sample error represents a standard distribution of the failure time.

SCa LIDIW

Eovor CIF boen MC aasmpln Ere COF froem W eempie
Piver COF froaw Lnks s d ad COF e L s

LOMW Imdesi Sguasze-oll

c) d}

Figure 6-22. The empirical CDF of the error comparing with the CDF of the MC sample error
for a) SCG, b) LDIW, c¢) LDIW indent and d) Squeeze-off

Within the margin of error, the experimental data agrees well with the predicted data
from the proposed model. The group with indentation and squeeze-off deviates from the MC

data, one possible explanation is that the assumed damage size 9 is different regarding these
two types of damage.

Maintenance framework

In this section, a condition-based maintenance framework was formulated. The method
categorizes the pipes into different condition stages. Based on the current condition and the
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future working condition of the pipe, the condition vector and the cost for maintenance can
be iteratively calculated. Minimizing the overall cost would give the optimal maintenance
plan.

Maintenance framework formulation

Table 6-3 the list of symbols used in the formulation.

Table 6-3. Nomenclature for the maintenance decision framework

Meaning

The total quantity of pipes

Number of deterioration stage

Number of possible maintenance method

Condition vector with dimension 1xS

Deterioration matrix, SxS

Maintenance transition matrix, SxS

Decision matrix, MxS
Cost matrix, MxS

nxaghucgm,gg
(¢°]

Each term in the condition vector D represents the percentage of samples in each stage.
The elements in the vector should sum up to 1. The degradation matrix is the probability
transition matrix for a certain time step At. The term P(i,j) means the probability of
transition from condition i to condition j. For example if P(2,5)=0.1, it means a sample that is
now in condition 2 has a 10% probability of transiting to stage 5 after time period At,
without any repair. The elements in each row of the degradation matrix should sum up to 1.

The maintenance matrix is the probability transition matrix for a maintenance method.
The term Mn(i,j) means the percentage of pipes that transit from condition i to condition j
right after the maintenance method m. For example, M«3,1)=0.1 means that 10% of the pipes
that is in condition stage 3 will transit to condition 1 after maintenance method 2. The
elements in each row should sum up to 1. The maintenance matrix for doing no maintenance
is an identity matrix.

The decision matrix is the object of the optimization. The term X(i,j) means the
percentage of pipes that is in condition j has maintenance i done. For example, X(2,4)=0.1
means that maintenance method 2 is applied to 10% of the pipes in condition stage 3. The
elements in each column should sum up to 1.

The element C(i,j) in the cost matrix corresponds to the expense of applying a

maintenance i for a pipe that is in condition stage j. For example, the element C(3,5)=5000
means it takes $5,000 to do a maintenance 3 to a pipe that is in condition stage 5.
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When calculating the new condition vector after a time period At, the following equation
is used:

D, = Z D-xX(m,))xM_, xP Equation 6-35

where the term X(m,:)

is the m™ row of the decision matrix, meaning the decision vector for
maintenance m. The sign ‘¥ is an element wise operator. The dot product of D and X(m,:)
gives a 1xSvector, which means the percentage of samples in each condition that will have
maintenance m applied. The vector is then multiplied by the maintenance matrix, which
would result in another 1xSvector, means the condition vector right after maintenance m
being applied. The condition after maintenance times the degradation matrix gives us the
new predicted condition vector (1xJS) for the group of pipes that had maintenance m done.
The sum over m adds up all the condition vector for different maintenance group.

The corresponding cost is calculated by:

Budget = > QxD-xX(m,))xC(m,:) Equation 6-36

The dot product of D and X(m,:) times Q gives a quantity vector with dimension 1xS. Each
value means the number of pipes in the corresponding condition that had maintenance m
done. The quantity vector times the cost vector, with is the m™ row of the cost matrix, yields
the cost for doing maintenance m. The sum over all maintenance method gives us the total
cost.

Generating probability transition matrix

In the previous section, we have predicted the approximated creep crack growth curve in
a probabilistic sense, as in Figure 6-20. In this section, we will calculate the probability
transition matrix for the maintenance frame work based on the crack growth curve.

In the following example, we are getting the probability transition matrix for a time steo
of At=1500 h and for the stress level of Ac =1000psi. The deterioration stage is categorized
into 5 stages from initial crack length to failure, listed in Table 6-4. We assume that the
observation of the crack length is a uniform distribution, which means the observation of a
crack length a is equally possible in the range of 0.001 to 0.1 in.

Table 6-4. The condition stage

Condition Excellent Good Fair Poor Failure
Crack length/in | 103 -2*10® | 10°-6*10° | 6*10°—-2*102 | 2*10>-- 0.1 | 0.1<
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Monte Carlo simulation were used in this case. We evenly sampled around 2000 points
from 0.001 to 0.1 in as the observed crack length in current stage. Each sample point has a
corresponding pair of C'and Kt from the creep crack growth model. And the life after At is
calculated by letting the current point evolve along the specified curve. Figure 6-23 may help
better understand the process of the MC simulation. As we can see in the picture, for an
arbitrary initial crack observation ai, we can find the corresponding life t1 from the red curve.
The crack length after time step At, regarding the same red curve, would be the crack length
a: corresponding to the life of ti+At on the red curve. The blue curve is another possible
curve with a different pair of C'and Kz and there is a corresponding life t1” for the initial
observation. The prediction of the crack length after time step At, according to the blue
curve, is a.’ as shown. As we can see that the initial observation falls in condition stage 2, and
the prediction according to the red curve would be in condition 3, while the prediction
according to the blue curve would be in condition 4. Thus, for this initial observation, the
term P(2,3)=0.5 and P(2,4)=0.5 since they have equal chances of transitioning to condition 3
and 4 after time At.

Crack growth curve
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Figure 6-23. Illustration of the crack growth evolvement.

This process was done for all the curves in the cluster and the 2000 samples of observation.
And the elements in the degradation matrix were calculated as the percentage of pipes that
falls in each condition. For this example, the resulting degradation matrix is:

0.7945 0.2051 0.0003 0.0001 0 ] Equation 6-37
0 0.8121 0.1875 0.0003 0

P=| O 0 0.8085 0.1914 9.34e-05
0 0 0 0.8999 0.1001
0 0 0 0 1

lllustrative example

This section will go over the maintenance optimization problem through a demonstrative
example, hoping that the reader can have a clear understanding of the proposed framework.
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Maintenance decision optimization

As a demonstration example, we assume three type of maintenance: do nothing (a natural
degradation process), repair and replacement. Still, we consider the pipes as in SCG condition
and under a constant pressure of 1000 psi. The maintenance transition matrix for doing
nothing is an identity and the one for repair and replace were assumed:

1 0 0 0
0.5000 05000 0 0
M, =|0.1000 0.3000 0.6000 0
0.0100 0.0400 0.2500 0.7000 O

0 00100 0.0400 0.1500 0.8000|  Equation 6-38

o O o

(099 001 0 0 O
099 001 0 0 O
M,=/099 001 0 0 O
099 001 0 0 O
1099 001 0 0 O
respectively. The cost matrix is assumed as:
0 0 0 0 0 Equation 6-39

C=| 30 30 50 100 200
1600 1600 1600 2500 3000

The initial conditions were set as:

D=[0.10 020 050 0.5 0.05] Equation 6-40

The problem is that we are trying to minimize the cost under the reliability constraint: The
failure probability should not exceed 0.05. The failure probability is the last term in the
condition vector. The problem is transformed as to minimize the budget given the constraint
of the last element in D should be less than 0.05. Due to the property of the maintenance
decision matrix, the number of unknowns are 10.

Since the problem has 10 degree of freedom (DOF), genetic algorithm (GA) [88] was
chosen to calculate the optimal maintenance planning. GA is inspired by bio-processes such
as mutation and gene selection, and is commonly used in optimization problems. The
method has advantages when dealing with high dimensional problems. Since GA is a non-
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deterministic algorithm, the result for every run would be different. And the solution may
not be the best solution. It is an efficient algorithm and has a MATLAB built in function.

The objective function for the maintenance problem is the total cost for maintenance as in
Equation 6-36. The constraint is the last term in the condition vector.

Reps Replacement

(a) (b)
Figure 6-24. Figure 6-24 shows the optimized results for 10 consecutive time steps. As we
can see from the figure, more effort will be put in the replacements of pipes in poor and
failure conditions and repair with the ones in good and fair conditions. Note that the result
for the maintenance decision would differ from different runs, but the overall trend would

be the same.

fepa Replacement

(a) (b)

Figure 6-24. The visualization of maintenance plan for (a) repair and (b) replacement

Consequence cost

In general situations, the damage caused by failure is more severe in some cases while in
other cases not. For example, an explosion caused by failure of gas pipe would be hazardous if
it happened in a hospital, but not so if it were a rural area. So, per different circumstances,
the importance of failure might be different. In regard of this, we add the consequence cost
and different groups into the maintenance framework.
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The idea is as simple as adding an extra dimension regarding the groups. We use G'to
represent the total number of groups. The condition vector now becomes a condition matrix
with dimension GxS. The quantity becomes a quantity vector of size Gx1 with each term
representing the quantity of pipes in each group. An additional weighting vector W of
dimension 1xG was created, which is the weight (the severity of consequence) assigned to
different group. The reliability objective function is:

reliability=W-D,(:,S) Equation 6-41

The term D, (:,S) is the last column of the new predictive condition matrix, which

represents the failure probability in each group. The product gives a scaler value.

Following the same example in the previous section, we assumed 3 groups of pipes (G=3),
each represents a business center area, residential area and rural area. The three groups have
the same initial observation of the condition vector as in the previous example. The quantity
vector Q =[100 100 100], meaning 100 pipes in each group. We assume that the
consequence cost of the three area is from high to low, and the weighting vector
W =[10 5 1].The decision matrix now becomes a 3-dimensional matrix (MxSxG). The
number of DOF increased to ((M-1)xSxG =) 30.

Figure 6-6 shows the total cost for each group. We can see that there will be more money
spent in the group with higher consequence cost to reduce the probability of failure. This
makes sense since if we wanted to avoid failure in one area it is reasonable to spend more
money in maintain the pipes are in good working conditions.
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Figure 6-25. The cost and failure probability prediction for each group

Dynamic maintenance framework

The dynamic updating of the transition matrix can increase the prediction accuracy of
the crack length. Hence help the maintenance planning to avoid unwanted failure or the
unnecessary cost. The updating is achieved through the observation of Kz parameters. With a
calibrated camera that reconstruct the pipe in 3D, the actual dimension of the damage can be
measured. The stress concentration factor can hence be calculated using finite element
model.

Bayesian updating is widely used in probability related studies. It is used to update the
belief of existing knowledge (prior) through new information (observation). The updated
posterior of a Bayesian updating network is:

P(@|x) < P(x |6)P(0) Equation 6-42

P(0) is the prior, which, in our case, is the distribution of Kt fitted by the lab data. P(x’| 0) is
the likelihood function through observation.

Suppose a few observations of the Kt were made through the field data. And is used to
update the Kt distribution. The observation is assumed to follow a normal distribution with
mean of 4.2 and variance of 0.35. Markov Chain Monte Carlo (MCMC) method is used to
generate the updated distribution samples. Figure 6-26 shows the updated probability
compared with the original one. We can see that the updated value of Kz has smaller mean
and variance.

L]
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Figure 6-26. The original and updated probability of Kt

The updated distribution of Kt is then used into the MC method to generate an updated
transition matrix the same way as in the previous section. The updated transition matrix is:

0.6068 0.3922 0.0010 0 0 | Equation 6-43
0 0.5072 0.4726 0.0184 0.0017

P'=| O 0 0.3764 0.5882 0.0354
0 0 0 0.4098 0.5902
0 0 0 0 1

We assume that the observation was made at the end of the 4™ time step and the
optimized results are shown in Figure 6-27.
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Figure 6-27. The maintenance plan with updating at the end of the 4th time step (a) and (b),
comparing with the plan without updating (c) and (d)

Figure 6-28 shows the comparison of cost for maintenance with and without updating. As
we can see, the cost after updating is reduced. This is due to the reduced uncertainty via the
Bayesian updating.

Cost

70000
60000 After updating

50000 No updating

+ 40000
w

Co

30000
20000
10000

1 2 3 4 5 6 7 8 9 10
Time period

Figure 6-28. Comparison of cost for maintenance for each period

Assume that over the 10 maintenance periods, observation was made to continuously
update the model parameter Kz. Figure 6-29 shows the change in the distribution of Kz after
each update. As shown in the graph, the variance of the distribution decreased after each
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update. After each update, the probability transition matrix can be recalculated for the next

iteration.
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Figure 6-29. Continuous updating for parameter Kt

Following the previous example, the effect of continuous updates can be studied. Assume
that the updating was done every 2 maintenance periods. Figure 6-30 shows the optimized
cost for each period. According to the simulation, it is showing a trend in decrease of cost as

more updating were done. The total cost for the 10 maintenance period as the number of

updates was shown in Figure 6-31. The curve showed a converging trend was the number of

updates increases. This is true because the variance of the parameter Kt is also converging to

a very small number according to the Bayesian updating scheme.
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Figure 6-30. The effect of continuous updates on periodical maintenance cost
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Figure 6-31. Total cost for maintenance in 10 period vs the number of updates.

The Bayesian updating framework fused the diagnostic result from the classification with
the prognostic model. Dynamic reliability-based maintenance optimization can be achieved
with the proposed maintenance framework.

Maintenance framework conclusion

A condition based maintenance framework were formulated for the maintenance
planning of the gas pipeline system. The proposed method categorizes the pipes into different
condition stages according to the crack length. The iteration of the condition vector was
calculated using the degradation matrix. Given a load and a maintenance period, the
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degradation matrix can be calculated from the crack growth curve. The optimization was
done by limiting the value of the last element in the new condition vector, which indicates
the failure probability. The fusion of prognosis with diagnosis is achieved by the real-time
Bayesian updating of the model parameters with diagnostic results. The effect of the Bayesian
updating reduced the uncertainty in the model parameter. The maintenance framework can
also consider the consequence cost according to the location of the system.

Conclusions and future work

Accurate damage detection and classification as well as the remaining useful life
prediction of infrastructure such as gas pipelines is important in maintaining the system
functionality. A good maintenance plan can reduce the failure probability and ensure the
infrastructure is always in working condition.

The study proposed a non-destructive damage detection method based on optical image.
A device with an endoscope camera and a structured light projector was used to recode
video/photo frames along the pipe. The inner surface of the pipe can be reconstructed in 3D
via the video. Then, the defects in the pipe can be isolated and geometric features can be
calculated. These features were put into a Naive Bayes classifier for classification. The
accuracy can be as high as 90% for the simulated data, which is comparable to more
advanced machine learning algorithms such as Neural Network. The actual test was
performed with the prototype device from cooperating institute. Due to the disadvantage of
the prototype device and algorithm, the classification result was around 77%.

A novel BEN as a classifier was proposed to enhance the classification accuracy. It
combines the maximum entropy method with Bayes’ theorem to encode additional
information into the network. The extra knowledge about a feature would enable a fast
learning for the network. The presented work showed detailed derivation for extra
knowledge given in the form of moment constraint. A special case for a Gaussian node with
first order moment constraint were analytically derived. A simple example showed that the
BEN classifier performs better than the NB when the training size is small and the accuracies
converged as the training size increased. This is because that when large number of data is
available, the trained network will be closer to the ground truth, hence the effect of the
constraint may become negligible.

A simple model for the creep crack growth prediction in polymer materials were
developed. The model used a power law equation and considered the damage in pipes as
stress risers. The model was calibrated and validated with the lab data provided by GTI. With
some proper assumptions, the model prediction agrees with the data well. Due to the
stochastic nature of the crack growth process, uncertainties were introduced as the random
distribution for the model parameters. The RUL of the material can be analyzed in a
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probabilistic sense. Monte Carlo method is used for the calculation of failure probability
given a stress level and current stage.

A condition based maintenance framework were formulated for the maintenance
planning of the gas pipeline system. The proposed method categorizes the pipes into different
condition stages according to the crack length. The iteration of the condition vector was
calculated using the degradation matrix. Given a load and a maintenance period, the
degradation matrix can be calculated from the crack growth curve predicted. The
optimization was done via genetic algorithm by limiting the value of the last element in the
new condition vector, which indicates the failure probability, and minimizing the overall
cost. A weighing factor were added to consider the consequence of failure in different
location. The result showed that more money will be spent in maintaining the functionality
in areas with high consequence costs.

The fusion of prognosis with diagnosis is achieved by the real-time Bayesian updating of
the model parameters with diagnostic results. According to the image analysis, the damage
type and the dimension measurement of the damage can be possible. This information is used
to update the parameters’ distributions in the creep crack growth prediction model. The
updating process can reduce the uncertainty in the model, hence change the degradation
matrix in the maintenance framework. A demonstration example showed that the updating
process can decrease the uncertainty in the model, hence increase the prediction accuracy of
the crack growth behavior. This could help the maintenance planning to reduce the
unnecessary costs or avoid unwanted failure. The information fusion between diagnostics
and prognostics can achieve a more accurate risk assessment and maintenance planning.

Future work

The presented work meets the goal in the proposal statement. Some additional work can
be done to enhance and further develop the results in this study:

1) The algorithm for the image reconstruction can be adjusted. The camera needs to be
calibrated so that it can calculate the coordinate of the patterned light relative to the
camera. With a calibrated camera, the size of the damage can also be known which is
useful in the proposed dynamic maintenance framework. The dimensional
information could be used to update the stress concentration factor and hence update
the maintenance plan.

2) Although the proposed creep prediction model agrees well with the experimental
data, there still exists some bias from the lab data. Further demonstration is needed if
there were additional data available from GTI.

The ductile group in the data set was not used, but a trend of smooth transition can be
observed in the data point plot (Figure 6-15) from ductile data to SCG data. An
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asymptotic function regarding yield strength of the material can be modeled for the
slope of the regression curve. This would need further research and justification.

3) The maintenance framework is flexible in solving the maintenance planning given
different conditions (minimize cost given reliability constraint and optimize
reliability given budget constraint). The computational cost would be enormous when
applied in large scale systems with various groups of pipes. The underlying principle
when dealing with large scale optimization is to be studied. The maintenance
framework may need to be adjusted for the high dimensional problem.

4) The proposed Bayesian entropy network (BEN) as a classifier can achieve fast learning
with the extra information. The BEN concept can also be used in updating
probabilities. The first step is applying the network in the updating of the parameters
in the creep crack prediction model. The BEN can also be applied into large scale
systems. In a large network, the update of one parameter would affect the nodes in
the whole system. Sometimes this effect is not wanted. With the additional
constraint, the BEN updating can be more accurate and efficient than traditional
Bayesian network updating.

Sometimes, there could be a bias between the expert opinion (empirical information)
and the ground truth. Once the wrong information were coded into the network,
instead of increasing the inference accuracy, it would degrade the performance of the
network and even damage the whole system. Since the constraint in a BEN
framework is strong, an adaptive BEN is needed to compensate this situation. The
adaptive network would use the given constraint when there is not enough data to
update the belief. But would change to the truth from data when more observation
become available. This could be understood as when there is limited information, the
network chooses to believe experience, but shifts its belief to the truth brought by
data when more evidence become available.

5) The current framework focuses on one failure mode of plastic pipelines (slow crack
growth). Information fusion and big data analytics with multiple failure modes and
large systems that can integrate with the ongoing development of GTI framework
needs further development. The “agent” serving for different failure types will need to
automatically fused together for a consistent risk assessment. Recent advancement in
artificial intelligence (AI) such as deep network learning has the potential for
diagnostics and prognostics for gas pipeline industries.
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7. Enterprise Decision Support System (EDSS) Framework

Natural gas distribution companies with significant mileage of vintage plastic piping
(specifically Aldyl A) in their distribution systems are faced with challenges in identifying
segments of pipe that are at high risk of failure. This is due to several interacting factors that
increase the likelihood of Slow Crack Growth (SCG) occurring. It is essential to correctly
assess the fitness for service of the system as a whole, and locally where risk factors may be
higher than the system’s average. A holistic approach to identifying interacting factors
through pipeline inspection and the development of risk models to integrate the effects of
interactions and provide meaningful input into fitness for service determinations and
potential mitigative strategies is needed.

In this project, an integrated set of quantitative tools were developed to support enterprise
decision making process to reducing operational risk in vintage plastic distribution systems
susceptible to SCG failure. The toolset allows operators, regulators and utilities to apply
science and engineering methods on a variety of data sources related to pipeline distribution
for fitness of service evaluation, calculate threat severity levels, and continuously monitor
threat interactions and flag concerns at trigger points. The data sources may contain available
system information including external conditions, inspection and leak records, historic data,
customer data, and subject matter expertise.

The enterprise decision support system consists of risk models developed with Bayesian
network and semantic ontology, and smart forms for field data collection. Ontology describes
domain knowledge and is designed by subject matter expert to model the threat interactions.
Bayesian network is ideally suited for evaluating interacting threats, investigating root
causes, and predicting the effect of mitigation strategies based on conditional probabilities
calculated from available data. It calculates of the probability of failures of plastic pipes and
classifies them into various risk levels. The risk assessment also includes a probabilistic
estimate of the remaining effective lifetime of individual segments of vintage plastic pipe.
Smart forms are mobile based data collection forms that ask operators “smart” questions
needed to gather relevant information for improved threat identification and risk assessment
process. Specifically, a smart form captures detailed and quality data required for more
granular risk analysis, such as the identification of vintage plastic pipelines with higher risks.
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Introduction

Many pipeline incidents are the result of multiple, interacting causes, not a single threat.
Individual threats can each be at “acceptable” levels but when overlaid result in a significant
threat to the pipeline or even a failure. In this project, we are developing an enterprise
decision support system platform powered by Bayesian network and semantic ontology that
models the interactions between factors leading to threats or failures. Ontology describes
domain knowledge and is designed by subject matter expert. Bayesian network allows
calculation of the probability of failures and classification of them into various categories
based on risk levels. It is ideally suited for evaluating interacting threats, investigating root
causes, and predicting the effect of mitigation strategies based on conditional probabilities
calculated from available data. This assessment will include a probabilistic estimate of the
remaining effective lifetime of individual segments of vintage plastic pipe and a yes/no
determination of whether a short-term pressure test is capable of validating the maximum
defect size in the system.
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Probabilistic Decision Support System Design

Semantic Ontology

Semantic Ontology provides a formal, explicit specification of a shared conceptualization of a
domain. It defines the concepts and entities involved, as well as the relationships between
them in an application. It also facilitates knowledge sharing over heterogeneous applications.
A subject matter expert may initially guide the development of ontology that provides the
domain knowledge to combine the data from different sources. Ontologies serve as vocabulary

in a complex environment.

In this work, we have represented subject matter expertise of pipeline threats in ontological
format. Figure 7-1 illustrates an example of such an ontology describing interactions between
factors contributing to threats in vintage pipelines. Some of the factors are residual stress,
wrinkle bends/miter bend, fabrication/weld quality, third party damage, external corrosion,
internal corrosion, stress corrosion cracking, soil and other superimposed stresses, and

unknown, hidden, incorrect operations threats.

Residual Stress Wrinkle Fabrication/Weld ]

3rd Party D
Bends/Miter Bend Quality arty Uamage

contributesTo contributdsTo

contriputesTo

contfibutesTo

Unknown, Hidden, Incorrect

Pipeline Failure
Operations Threats

contfibutesTo .
contfibutesTo

contributesTo

contributesTo

External Corrosion

Internal Corrosion

Stress Corrosion
Cracking

Soil and Other
Superimposed Stresses

Figure 7-1. Example of ontology representing threats leading to pipeline failure

We followed an ontology design standard called Event-Model-F which gives a formal model
of events. Event describes an action at a certain time and location. The model is based on the
foundational principles of ontology and provides comprehensive support to represent time and
space, objects and persons, as well as causal and correlative relationships between events.

Figure 7-2 is an ontology of failure events described by using a combination of causality and
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observation patterns. It represents cracked gas pipeline event leading to the gas leakage event

which is reported by an operator.
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Figure 7-2. llustration of ontology describing causality in gas distribution pipeline

Figure 7-3 is an example ontology modeling the pipeline risk computation using statistical

model, subject matter expertise, historical observations, and Bayesian network.

Subject Matter
Expertise

Bayesian Network

ntOf

computes

Rate Process Fault Tree Event Tree
Method Analysis Analysis
."s—a| is-a
is-
componentOf
Model
is-a —‘ is-a is-a
Surface .. Risk
Finite Element
Feature Method Score
Model etho Model

component()]

Pipeline Risk

Historical Observation

Figure 7-3. Ontology describing the models, subject matter expert’s knowledge, historical

observation, and Bayesian network

Bayesian foundational ontology framework was developed in collaboration with SmartCloud,
Inc. to provide a probabilistic modeling approach to build domain and application knowledge.
It is difficult to express incomplete, partial or uncertain knowledge in a traditional ontology.
The concepts of Bayesian network model were added to the conventional ontology standard.

The extended ontology follows the foundational principles of ontology and provides

comprehensive support to represent time and space, objects and persons, as well as causal and
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correlation relationships between events. Bayesian foundational ontology incorporates the
notion of nodes, edges, states, and node probability tables as illustrated by Figure 7-4.

Modeling Language
Classes, Data Types, Object Properties, Data Properties, some Individuals

where needed to help define Classes
. Schematic Layer (schematic entities)
Meta-model that describes kinds of situation, using Concepts that an agent
understands and signatures of Relations that may exist between them

Descriptive Layer (descriptive entities)
Models an Agent's comprehension of a Situation via the Relations that exist
between Entities over time

Ground Layer (any entities!)
Entities — especially Non-Schematic - that represent the world that is being
modeled.

Figure 7-4. Bayesian foundational ontology

A conventional ontological approach such as in Figure 7-5, on the other hand, lacks the
concepts needed for a Bayesian network model.

Terminological (t-box
Classes, Data Types, Object Properties, Data Properties, some Individuals
where needed to help define Classes

' defined in terms of

Assertional (a-box

Individuals, Assignment of Individuals to Classes, Assertions relating
Individuals via Object Properties, Assertions relating literal values to
Individuals via data properties

Figure 7-5. Conventional ontology
Probabilistic Enterprise Decision Support System

Probabilistic Enterprise Decision Support system (EDSS) enables operators, regulators and
utilities to apply science and engineering methods on heterogeneous data sources related to
pipeline distribution for fitness of service evaluation. The data sources may contain available
system information including external conditions, inspection and leak records, historic data,
customer data, and subject matter expertise. EDSS has models that calculate threat interaction
levels and their severity. It provides a method to continuously monitor threat interactions and

flag concerns at trigger points.

The conceptual design of EDSS is given below in Figure 7-6 and Figure 7-7.
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Figure 7-6. Conceptual design of Enterprise Decision Support System

Regulatory Requirements

Financial Constraints
Capital Considerations
Rate Case Considerations
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Engine

Balanced Lifecycle Management
- Risk/Cost Optimization
- Full Compliance
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Causal Networks
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Subject Matter

Experts Data Analysis

(FTA, ETA, FMECA, etc)

T

Research

Field Surveys

Figure 7-7. Regulations and Standards guiding decision making process in EDSS

The UML use case diagram of the EDSS is given in Figure 7-8. Operators, Regulators, Utilities

and Subject matter experts are the stakeholders in EDSS.
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Figure 7-8. Use case diagram of EDSS

We now show the Software-as-a-Service architecture of the EDSS platform in Figure 7-9 and

Figure 7-10. It is a real-time, cloud-based scalable system hosted in Microsoft Azure. The

heterogeneous dispersed data are stored in its big data source and semantically enabled models

are deployed into the EDSS platform. EDSS is being built with open-source technologies

mostly licensed under Apache 2.0 license. Two open standards have been identified for data

communication in and out of EDSS: resource description framework (RDF) and JSON-LD

(JavaScript Object Notation for Linked Data).

- RDF is a language for representing semantic information about objects in the

World Wide Web. It is a graph based data model which provides grammar for its

syntax and supports query against the model. Several design tools, including

Protégé, are available for designing RDF ontology. Due to the availability of design

tools and ease of usage, we have selected RDF as an ontological standard to

represent subject matter experts’ knowledge.
- JSON-LD is a specialized RDF syntax. As JSON-LD is also JSON document that

represents an instance of an RDF data model, it fits well with the schema- less

NoSQL database. Therefore, we have selected JSON-LD as communication

standard between applications or models.
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ISO 19465/AMQP 1.0 has been identified as an appropriate open standard messaging protocol
for EDSS to efficiently transfer information within and between utilities or government
agencies. It enables cross-platform applications to be built using brokers, libraries and
frameworks from different vendors. AMQP 1.0 is supported in Microsoft Windows Azure and
Redhat Linux operating systems. Some of its early backers are US Department of Homeland
Security, Microsoft Corporation, VMware Inc, Cisco Systems, Mitre Corporation, Bank of

America, Goldman Sachs, etc.

SmartCloud Reasoning Services
Architecture X ‘ <loud

Add Intelligent Reasoning Services to enhance your enterprise applications
through integration via Enterprise Service Bus or Web Services.

Figure 7-9. 3% party integration of EDSS platform in their services
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Figure 7-10. Architecture of Enterprise Decision Support System

There are nine components of EDSS platform.

Reception: It is ISO 19464/AMQP 1.0 standard communication bus which interacts with
external services. It accepts queries and data as input and returns the result of causal Bayesian
inference.

Data broker: It fetches information from the database. An ontological method will facilitate
such data fetch.

Database/Memory:. Big database technologies such as NoSQL, Graph database and Apache
Hadoop are used as the database technology. NoSQL and graph database overcome the
limitation of structured relational database systems by allowing schema-less data.
Consequently, a variety of data in any form such as customer GIS, customer database,
regulatory requirements, standards, constraints, events, sensor logs, etc are supported within
the same data store. Apache Hadoop will be used as a data warehouse to ultimately store the
data which may be used for analytics in future.

Model and feature selector: It performs two tasks. First, relevant single or multiple models are
selected based on the query and data. Second, it identifies the important features and selects
them from data by performing statistical analysis.

Model: A model is a description of the system using mathematical concepts and language.

Examples of models are Bayesian network, neural network, fault tree analysis, event tree
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analysis, surface feature model and finite element method, etc. Models developed with any of
the programming languages such as JAVA, R, MATLAB and Python are supported.

Model House: It stores a collection of models. Graphical processing unit and central processing
unit provides scalable and distributed cloud computing power to the models as required, thus
supporting simple mathematical model to compute intensive image processing models.
Agent. An agent is an autonomous entity which observes events in an environment and directs
its activity towards achieving goals. Each model has its own dedicated agent. The agents
execute models asynchronously in parallel. In addition, it prepares data in specific format for
the selected model and pulls parameter values for models from memory.

Model Ensembler: It uses multiple learning algorithms to obtain better result than could be
obtained from any of the constituent models. It decides the best solution from the results of
multiple models.

Recommender. It formats the final result in an appropriate format and logs that information
in memory.

The design of EDSS platform as a Software-as-a-Service (SaaS) enables it to communicate with
other enterprise or government applications, thereby increasing its usability and a value
addition to utilities, operators, regulators and public.

Data Entry

“Smart form” was designed and developed for data entry purpose. Smart form is an electronic
form with capability beyond a traditional data entry interface with a fixed schema. The fields
in the form are generated dynamically based on the content and context of the data entered so
far. Subject matter expertise, represented as ontology, guides the process of data entry. It will
guide the operator through the relevant data gathering stages and ensure only valid and
relevant data is fed directly into the appropriate models. It is designed to overcome human
data entry errors, which are the most common source of bad data, and to collect as much
complete data as possible.

Simulation

EDSS platform provides a set of toolsets for simulation and modeling Figure 7-11. It has access
to heterogeneous big data sources including simulated test data, manufacturers’ data, field
failure data, research reports, academic literature, standards and regulations, and subject
matter expertise. Operators or analysts may run simulation with models that include
application specific handbook models, probabilistic risk models, and calculators. Multiple

competing models may be deployed and run in parallel to evaluate the results.
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Figure 7-11. Simulation model toolboxes with access to heterogeneous data sources

. Body of
Knowledge

-
—

Insights Interface

Insights interface Figure 7-12 is designed as a web-based dashboard that operators or regulators
can configure to gain key insights into the information they want including vital details about
the data, regulations and standards. Furthermore, it allows users to select multiple risk models,
enter parameters, and run them in parallel to display the comparative results as graphs and

visuals.

Mabile Traffic Analysis Jan 1, 2011 Mar 31, 2012

BT Hew Visiter proses
2 vats

B 30.69% Returning Viskor

Figure 7-12. Mockup version of insights interface dashboard
Query

A query is a request for information from the EDSS system. In this work, four different types
of queries are supported — diagnostic query, predictive query, inter-causal query, and
combined query. Figure 7-13 illustrates these four types of query.

L]
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a. Diagnostic query performs reasoning from effects to cause. For instance, the questions such
as - determine the stress concentration and temperature that reduces the pipeline life
expectancy by ten years — may be answered with diagnostic query.

b. Predictive query performs reasoning from cause to its effects such as “what is the change in
pipeline life expectancy for an increase in stress concentration by 50 psi?”

c. Inter-causal query involves reasoning about the mutual causes of a common effect.

d. Combined query provides a flexible reasoning to find intermediate results of diagnostic and
predictive query.

DIAGNOSTIC PREDICTIVE
Query Evidence
oo IF
E Query Query ;_
2 z
il O OO
° Evidence Query Query e
X
Query Evidence Evidence
Query
Evidence
INTERCAUSAL - T
(explaiming away) COMBINED

Figure 7-13. Supported Query Types

Data Communication

Figure 7-14 illustrates the data flow between user interface, database, and model modules. The
data is communicated between these modules in a JavaScript Object Notation (JSON) format.
JSON is a lightweight data-interchange format that is built on two structures:

e A collection of key/value pairs, similar to a dictionary entry.

e An ordered list of values
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Figure 7-14. Data flow between user interface, database, and model modules in EDSS

The template of a generic JSON message developed is given below. It is used to initialize,
update, and query the Bayesian network in the EDSS.
JSON message = {

<« », «»

app -
“operation”: “”,
“bNodes™:[
//categorical ranked/unranked; Boolean; discrete node
{
“bName”: 7,
“bType™: *,
“bNPTType”:””,
“bParents™: [],
“DNPT”: {
“bNPTValue™:[
{
“DNPTState™:””,
“bNPTStateValue™:0.0
}
]
3
“bStates”: []
3
//continuous interval node with expression representation of NPT
{
“bName”: 7,
“bType”™: “,
“bNPTType”™:””,

“bParents™:[],
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“DNPT”:{
“bNPTExpressionType”:””,
“bNPTValue™:[{

“bNPTMean”:0.0,
“bNPTVariance”:0.0
1]

2

“bLower”:0.0,

“bUpper™:0.0

2

//continuous interval node with partitioned expression representation of
NPT

{
“bName”: 7,
“bType”™:””,
“DNPTType™:””,
“bParents™:[””,””],
“DNPT”:{
“bNPTExpressionType”:””,

“bNPTValue”:

[
{
“bNPTParentState”: {“DNPTParent”:””,
“bNPTState™:””},
“DNPTArithmenticEquation”™:””
2
{
“bNPTParentState”: {“DNPTParent™:””,
“bNPTState™:””},
“bNPTArithmenticEquation™:””
}
]
2
“bLower”:0.0,

“bUpper”:0.0

The fields in the JSON message are -
1. app - Name of the application
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Type: String
Required: True

2. operation — Operation type

Type: String
e INITIALIZE

e QUERY
e UPDATE
Required: True

3. bNodes — List of nodes

Type: JSON
Required: True

4. bName — Name of node

Type: String
Required: True

5. bType — Type of node

Type: String
o BOOLEAN

e CONTINUOUS

e DISCRETFE

o INTEGER-INTERVAL

o CATEGORICAL-RANKED

o CATEGORICAL-UNRANKED
Required: True

6. bParents — Parents of a node
Type: String array
Required: True

7. bNPTType — Type of node probability table

Type: String
e NUMERIC

o EXPRESSION
e PARTITIONED
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Required: True

8. bNPT — Node probability table
Type:JSON
Required: True
//categorical ranked/unranked; boolean; discrete node
“bNPT”: {
“bNPTValue™:|
{
“bNPTState™:””,
“bNPTStateValue”:0.0

}

//continuous interval node with expression representation of NPT
“DNPT”:{
“bNPTExpressionType”:””,
“bNPTValue™:[{
“bNPTMean”:0.0,
“bNPTVariance™:0.0

1]
}

//continuous interval node with partitioned expression representation of NPT
“DNPT”{
“bNPTExpressionType”:””,
“bNPTValue”

[

“bNPTParentState”: {“DNPTParent™””, “bNPTState”:””},
“bNPTArithmenticEquation™:””
“bNPTParentState”: {“bDNPTParent™””, “bNPTState”:””},

“bNPTArithmenticEquation™:””

9. bStates — States of a node
Type: String array
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Required: No (except in categorical and Boolean node types)

10. bLower — Lower range of a node

Type: Decimal
Required: No (required in Continuous, Discrete, Integer interval node types)

11. bUpper — Upper range of a node

Type: Decimal
Required: No (except in Continuous, Discrete, Integer interval node types)
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Probabilistic Decision Support System Development
Smart Form

Smart forms are the data acquisition forms generated automatically from ontologies, and are
useful in aggregation of the semantically enriched input gathered through these forms to
feed into EDSS. The smart forms developed in this project are keyhole data gathering form,
first response form and audit form. The architecture of smart forms is shown in Figure 7-15.

Keyhole Data
Gathering
Form
Enterprise ata o
Decision Smart First Response
Form
Support Form Ontology
System
Audit Form
Ontology
Keyhole data gathering Ontologies
form/ First response form/
Audit form

Figure 7-15. Basic Workflow Architecture of Smart Forms

Smart forms has inbuilt logic to improve the data collection process and identification of the
root cause during the pipeline repair process. The logic provides “smart” questions and
answer options to guide the user through the process of determining the root cause to ensure
that the correct root cause is identified and appropriate supporting information is provided.
The smart form logic and definitions can be integrate into utilities existing field data
collection forms. A smart form improves the quality of data collected during the repair
process and leads to improved threat identification and risk assessment for DIMP. Further, a
smart form allows more detailed information to be captured to allow more granular analysis
performed, such as the identification of key threat trends.

The use of “other” or “Not Available” during leak root cause investigations limits the ability
of operators to understand trends, threats, and risk. Data collection programs such as CGA’s
DIRT, Plastic Pipe Data Committee, and PHMSA routinely publish reports with between
10% and 60% of root causes listed as “other” or “Not Available”. The developed approach
improves the data quality and ultimately the ability of the industry to identify and respond
to threats in a timely manner.
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Methodology
Root Cause Analysis Process

Fault Tree Analysis

FTAS® is an ideal method for breaking the data gathering process into logical steps Figure 7-16
and . The top gate is the fault condition and a series of and/or gates define the sequence of
conditions that lead up to the fault condition. The lowest level gates can be viewed as the
root cause at the desired level of granularity (the root cause may not be fully resolved).

Leak Associated
with Mechanical
Fitting

Pipe Leak Mechanical
Adjacent to Fitting Leak
Fitting

/I']>
Large Mechanical Slit Crack in Pipe Leak from Seal Pipe Pull Out Leak through
Deformation of Damage body
Pipe
]
A LN /N A A A
[ mr3a [ wmras |[ wmras || wmra1 || wr32 |[ wmF33 ]

[\

Page 3

N

N L\

Page 4

[\

Page 5

[\

Page 6

Figure 7-16. Example of a fault tree

A complete fault tree analysis, as depicted in Figure 7-17, can be very large.

8 A concise history of the FTA methodology, how it can be used and the advantages of the

method is presented in Wikipedia:
"http://en.wikipedia.org/w/index.php?titte=Fault _tree analysis&oldid=628258471"
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Figure 7-17. Full FTA for leaks associated with mechanical fittings

Some portions can be readily diagnosed and resolved in the field (those nodes depicted in
yellow in Figure 7-17). The nodes depicted in blue will likely need a separate and more
expert investigation to be properly resolved.

In order for the RCA process not to become an unwieldy, we need to come up with methods
to break analysis into digestible portions. This is easily accomplished by converting the fault
tree into a Decision Tree.

Decision Tree

A Decision Tree® is a very convenient flowchart like graphical depiction of an algorithm
where the pathways from root to leaf depict classification rules Figure 7-18 and Figure 7-19 .

9 A concise description of Decision Tree is presented in Wikipedia:
http://en.wikipedia.org/wiki/Decision_tree
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Figure 7-18. Fault Tree depiction of Decision Tree

Large Deformation of Pipe 33%

S0 S0

Impingement

Bending of Pipe Adjacent to Fitting 50%

S0 SO

Hard Object Impinging on Fipe

Tree Roots impinging on Pipe

50%

Soil Settlement or Movement

$0

50%

Improper Bend Radius at Installation

S0

Figure 7-19. Decision Tree depiction of the FTA

A fault tree can be traversed in either direction — top level event to causes, or cause to

possible top level events. The decision tree depiction is better for moving from the observed
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event to the root cause through a series of binary questions — the next pathway is either
activated, or it is not.
A decision tree consists of 3 types of nodes:

1. Decision nodes - commonly represented by squares

2. Chance nodes - represented by circles

3. End nodes - represented by triangles
In this application we are not making actual decisions, we are simply traversing a logical
pathway, so the nodes utilized are chance nodes and end nodes. A chance node, or circle in
the diagrams presented, simply indicates that there are several alternate pathways to choose
from. The operator is presented with enough information to enable a quick choice as to
which pathway is correct. The pathway terminates at an end node (triangle), which is the
point that the subject matter experts have determined to be the best point of termination for
the particular investigation for which we are gathering information.

Each branch in the Figure 7-20 is a set of questions on the electronic form. Depending on the

option that is clicked Figure 7-21 the next screen will display the relevant choices. Relevant
and useful pictorial or textual guidance can be displayed in association with each question.
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Figure 7-20. Entry level for the “Leak Associated with Mechanical Fitting” decision tree
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Figure 7-21. Moving along the decision tree towards the root cause

Gathering Context Sensitive Information for Risk Models

Working through the decision tree that was defined by the original fault tree we will
eventually arrive at a root cause. Some nodes may require extensive investigation for the
correct follow on path to be identified, but the fact that the form is derived from well-
defined fault tree analyses, developed by subject matter experts, allows simply structured
assistance to be provided to the operator at each node of the decision tree.

The application can prompt the operator to gather useful meta-data related to the particular
investigative pathway, such as detailed photographs, videos captured at the site or any
additional that is known to be helpful in a determining the implications to the rest of the
system due to the incident that occurred. This information gathering prompts is driven by
the collected knowledge of analyzing many similar incidents that is embedded in the fault
trees and is only be provided in the proper context so as to avoid overloading the operator
with reams of information that he or she has to evaluate on the fly. The prompts take the
form of simple, clear instructions with pictorial assists, provided in the proper sequence to
ensure efficiency of the information gathering process.

Eliminating the “Other” Category

The operator is presented with clear choices between alternate pathways at every point in
the field investigation. If there is insufficient information to answer a set of questions the
investigation is stopped at that point with a simple note “insufficient information available to
continue”. We then have a very clear record of what was available to the field crew and
where they were unable to continue due to lack of resources or information. If the incident
warrants further investigation the subject matter experts called in to continue the
investigation have a well-defined start point for their detailed investigative work.
The application can associate a belief score for each node in a pathway that is a function of:

e How many subsequent nodes are resolved,

e How much supporting evidence for each pathway is stored in the meta-data.
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Data Driven Risk and Consequence Models

The decision tree underlying the form is essentially a risk and consequence model:
e TField data for each node can be directly used to assign probability of occurrence for
each pathway, and
e Operator data for associated costs can be directly input into the decision tree yielding
an expected cost for all possible system faults as well as each particular branch.
This functionality will not be exposed in the smart form application, but the data gathered
can be directly input into an associated risk and consequence model. Because the form
structure is derived directly from a fault tree analysis the data gathered is perfectly structured
to feed into risk and consequence models.

Involving Standards Organizations

An industry standard can be developed to define the accepted fault trees for all common field
failure modes. The standard can define:
o The appropriate questions to be asked at each level of the process:
o Filling out the form
0 Conducting ancillary root cause investigations
e The appropriate methods for developing supporting data
e The consensus root causes for each field failure mechanism

Benefits of Proposed Smart Form

The major benefits are:
e Well-defined, consistent and coherent logic,
e “Other” category avoided,
e Potential for industry standard,
e Readily implemented in electronic format,
e Integrate with mobile data apps,
e @IS integration possible,
e Tracking and Traceability integration possible, and
e Data collected can be fed directly into risk and consequence models (consistent
structure).
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Mind Mapping model for the Smart
Leak Repair Form solution contains a
collection of ideas, tasks and items
pertaining to the solution

Smart Leak Repair
Form

Logical
Information

Regulator
Requirements

Instructions
PHMSA F
7100.1

Report PHMSA
F 7100.1-2

Use Case
Diagram

Software
Requirments
Sepcification

The solution will work
sequentially to rule out
possible root causes of
leaks. Answer questions
based on known,
verifiable information.
Answers must be based
on concrete measurable,
repeatable observations
and logical proofs.

< (N
N\ N 4

Software Solution

Operator
Requirments

Helps to determine the
root cause of a leak in
natural gas piping.

Purpose: To provide
information and
guidance to those who
fill out the Plastic Piping
Failure Report

Root Cause

Fault Tree
Model

Figure 7-22. Mind Mapping Diagram of Smart Form Application
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Development

The smart form application improves the data collection process by guiding operators through
a series of relevant questions about the system being inspected. High-level requirements that
are supported by the developed application include the following:

Runs on an Android smart (mobile) device.

Supports disconnected data collection in cases of no internet access.

Supports syncing of disconnected data once internet access is restored.

Supports flexible data entry so that any non-standard data can be captured.
Support the auto-generation of a point location, this should represent the GNSS
point where the user created the record. The point feature should be inserted into
Esri Geodatabase.

Supports taking a geotagged photo that is retained and related to the record of
interest.

Supports User Authentication including “organization” or “domain”

Support Deployment Configurations

Manage Data Connection

The Smart Forms Platform enables configuration of decision-driven workflows
using graphical editors that map specific workflows to forms. The architecture for
this platform is shown in Figure 7-23 Architectural and software selection is based
on flexibility and agility through maximizing application embedded intelligence

and creating interfaces that are intuitive to field users.
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(DBs, unstructured data, web serices, etc.)

Figure 7-23. High level systems architecture developed for the Smart Forms Platform

The implementation is a modern, robust and fully-configurable Smart Forms creation platform
for Android mobile devices. The platform is provided as a cloud-based service with developer,
configuration and end-user (field user) access to different features. Central to the platform is a
Configuration Manager application that enables use case configuration for new forms-driven
applications through graphical editing of displayed forms as well as the workflows that drive
the deployed smart forms. The platform takes advantage of the ability of the platform to map
individual forms to tasks or activities within rules-driven workflows. A case management
feature, essentially a workflow that manages other workflows, is provided to manually or
automatically select from among a number of workflows to implement in the mobile
application and that drive display of forms. Workflows are constructed visually within a
Workbench and specific tasks within a workflow direct the display of forms in an intelligent
way using rules entered through structured natural language editors, also within the
Workbench. Other methods can be employed to make the decisions required by smart forms.
For example, a Bayesian network might be evaluated in a task within a workflow and the
results used to decide which additional forms to display or the data to display within a form.
The capabilities are generalized in such a way that it is not necessary to upgrade, recompile or

o
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redeploy the Smart Form application in order to release new use case configurations into
production. Only the configuration needs to be changed, and if new intelligent services are
provided in the future, these can be accessed through standard connectors. A Service Manager
is provided for user authentication based on organization or domain and configuration
management Figure 7-24.

L
Figure 7-24. Configuration of forms to specific workflows

AN AN AN A

Development and deployment within Microsoft Azure allows access to other services within
the Azure Transform & Analyze ecosystem, including Stream processing, Event Hubs, Service
Bus, machine learning, Hadoop and Power BI. Of these services Service Bus and Power BI is
used in this project. Future efforts can take advantage of all Microsoft services, and others
created by Microsoft or 3*-party vendors in the future. The semantically-enabled Bayesian
network engine developed with GTI in an effort parallel to this project, is provided within this
layer. The architecture is designed to meet the immediate Smart Forms project needs, while
allowing for future expansion and eliminating obsolescence.

The data layer includes the CRex semantic knowledgebase and SQL Server for raw or
unstructured data storage. CRex is also able to use SQL Server to store semantically-
represented knowledge, typically historical information for archival. An Esri geodatabase in
this layer provides for storage of geospatial information, obtained from the Android smart
device, or other external services through the integration layer.

An integration layer is provided for programmatic interface to the Smart Forms Platform.
There is one primary connection technology to support for this integration; AMQP 1.0, an
enterprise service bus standard with connectors available to a large number of structured and
unstructured data sources and targets.
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Components

SmartForms improves both the collection and analysis of pipeline network integrity data
through the development of a proof of concept (POC) server/mobile device application. The
SmartForms POC consists of two applications, a locally installed mobile device app for field
use and a host server application that stores knowledge, enable analysis, and intelligently
drive field data collection.

The mobile device application will be used by field personnel. The mobile app uses a series
of workflow-driven forms to guide field technicians through the collection of data. The
mobile app supports both connected and off-line operation. When connected, data
collection is context sensitive, in that a data gathered during a collection step can influence
follow-on data collection requirements. When off-line, data collection is saved on the
mobile device and asynchronously uploaded to the server database when a connection is
subsequently established.

The server application will used by business managers and analysts. The server application
provides a semantic database for the collected data and performs pipeline segment risk
analysis. The risk analyses results is presented to the user through tabular displays and
geographical visualizations.

The SmartForms Platform includes an environment for configuration of forms displayed on
mobile devices, workflows and rules that used the data collection context to drive the
sequence of forms or data displayed. Developers use the configuration environment to
implement the use cases described in this document. Developers are familiar with proper use
of tools in the configuration environment and create services that can be deployed in the
SmartForms server, connect to necessary data sources and targets, and display the
SmartForms in multiple field devices.

User Personas

Three user personas are identified for the SmartForms application; the field technician, the
configuration developer, and the manager/business analyst.

a. Field Technician

The field technician is responsible for the collection of field data for a variety of field
activities. Each field activity has a unique set of information that needs to be collected and
stored into a central database.
The field technician needs to confirm that they have gathered all of the appropriate field
information for a field activity, which may vary depending on the intermediate data
gathering. For the POC application, it is assumed that the field technician is:

e Already trained and qualified for data collection for the defined field activities.
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o Already familiar with the basics of using an Android smartphone app.
b. Manager/Business Analyst

The manager/business analyst is responsible for determining and prioritizing field activities
and pipeline network maintenance based upon historical and current field data. They are
also responsible for developing and maintaining the SmartForm work flows used by the field
technicians for collecting field activity data.
The manager/business analyst wants to be sure that all required data for a field activity is
gathered and that the new information gets uploading into the central database for analysis.
Further, if a field technician gathers new information that warrants extra data collection, the
manager/business analyst would like to interactively guide the field technician while they
are still in the field.
The manager/business analyst want to be able to focus their maintenance and improvement
capital on the pipeline network segment that are at the highest risk of failure. They will use
the SmartForms application to perform analysis queries of the central database to produce
ranked risk-based assessments of pipeline segments within pipeline network. For the POC
application, it is assumed that the manager/business analyst is:

e Knowledgeable about how to interpret field data to determine risk of failure

e Knowledgeable about the process(es) that field technicians should use to collect data
e Minimal experience with creating programmatic process workflows
c. Configuration Developer

The configuration developer creates and updates the data collection workflows used by the
field data collection mobile app. The developer uses business modelling tools to define and
test data collection processes. For the POC application, it is assumed that the workflow
developer is:

e Knowledgeable about the process(es) that field technicians should use to collect data

e Has experience with creating programmatic process workflows

e Knowledgeable about the relations and dependencies that influence risk of failure to a
pipeline network

e Understands how to build and interpret Bayesian network models and apply them

within the workflow

Specifications
Functionality
High-level requirements that are supported by the SmartForms applications include the

following.
- Runs on an Android smart (mobile) device.

- Supports disconnected data collection in cases of no internet access.
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Supports syncing of disconnected data once internet access is restored.

Supports flexible data entry so that any non-standard data can be captured.

Support the auto-generation of a point location, this should represent the GNSS point
where the user created the record. The point feature should be inserted into ESRI
Geodatabase.

Supports taking a geotagged photo that is retained and related to the record of
interest.

Supports User Authentication including “organization” or “domain”

Support Deployment Configurations

Manage Data Connection

Requirement details to be elicited by the vendor as part of the project’s execution.

User Interfaces

The field user interface does the following:

Support basic Android style and functionality conventions.
Support different screen sizes, different screen densities
Implement adaptive Ul flows

Follow Android icon guidelines

Use proper margins and padding

Handle device orientation changes

Use large, obvious tap targets (buttons, list items)

The application monitoring user interface has the following:

Display:
0 The number of active sessions (devices that have connected to the server and
have not disconnected)
0 The number of mobile devices currently connected to the central server
0 The number of mobile devices that connected to the server but are not
currently connected (have become decoupled but have an active session)
Display for each connected device
0 A visualization showing the state of the application on the mobile device. For
example, if the application defines 5 screens/forms, which are displayed in
some order (dependent on the application logic), then a visual that shows the
form that was last displayed to the user on the mobile device.

0 Provide a historical record of device connectivity
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The business manager/analyst user interface does the following:
- web-based
- Present a gains chart for the pipeline network
- Present a color-coded geospatial view of the network segment risks
The configuration developer user interface has the following features:
- web-based
- Provide graphical tools for viewing and modifying the field data collection forms and
workflows

- Push updated and approved forms and workflows to field mobile devices.

Performance

Application simultaneously supports, without significant response time impact:
- 25 mobile device users

- 1 administrative (configuration) user
- 2 management/business analyst users

Application responds to mobile device user requests within:
- 5 seconds for requests requiring on-line connectivity

- 3 seconds for off-line mode requests
Application availability is:
- During normal business hours as specified for the use cases
- Field device geographic coverage is to limited to area(s) specified by detailed design

use cases

The deployed POC application uses local mobile devices loosely-coupled to a central, cloud-
based server. The POC demonstrates mechanics that permit the mobile device application to
operate properly when the server connection is unavailable, and for synchronization to
occur when connectivity to the server is restored.

The mobile application must run within the available RAM and flash memory on the mobile
device. The mobile application must function in both on-line (connected to a remote server)
and off-line (disconnected from remote server) modes. When off-line, the application
provides local (on-device) functions as defined in the use cases. Whenever an off-line device
reestablishes a connection to the remove server, local data is automatically synchronized
with the remote.

The application must accommodate as much as possible network latencies that limit
responsiveness of distant servers providing information to the mobile application.

Slow Crack Growth Evaluation of Vintage Polyethylene Pipes Page 259 of 383 gtl



Operations & Maintenance

Users must download and regularly update the mobile application. Data stored locally on the
mobile device must be backed up by the user using 3rd party backup software that is
supported by the SmartForms application.

SmartForms application sessions that remain open on the server for more than 1 hour after
connectivity is lost is automatically closed and users must re-start the application to begin a
new session. Sessions that become disconnected from the server (decoupled) for any period
of time less than 1 hour must be synchronized with the server upon reconnection. No
provision for re-initializing cancelled sessions is supported.

Systems Integration

The SmartForms application requires two systems interfaces; a web services interface to
support communication between the SmartForms remote, mobile device application and
Microsoft Internet Information Services (IIS) web server, and an Azure Service Bus
messaging interface between all database servers, and Microsoft Azure ecosystem
services/applications, including GIS.

All communication between the remote SmartForms application on Android and the
SmartForms server application must use web services protocols. Details on IIS Web
Development can be found at https://msdn.microsoft.com/en-
us/library/ms525945(v=vs.90).aspx

All communications between ESRI servers, Azure ecosystems services/applications, database
applications and the SmartForms server application is via JSON-LD messages across an Azure
Service Bus.

Details on use of the Azure Service Bus can be found at https://azure.microsoft.com/en-
us/documentation/services/service-bus/

JSON-LD information can be found at http://json-1d.org/

Security

The SmartForms applications must support communication protocols and provide suitable
monitoring functions for protecting against malicious or accidental access, modification,
disclosure, destruction, or misuse. Security functionality includes:

- Session password-based sign-on & authentication with configurable

authorizations/permissions based on user role

- Single factor authentication (SFA) is used. Future versions are expected to require
improvements in authentication. Therefore, the SFA implementation must not limit
conversion to improved authentication functions in the future.

- Use of https for web services calls

- Support for existing mobile device security systems and softwares

- Server-side components uses suitable firewall software together with activity logging

that enables forensic analysis of security issues
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Data Management
The SmartForms application supports persistent storage of:
e Use case configurations
- Activities and rules
- Use case templates
e GIS data
e Collected field data

SmartForms data management functionality includes, as required for the use cases defined in
this document:
o predefined OWL 2.0 ontologies for classes, attributes (data properties) and relations

(object properties)
e temporal (time stamp) management at the required level of time granularity for
- data collection
- data history
e database assertion and access rates is lower than network and application latencies

such that database activity does limit application performance

Use Cases
Network Risk Assessment
Goal Perform Bayesian risk assessment for a pipeline network using current
knowledge base
Pre- Link to SmartForms host server
Conditions User authentication with analyst access

Successful End Risk report and gains risk chart generated for selected network
Abnormal End Unable to generate report due to programmatic exception or missing

information
Agent(s) Business Manager/Analyst
SmartForms host server
Trigger Ad hoc request by a Business Manager/Analyst
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Use Case: Network Risk Assessment

Pre-Conditions

Step

Outcomes ‘

Link established to host server

Open Application

Application authentication screen
appears

Analyst enters identifying credentials

User Authentication

User ID, organization, and role has been
validated for Analyst access

Analyst access authorized
Report selection Ul

Report Selection

Selected report query

Selected report query
Bayesian Network (BN) model

Gains Chart Generation

Gains risk chart generated from BN
results

Cognitive Field Data Collection

Goal Provided guided pipeline network field data collection via an Android
mobile device
Pre- Android mobile device with SmartForms application loaded
Conditions Qualified Field Technician with user authentication for technician access
Successful End Completed activity report uploaded to host server
Abnormal End Activity report information not received by host server
Incorrect and/or incomplete information collected and saved for selected
activity
Agent(s) Qualified Field Technician
SmartForms mobile application
SmartForms host server
Trigger Ad hoc initiation by Qualified Field Technician
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Use Case: Cognitive Field Data Collection

| Pre-Conditions

Step

Outcomes

Android mobile devices pre-loaded with 1 o Aoplicati Application authentication screen
SmartForms application pen Application appears
2 A
. . . L User ID, organization, and role has been
User enters identifying credentials User Authentication validated for field data entry
ool rr 3
g:::;g:::;?ﬂ: :;::S;t‘iztri?ase Component Selection Selected component
. . 1
?;t]lﬁv;ﬂ:z::lectlon form for selectec Activity Selection Selected activity
5 e .
Workflow for selected activity Guided Field Data Collection Initiate data. C!Z)"ECTIOI‘I Tea ezs'ar
selected activity
6
- . One or more screen forms presented for
Recently uploaded activity report Follow-up Data Collection et e o Fae A e 1] e
= Save performed to local device, including:
Field technician has entered all required e T Field data
field data for the additional activity Save Additional Activity Field Data Timestamp
Geo-location
One or more saved activity reports 8 - Locally saved activity reports uploaded to
Connected established to remote server Activity Data Posted to Remote Server remote server

Field Collection Activities Use Case

Goal Collect specific field data for a field activity, including:
e Manual entries
e Scanned barcodes
o Photographs
Pre- Qualified Field Technician has selected a field activity in the SmartForms
Conditions mobile application
Successful End Completed collection of field data
Abnormal End Application fails to present appropriate forms
Application collects incorrect data for activity
Application fails to record governance data
Agent(s) Qualified Field Technician
SmartForms mobile application
SmartForms host server
Trigger Selection of a field activity within the SmartForm mobile application
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Use Case: Field Collection Activities ‘

| Pre-Conditions | | Step | | Outcomes |

From Cognitive Data Collection Use Case

Field collection activity selected Collect Data for Page 1 Required data collected
2

Page 1 data collected Collect Data for Page 2 Required data collected
3

Page 2 data collected Collect Data for Page 3 Required data collected
4

Collect Data for ... Required data collected

Data saved on local device:
Geo-location

Al required data has been collected
Technician initiates save and upload

Timestamp

Data Saved to Local Device il kg dlatiE

To Cognitive Data Collection Use Case
Report data collection completed

Field collection data saved locally
Connection established to remote server

Upload Report to Remote Server Report saved on remote server

Workflow Management

Goal Create or update field data collection process workflow in the mobile app

Pre- Link to SmartForms host server

Conditions User authentication with Configuration Developer access

Successful End Workflow created or updated and available to SmartForm mobile app as
an update

Abnormal End Unable to create or update workflow successfully
Unable to download the latest workflow into mobile app

Agent(s) Configuration Developer
SmartForms host server

Trigger Ad-hoc by a Configuration Developer
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‘ Use Case: Workflow Management ‘

‘ Pre-Conditions | | Step | | Outcomes |

Application authentication screen

Link established to host server Open Application
appears

2 User ID, organization, and role has been
User Authentication validated for Configuration Developer
access

Configuration Developer enters
identifying credentials

Authorized Configuration Developer
Business modelling tools

Tested new or updated data collection
workflow

Design and Test Workflow

Tested workflow update
Approval for deployment

Workflow updates ready to be pushed to

Schedule Workflow Updates . .
mobile devices

Connected mobile device
One or more workflow updates available

Workflow updated on mobile device,
deployed on subsequent data collections

Deploy Workflow

Design

This section describes the design of a proof-of-concept (POC) SmartForms application,
sufficient to enable developers to plan and begin work on creating the POC application. The
design comprises two sections that follow this introduction;

1. the Configuration Management section, describing the design of the environment

that is used to manage the lifecycle of the SmartForms specified in the 7 required and,
by extension other, use cases, and
2. the Situational Reasoning section, describing how intelligence needed to drive

SmartForms displays in mobile devices is implemented;

a. interface with, baseline and store SmartForm component, activity and

geospatial data in a knowledgebase,
b. manage multiple models used in reasoning, and
c. make data available to a user interface capability for visualization.

This document is updated as the project proceeds to include the latest understanding of the
SmartForms application design. The version record contains the document version number,
authors, publish date and notes for each version.

Configuration Management

This section describes the design of a Configuration Manager that enables definition of;
1. Forms or screens, implemented as HTML5 web pages, that contain user interface

fields;
2. Workflows comprising a sequence of tasks and decision points that direct the display

of Forms based on data entered into the user interface fields.
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The capabilities of the Configuration Manager implement a generic ability to define a finite
state machine!® that determines the states and sequence in which a specific series of Forms
are displayed during a field data collection session Figure 7-25. In creating Forms, Developers
effectively specify States, Data Items, Methods and Workflows that implement the Form
state transitions in the 7 required project use cases, or new use cases defined in the future.

douwbie-click the Eor 1 rti t i Q 3 data
LA =T _,l'y' . 1 g arim 1 pa ial da d
S'tU‘E.’d

setug

uppfivation foon stored

imactive mohile

application

Route based application

application

stapned

login

Form 1 displayed waiting for
ar walidated oK FOSEION S

Figure 7-25. Example sequence of states in a SmartForms application, effectively configured in
the Configuration Manager

Situational Reasoning
This section describes design of the SmartForm manager-based services for;

1. Representing situations that describe relevant states or conditions that may exist in
data collected by the SmartForms mobile application used by Field Technicians;

2. Representing Bayesian network structure and data and relations to situational
representation in order to allow for Bayesian network node values to inform
situational determination;

3. Representing situation action networks that define the way in which goals are
achieved by SmartForm manager agents.

SmartForm manager provides situation centric cognitive- and knowledge-based ontological
services involving a variety of numeric and logical reasoning techniques. These capabilities
can be packaged in a variety of ways ranging from small components deployed within Azure
functions up to large systems distributed over an elastic pool of virtual machines.

10 The states and their transitions can be represented in a state chart diagram.
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Composability is a strong theme throughout the architecture, allowing packaging decisions
to be made based on what scalability requirements are required for different parts of the
solution.

In this application, SmartForm manager is primarily a consumer of data generated by the
SmartForms workflows. The data is important to support the continuous improvement of
models from which risk-based decisions are made. Activity logging supports the provenance
of SmartForm manager data, so with this in mind the primary objectives for SmartForm
manager are as follows:

1) To be the system of record for provenance data, including activity logging records.

2) To manage an interface with an ESRI system so that geographical visualization of data
is possible. This data is a mixture of slowly changing master data (configuration of the
gas network) and day-to-day information (including photographs) from the field data
collection sessions.

To provide an interface with business intelligence software so that gains charts and other
data visualizations can be produced.

Component Architecture

Figure 7-26 illustrates the principal components and the relationships between them. The
opportunities to use communication techniques described above are shown:
e Enterprise Service Bus messaging is used to convey information from the K2
Workflow environment to SmartForm manager.
e SmartForm manager injects data into the ESRI ArcGIS system using a RESTful API

e ArcGIS can also request extra web content from SmartForm manager as needed.

Slow Crack Growth Evaluation of Vintage Polyethylene Pipes Page 267 of 383 gtl



Remote Devices

Workflow Engine

Azure Service Bus

| RESTful APl calls |
ESRI ArcGIS ; ‘

| Web content

Power Bl

Figure 7-26. Example sequence of states in a SmartForms application, effectively configured in
the Configuration Manager.

Model Management Techniques

Anything that has information associated with it can be represented as an Entity in
SmartForm manager. Elements of models can be entities, as can real-world objects, events,
people, other agents and the activities they perform. All entities have unique identifiers.
Simple entities can be composed into more complex entities, so a model composed of model
elements can be an entity, as can departments composed of people, roles and responsibilities,
and plans and workflows can be entities composed of activities. A situation is an entity
composed of objects, people and agents plus a narrative of events and activities that involve
them as time passes.

If the information about an entity changes over time, SmartForm manager tracks those
changes by maintaining a version history of each entity. Versions of entities are identified by
a combination of the entity identifier and the identifier of the activity that created the new
version. Some entities are expected to remain the same across time; the main examples of
these are entities that represent events and entities that represent messages exchanged
between parts of the system.

Sometimes, SmartForm manager needs to reason about different ways in which the world
might change. To keep track of different possible futures, the version history can have
branches. Each branch is also given an identifier.

Activity Logging and Provenance

To keep an accurate record of activities within the system, an activity model is required. In
addition to activities, the primary entities in this model are agents (software agents,
organizations, and people) and the data entities that are produced and consumed by the
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activities. This combination of entity types not only serves as an activity log, but also
provides rigorous provenance for data entities produced by the system.
Auditability of activity logs is achieved by maintaining two kinds of model in SmartForm
manager.

1) A model derived from designed workflows that captures how a data collection should

proceed.

2) A model of what actually happened during a field data collection session.
It is then possible to assist the auditing process by identifying significant differences between
the desired and actual data collection.
Each of these models is represented by a situation. The setting of the situation’s narrative
includes a gas network segment, a field technician along with a location and a time interval
over which data collection occurs. In the desired model, these are represented by place-
holders whereas in the model of actual data collection these are replaced by references to
real pipes, people etc. This allows the same model elements to be used for both models.

Data Management
Data managed by the SmartForms application includes;
o Workflow configurations & templates
e Form configurations & templates
e Pipe networks data including;
0 ID =Unique id for each AldylA distribution mains
0 Endl_lLongitude, Endl_Latitude = Longitude and latitude of one end of
the mains
0 End2 lLongitude, End2_Latitude = Longitude and latitude of other end
of the mains
Area Code=1to5
Year_Installed = Year In which the mains was installed (1969 - 1980)

Years_In_Service = Current year - Year_Installed

O O O O

Probability_of Failure_5yrs = Probability of failure in 5 years

0 Probability_of Failure 10yrs = Probability of failure in 10 years
e Collected field data
e For each of the above, a timestamp and validity interval

Predefined OWL 2.0 ontologies are provided for classes of objects, their attributes (data
properties) and relations (object properties), and elements required for situational and
Bayesian network concepts.

The storage technology is Microsoft Azure SQL Server.
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Aldyl-A Pipeline Network Model

Information about the gas network is represented as a composable, layered model. The most
basic layer contains the geographic representation of each network segment. Other layers
add more data so that views combining several kinds of data can be composed easily Figure
7-27. The unit of composability is the amount of knowledge for one network segment for one
layer, and these is represented as versioned entities in SmartForm manager.

The set of layers required for this model are as follows:

1) Geographic layer. Provides the geographical point data needed to locate the network
segment. This layer also contains details of features near the pipeline segment that
combine with risk-of-failure to generate a risk metric.

2) Physical composition layer. Provides data on the dimensions and material of the pipe
used in the network segment, along with estimates of replacement cost for the
segment.

3) Physical provenance layer. Provides details of the manufacturer, data of manufacture
and date of deployment of the pipe. It also provides a maintenance history of the pipe
since deployment that includes maintenance techniques used.

4) Risk analysis layer. Contains the results of Bayesian analysis of risk using the Aldyl-A
model.

5) Custom layers. As needed to support the kinds of information made available from

field collection workflows.

Azure Service Bus

Library
Function

Message
Receiver
Custom Bulk

Data Importer

Goal Tree
Activity

Message
Entity

/
Master Data File
or Database

Figure 7-27. Layer population techniques
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The two main pathways for data to arrive in the network model are the bulk import of
master data from external resources (data files, databases etc.) and the translation of messages
that arrive in SmartForm manager. Noting that revisions to master data records may result
from messages delivered to SmartForm manager, it makes sense that there is a library of
functions for creating master data elements that are used by both techniques as shown
below. The primary difference between the information that is stored in each case is in the
provenance data that is created.

User Interface and Integration with ESRI/ArcGIS

SmartForm manager data can be made available in ArcGIS through the RESTful API for the
product. The required steps are as follows:

1) Data is made available in records. A schema for the records must be declared. Once
this has been done, the schema is used for all records of that type.

2) A target for a new data record is created or chosen in the ArcGIS data. A target might
be a geographical point created in ArcGIS to represent the location of a field engineer
during data collection, a geographical point created to represent the location a
photograph was taken, or an extended geometric feature such as the representation of
the pipe segment.

3) A data record is created and populated using data values extracted from one (or more)
levels in the network model, typically for a single network segment.

4) The data record is associated with the selected target in ArcGIS.

New records created in this way become viewable through the ArcGIS user interfaces and
the data is available for queries made against ArcGIS data stores.

Not all data that is accessible through the ArcGIS user interfaces must be copied into the
ArcGIS database. Data can also be made available by storing a URL in an ArcGIS record. This
is the method used to associate photographs with geographical points since the images are
stored in Azure Blob Storage and the URL supplied to SmartForm manager. URLs can also be
used to address knowledge in SmartForm manager, reducing the amount of data that must be
replicated between the systems.

The primary means for a business analyst to interact with the system is through Microsoft
Power BI.

Geospatial View

This solution takes advantage of standard components that already exist for projecting
ArcGIS data into Power BL.

Gains Chart

A gains chart component looking like the following has been proposed Figure 7-28
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el = R L P
withlns ars 2nts Service Linear Feet Replacement Cost

2. 38% 2, 33% 51.8 12,426 $2, 795 756 $2,795,756
975 12.66% 15.03% 44.1 82,997 $18,674,363 $21,470,118
?n 80% 985 12.79% 27.82% 44.0 81,316 $18,296,065 439,766,183
60-70% 993 12.89% 40.71% 44.1 88,431 $19,896,967 $59,663,150
50-60% 398 5.17% 45.88% 40.4 31,286 $7,039,312 $66,702,463
40-50% 218 2.83% 48.71% 44.1 16,707 $3,759,120 $70,461,583
30-40% 64 0.83% 49.54% 43.9 4,141 $931,670 $71,393,253
T 2030% 1,162 15.09% 64.62% 45.3 121,652  $27,371,634 $98,764,887
[ 1020% 1,494 19.40% 84.02% 37.0 131,774  $29,649,092 $128,413,979
o <10% 1,262 16.38% 100.40% 40.7 123,825  $27,860,680 $156,274,660

Figure 7-28. Example of a Gains Chart

The aggregate data in this table can be computed by Power BI based on a view of data
extracted from various layers of the network for each segment of the network Table 7-1

Table 7-1. Data for creation of gains charts

Field Source

Probability of Failure Produced during Bayesian analysis with the Aldyl-A
model; stored in the risk analysis layer of the network
model.

Years in Service Stored in the physical provenance layer of the network
model.

Linear Feet Stored in the geographic layer of the network model

Replacement Cost Stored in the physical composition layer of the network
model.

SmartForm Ontologies

Foundation - The foundation ontology is a SmartCloud ontology® defining the modeling
elements for composing settings and narratives using Situation Theory.

Provenance - This is a small SmartCloud ontology® that places the design patterns from
PROV-O (see below) within the context of situations as represented using the foundation
ontology.

Standard and 3+ Party Ontologies

Units of Measure - The OM-1 ontology focuses on units of measure, their dimensionality and
the quantities and measurements that use them. (see
http://www.wurvoc.org/vocabularies/om-1.6/)

Organization - The Organization Ontology is a W3C Recommendation since 16 January
2014. It is centered on terminology that allows the modeling of organizational structures
with important connections to the Roles and Agents required by the PROV-O ontology. (see
http://www.w3.org/TR/vocab-org/)
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People - The Friend-of-a-Friend (foaf) ontology provides terminology about people,
connections between people, and knowledge related to people. (see
http://xmlns.com/foaf/spec/)

Media - The Dublin Core ontology is a small, frequently used ontology for describing media
items in the semantic web. (see http://wiki.dublincore.org/index.php/User Guide)
Provenance - The PROV-O ontology is a W3C recommended ontology for representing the
use and production of data entities during activities performed by agents. It is widely used
within the semantic web community and represents state-of-the-art for activity logging and
provenance. (see http://www.w3.org/TR/prov-o/)

Keyhole Inspection Form, First Response Form, Audit Report Form

The Keyhole Inspection or First Response form improves data collection process by guiding
operators through a series of relevant questions during inspection of the pipeline segment
being inspected. The questionnaire is intelligently generated through decision-driven
workflows where the data entered by operators determines the next question for data entry.
The SmartForm runs on an android mobile device and supports flexible data entry so that
any non-standard data may be captured. The geolocation of the inspection is automatically
captured along with other details. Table 7-2 lists the details of Keyhole Inspection and First
Response forms.

Table 7-2. Keyhole Inspection Form and First Response Form

Smart Form type | Keyhole Inspection Form or First Response Form

Goal in Context

Create, view and edit a record for keyhole data gathering

Scope & Level

Scope = Intelligence Field Data Collection. Level = User Goal

Preconditions

The user should be familiar with the procedures and recommended
practices to collect keyhole or first response data.

Success End

The user successfully enters the keyhole or first response

Secondary Agent

Situation information (the mobile application works even when the internet
connectivity is lost). The mobile application posts the data collected
to the remote server (if there was no internet during data collection
process, the data is posted to the remote server once the application
is online).

Failed End Inability to operate in offline mode. Inability to save and post the

Situation data collected to remote server.

Primary Agent Field Operator

Qualified Field Personnel

Trigger

A Field Operator (or any qualified field personnel) is out in the field
to gather pipeline data.
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Smart Form type | Keyhole Inspection Form or First Response Form
DESCRIPTION Step | Actions Leading to the Successful Goal
1.| Field Operator opens the mobile application

2.| Field Operator enters user credentials in the login screen

3.| Field Operator initiates search of the gas components (e.g.,
pipeline, valves, etc) by:

- Value entry

- Barcode scan

- List selection

- Find near me (based on location)

4.| The mobile application presents a filtered list of possible
related activities.

5.| Field Operator chooses the keyhole data gathering or first
response activity.

6.| Field Operator navigates through a sequence of data entry
screens to collect all relevant information. Each step/screen
has one or more of the following:

- Scans one or more barcodes
- Manually enters data
- Takes photos

7.| Field Operator saves the activity data. The mobile application
adds time and geo-location point information to the activity
data.

8.| The mobile application posts the data to remote data server.

RELATED Keyhole Data Gathering; First Response
INFORMATION
Priority: 1
Performance Normal mobile application responsiveness is sufficient.
Communication channels Keyhole data/First response records on Android mobile
between agents phone.
Superordinates Create, View, Edit records
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Gas operators are required to submit annual audit reports and incident reports to PHMSA. It
takes quite an effort to collect all required information in one place to fill up the forms.

One of the goals of SmartForm is to replace the current manual report filing process and to
automate the audit report generation by pulling together information from databases
distributed across different business units. The audit report form helps to complete PHMSA F
7100.1-1 annual report form and the process audit prescribed in ASME B31.8S standard.
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Activity Diagrams

Activity Diagram — Create a tracking record for keyhole data gathering inspections
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Activity Diagram — Create a tracking record for first response data gathering
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Activity Diagram — Create a tracking record for audit event data gathering
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’ Appendix A- Use Case: EDSS with SmartForms Demo

[ Pre-Conditions ] [ Step [ Outcomes
Laptop with server application started
Server application loaded with demo network 1 User lozaed on and role authenticated
Mobile device with loaded app and connection Business Analyst Logon 20 tior%gmenu displaved?
to laptop server op played:
Demo BA logon credentials
BN trained for demo pipeline network in 2 present Bayesian Network Viewer understands how BN is used to
developer Ul (BN) determine pipeline segment risk
User logged on with BA authentication 3 Display Network Lo . . .
Network Risk Analysis requested Risk Analysis Table Pt ol vl et (s el
. S 4 Display ARCGIS Risk ARCGIS network visualization of pipeline
Geographical Network Risk display requested Visualization S (e R
ARCGIS risk displa 5 Zoom to Demo Pipe segments “scheduled” for field reports
play Pipe Segments displayed
BPrII\::‘ ;:s;ag: af:crha;ﬁtlvcl)tfytgzpfti:lt dtf;ztarequwes 6 Present Risk-Based Viewer understands how risk-based data
. J Collection Design collection is to be implemented
collection workflow
Implemented activity report workflow that 7 present Risk-Based Viewer understands how risk-based data
uses risk-based field data collection Collection Workflow collection has been implemented on mobile
workflow branching device
Mobile device with loaded app and connection Field Tech Logon User logged on and role authenticated
to laptop server 8 Component query menu displayed
9 lecti D t select
User logged on with Field Tech authentication Compor:;n:isste eceen R:;r::)?'tC:«TtiSi(iC:e:E Z?ssgyed
10
Demo component selected Activity Selection Activity report selected
Demo component selected 11 High Risk Component R'ZZ&LT;:‘;;O:JCJOVZ?ETOW ENidance
Activity report selected Assessment pp'
Form 1 of report workflow displayed
o 12 SmartForm-Led TO BE EXPANDED
7o 4l @i s taE i) Ay el Data Collection All data collected for selected report
- 13 Data Uploaded Report received and store by host server
o) Agiity Reper to Hos":)Server appplication Y
v lecti D I
User logged on with Field Tech authentication Compor:ln:isste Scton R:;r::)?'t‘:::qtisict’;er:(terslz (ei?:;ldayed
15
Demo component selected Activity Selection Activity report selected
Demo component selected 16 Low Risk Component R'ZZ&:\T;:‘;;O:szoV;ﬁ;k:fgv BUTkEE
Activit t selected A t
ctivity report selecte ssessmen Form 1 of report workflow displayed
P 17 SmartForm-Led TO BE EXPANDED
o 4l @i stas i) Ay el Data Collection All data collected for selected report
L 18 Data Uploaded Report received and store by host server
o) gty Reper to Hoererver appplication Y
New inf tion i ilable for risk analysi
New Activity Report(s) received by host server e Situational Evaluation Z‘?jel:li;rma T (B EL B el TS E
EplleEtion Situational HCA level report issued
User logged on with BA authentication 24); . n
lay N k Risk Anal
Network Risk Analysis requested Isplay et‘f;_::ﬂe isk Analysis Prioritized risk analysis table (gains chart)
New activity report information
. . 21 Display ARCGIS Risk ARCGIS network visualization of pipeline
Geographical Network Risk display requested ':Iistalization e — pip
- 22 Zoom to Demo Pipe segment that received new field report
ARCGIS risk display Pipe Seaments data displayed
P g Status updated based on latest data
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Deployment and Testing

In this section, we describe our deployment and testing methodology, test data, test cases,
and the various types of testing performed on Keyhole inspection form, first response
form, audit form, and Bayesian network.

Table 7-3. Technical Specification of the Deployment Environment

Details

Vendor Microsoft Azure

Operating System Microsoft Windows 10 Virtual
Machine

Virtual Machine Hardware 2.4 GHz Intel Xeon® E5-2673 v3
(Haswell) processor

Processor 2 cores

RAM 14 GB

Disk Space 100 GB

Test Data Preparation

To test the system, a synthetic virtual gas pipeline network of Aldyl-A plastic pipes was
prepared in GIS system. The pipe network consists of 7706 piping segments divided into
five regions. Each segment was characterized with lab and synthetic data describing
various pipe attributes such as pressure, material, installation date, repair date, associated
leaks, etc. Figure 7-29 shows the map of the test pipeline network.

Slow Crack Growth Evaluation of Vintage Polyethylene Pipes Page 280 of 383 gtl



of Stoten
Willowehrook” Tsigna
v ‘ Poyk U

N Willowhraok.
| Staten Island By
| o 7 LoTourette
E | Foirk LS
Freshkills | 5= -~
I‘J‘.’O Park | = -
| | - 4
||

pa0

v Milier 7t
fp el *
/ X 7
Ocean o i ',/
View Cemetery ¥ f P,'? Leaflet | Data by OpenStreetMap)

Figure 7-29. Test gas distribution network

SmartForms such as keyhole inspection and first response are connected to the test gas
network and serve as a field data collection tool for individual pipe segment. The Bayesian
network is also connected to the test gas distribution network and is used to calculate the
mean life prediction and the risk of failure for every pipe segment. The testing of risk
analysis can be conducted at segment level or region level.

Test Case Preparation

Test cases are essential tools for systematic planning and execution of testing scenarios. In
this project, a number of test cases were prepared to list a set of conditions to determine
whether the deployed probabilistic decision support system and SmartForms satisfies the
requirements and functions correctly. The system was tested and refined until all test cases
were passed. The specification format for test cases used in this project is listed in the table
below.

Attributes Definition

Test Case ID Unique ID of the test case

Test Case Summary Goal of the test case

Prerequisites Any pre-condition that must be met before executing the
test

Test Procedure Detailed steps to execute the test

Test Data Data to use for testing
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Expected Result

Expected result of the test

Actual Result

Actual result from the test

Status Pass/Fail to indicate the test result
Remarks Additional comments about the test
Created By Person who created the test case

Date of Creation

Date of test case creation

Executed By

Person who ran the test

Date of Execution

Date of test execution

Test Environment

Hardware and software environment in which the test was
performed

Testing of Keyhole Inspection Form

Functional Testing

Each functionality of the Keyhole inspection form was tested to verify that it meets the
requirement specification. An appropriate input is entered in the system and the output is
verified by comparing the actual result with the expected result. The table below illustrates
the steps taken for functional testing and lists the pass/fail grade for each testing step.

Step # | Step Description Test Data | Expected Results Test
Pass/Fail
1 Enter login information | username: | Show keyhole Pass
admin inspection form
password: | main page
Adminl22
48
2a Filter existing pipelines | ASTM List pipelines Pass
by barcode F2897 matching
barcode information in
barcode
2b Filter existing pipelines | 100 feet List pipelines Pass
by distance within 100 feet of
current location
2.c Filter existing pipelines | Aldyl-A List all Aldyl-A Pass
by type plastic pipe | pipelines
3.a Select existing pipeline | Pipeline Show next screen to | Pass
from filtered list of with ID view historical data
pipelines 72166 of the pipeline
selected
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3.b Add new pipeline Pipeline Save new pipeline | Pass
information with ID information and
77667 show screen to
enter data
4 View historical pipeline Show past data and | Pass
data allow updates
5 Enter new keyhole Collects all keyhole | Pass
inspection data inspection data. As
a next step, enable
Save button
6 Save the entered Press Save | Save the data in Pass
keyhole inspection data | button cloud database

Sample screen shots of the functional testing are shown in figures below.
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arkt
Cloud

Username

Password

R OOk

ark
=loud

Work Order Selection

Set Work Order Filters

D Assigned to Me

:’ Show Unassigned

. t Dist
Current Location S Long
Within 50 ft
Activity Type Within 100 ft
Within 500ft - -
Select Work Order

1111 Joe Brown Leak Inspection Fipeline 123 Some Strest, Newtville, IL

1117 Unassigned Keyhole Inspecti Pipeline | 789 Some Hwy, Newtville, IL

1118 Joe Brown First Respanse Fipeline 100 Rural Road, Newtvills, IL

Start Clear
Report

Component Selection

Component Data

Set Component Filters

LEFER Within 500 ft

Current Location

Lat | 42.5077043
Long

Component Type Pipeline — Plastic — 4" |I I‘ Remove
Select Component
72166 Fipeline Plastic 4 180
71553 Fipeline Plastic 4 320
71486 Pipsiine Plastic 3 392
il

e

E

Component ID | 72166 W Type | Pipe

Physical Address Geo-Location

Latitude | 40.60401754
Longitude |-74.10271283

Address 1 | 19 Croshy Drive |
Address 2 | |

ciy
State [\ | 2ip Code [0130 |

Pipe Characterization

Installation Date
Facility Type

Method | Open Trench Drilling
Depth [ 5] in

Pipe Material Diameter
Plastic Type | AldylA Standard Diameter Ratio
Max Operating Pressure psig

Tee on this segment? Yes @ Mo

LDIW in this segment? Yes @ Mo
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What is the pipe

severity?

SUPPLEMENTAL OBSERVATIONS REQUIRED SUCCESS

o Your keyhole data report hias been submitied successtully

Figure 7-30. Screen captures of Keyhole Inspection Form mobile application
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System Integration Testing

In system integration testing, keyhole inspection form was combined with database and

Bayesian network in the server and tested as a single system. Table below describes the steps

taken during the integration testing and lists the pass/fail grade for each step.

Step | Step Description Test Expected Results Test
# Pass/Fail
1 Deploy the latest Run unit test for | Provides latest version of | Pass
Keyhole Inspection Form | integrity checks | the application for
in cloud server installation in mobile
devices
2 Create database table to | Run unit test Stores data collected Pass
store the keyhole queries from Keyhole inspection
inspection data form
3 Install the SmartForms Install/update Pulls latest version of the | Pass
application in mobile the application | application from server
that includes keyhole in android and installs it in the
leak inspection form phone mobile device
4 Open mobile application | Enter keyhole Updates database table in | Pass
and enter keyhole inspection data | the server with new
inspection data through the information
mobile
application and
press save
button in the
application
Validation Testing

Validation testing verifies in detail that the keyhole inspection form meets requirement
specification and each data collection field works as intended. The table below lists the data
fields that were tested and the pass/fail result of the tests.

Screen

Test Field

Entry

Branching Attachments

Test Pass/Fail

1

Report Provenance Tab

Pass

Form: Report Provenance

Pipeline Component Tab

Pass

Form: Pipeline Component

Type of Job on Site

Pass
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(Options: Abandon Services, Cathodic Pulldown text Notes
Protection, Valve Maintenance, CI Joint
Repair, Test Hole, Other)

3 Number of Core(s) Pass
Numeric Notes
3 Core Diameter Pass
(Options: 18", 24") Pulldown text Notes
3 Core Thickness Pass
Numeric, inches Notes
3 Vacuum Only Pass
(Options: Yes, No) Button selection Notes
3 Depth of Facility Pass
Numeric, inches Notes
3 Operating Pressure Pass
Numeric, psig Notes
Not Available
3 Maximum Operating Pressure Pass

Numeric, psig

3 Soil Temperature Pass
Converted to C for BN Numeric, °F Notes
Not Available
3 Pipe Condition Pass
(Options: Good, Break, Damage, Light Pulldown text Picture, Notes

Corrosion, Heavy Corrosion, Thru
Corrosion, Joint Flaw, Other)

3 External Coating Pass
(Options: X-tru coat, Coal tar enamel, Pulldown text - Any Known Expose: Picture, Notes
Tape wrap, FBE, Powder Coating, Type Coating
Mastic, Wax tape, Not Available) Condition
Expose:
Adhesion
Status

Pulldown text - Not Available

3 Coating Condition Conditional Pass

(Options: Good, Bare, Damage, Poor Pulldown text Picture, Notes
Joint, Deteriorated)

3 Coating Adhesion Conditional Pass

(Options: Bonded, Disbonded) Button selection Notes

3 External Coating Pass

(Options: X-tru coat, Coal tar enamel, Pulldown text Picture, Notes
Tape wrap, FBE, Powder Coating,
Mastic, Wax Tape, Not Available)

3 Coating Condition Pass
(Options: Good, Bare, Damage, Poor Pulldown text Picture, Notes
Joint, Deteriorated)

3 Impingement Depth Pass
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Convert to impingement ratio for Picture, Notes
classification o
BN Classifications ([0-0.2],[0.2-0.4],[0.4- | Numeric, inches
0.6],{0.6-0.8],[0.8+]

3 Bending on Pipe Segment? Pass
(Options: Yes, No, Not Available) Pulldown - Yes Expose: Picture, Notes
Bending
Radius

Pulldown - No

Pulldown — Not Available

3 Bending Radius Conditional Pass

Numeric, feet

4 Soil Type Pass
(Options: Standard, Clay, Gravel, Sand, Pulldown text Picture, Notes
Peat)
4 Root Density Pass
(Options: Very Low, Low, Medium, Pulldown selection Picture, Notes
High, Very High, Not Available)
4 Rock Density Pass
(Options: Very Low, Low, Medium, Pulldown selection Picture, Notes
High, Very High, Not Available)
4 Soil Movement Pass
(Options: Yes, No) Button selection - Yes Expose: Picture, Notes
Vertical Soil
Movement
Expose:
Horizontal
Soil
Movement
Expose:
Diameter of
Displaced
Area
Button selection - No
4 Vertical Soil Movement Conditional Pass
Numeric, feet Picture, Notes
4 Horizontal Soil Movement Conditional Pass
Numeric, feet Picture, Notes
4 Diameter of Displaced Soil Area Conditional Pass
Numeric, feet Picture, Notes
4 Prior Leak Repair? Pass
(Leak Repair Report ID, if found Report ID Expose:
"No Repair Recorded’, if no prior report Repair Date
"Not Available" if no CRex connectivity) | "No Repair Recorded"
"Not Available"
4 Repair Date Conditional Pass
Date (YYMMDD)
5 Leak Found? Pass
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(Options: Yes, No) Button selection Expose: Leak | Notes
Grade
Expose: Leak
Size
Characterizati
on
Equipment Used Pass
(Options: Flame lonization, Remote Pulldown text - Flame Notes
Methane Leak Detection, Other) Tonization
Pulldown text - Remote
Methane Leak Detection
Pulldown text - Other Expose: Other
Equip Type
Description
Wind Speed Pass
Numeric, m/s Notes
Not Available
Wind Direction Pass
(Options: N, NE, E, SE, S, SW, W, NW, Pulldown text Notes
Not Available)
Leak Grade Conditional Pass
(Options: Grade 1, Grade 2, Grade 3) Pulldown text Notes
Leak Size Characterization Conditional Pass
(Options: Diameter, Length) Button selection - Diameter Expose: Leak | Notes
Size -
Diameter
Button selection - Length Expose: Leak
Size - Length
5 Leak Size - Diameter Conditional Pass
Numeric, in Picture, Notes
5 Leak Size - Length Conditional Pass
Numeric, in Picture, Notes

Risk Calculation Testing

To demonstrate how keyhole inspection form helps to refine the risk profiles of the gas
distribution network with latest data, we selected five pipeline segments randomly and
calculated mean life expectancy and risk score before and after the new data was collected
with keyhole inspection form. Table 7-4 and Table 7-5 show the data before and after the
data is collected. Then, the original and updated data are given as input for the developed
Bayesian network, which estimates the life expectancy for each pipe segment. The mean life
expectancy is the direct measure for the pipe failure likelihood, while the consequence of the
failure is determined by the type of buildings or facilities. Given the likelihood and
consequence, the risk is simply the product of those two measures. The computed risk for the
original and update data is shown in Table 7-6.
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Table 7-4. Data before Keyhole inspection collects new information

Years Horiz Diameter of
after Soil _ Vert_Soil | Displaced Pipe If Leak
ID Repair Root Rock Mov _Mov Area Size Pressure | IFLDW | Repaired | Type
<=2
1 30 | Med Med 8 11 25 | inch 45 | True True Type 3
Very <=2
2 31 | Med High 0 5 8 | inch 45 | True True Type 3
<=1
3 26 | Med Low 8 7 8 | inch 45 | True True Type 3
Very <=1
4 32 | Med Low 1 6 2 | inch 55 | True True Type 3
<=4
5 31 | Med Med 3 6 25 | inch 55 | True True Type 3
Table 7-5. Latest data from Keyhole inspection
Years Horiz Vert_
after Soil_ Soil_ Diameter of Pipe If If Leak
ID Repair Root Rock Mov Mov Displaced Area Size Pressure LDW | Repaired | Type
<=2
1 33 | Med Med 9 11 26 | inch 45 | True True Type 3
Very <=2
2 34 | Med High 1 5 8.7 | inch 45 | True True Type 1
<=1
3 29 | Med High 8 7 8 | inch 45 | True True Type 1
<=1
4 35 | Med Low 1 9 2.2 | inch 55 | True True Type 2
<=4
5 34 | Med Med 3 9 27.5 | inch 55 | True True Type 2

Table 7-6. Mean life prediction of pipeline segments before and after data is collected with

keyhole inspection form

ID Mean life prediction before data is Mean life prediction after data is
collected collected
! 0.615875 0.740329
2 0.799914 0.799998
3 0.282651 0.357131
4 0.799711 0.79999
5 0.799999 0.8

From Table 7-7, the mean life expectancy is decreasing when the data are updated three
years later. However, the change in life expectancy is relatively small compared with the
original values. Therefore, the updated risks for those 3 segments are not affected by the
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newly gathered data. Practically, effective prevention or mitigation measures should be
taken if the risks are higher than a threshold value (i.e. risk tolerance).

Table 7-7. Risk after a number of years

D 1yr 2 yrs 3yrs 4 yrs 5 yrs 10 yrs 15 yrs 20 yrs 30 yrs
1
Before data is 3.22E- 0.00044 0.0042
collected with 06 5 34 0.015893 0.038045 0.256674 0.475484 0.615875 0.740329
Keyhole 2
Inspection
Form 0.0021 | 0.07898 | 0.2727
01 7 32 0.467648 0.605736 0.788866 0.799168 0.799914 0.799998
3
6.12E- 0.0001
08 | 1.04E-05 29 0.000621 0.001868 0.029596 0.09568 0.182651 0.357131
4
0.0025 0.07488 0.2492
05 4 89 0.430559 0.567443 0.780286 0.797916 0.799711 0.79999
5
0.0266 0.29632 0.5667
25 2 69 0.703688 0.761005 0.799371 0.799979 0.799999 0.8
1
4.43E- 0.00061 0.0056 0.020742
After data is 06 1 69 48 0.048468 0.298187 0.522008 0.652887 0.75768
collected with 2
Keyhole
Inspection 0.0035 0.10039 0.3096 0.501592
Form 19 1 49 7 0.629989 0.790707 0.799302 0.799927 0.799998
3
1.08E- 0.0001 0.000855
07 1.6E-05 86 65 0.002484 0.035684 0.109744 0.202996 0.382059
4
0.0012 0.03998 0.1529 0.297630
16 4 08 93 0.431237 0.737363 0.788531 0.797506 0.799818
5
0.0375 0.34576 0.6088 0.727166
06 9 4 15 0.772429 0.799645 0.79999 0.799999 0.8

Testing of First Response Form
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Functional Testing

Each functionality of the First Response Form was tested to verify that it meets the
requirement specification. An appropriate input is entered in the system and the output is
verified by comparing the actual result with the expected result. The table below illustrates
the steps taken for functional testing and lists the pass/fail grade for each testing step.

Step # Step Description Test Data Expected Results Test Pass/Fail
1 Enter login information username: admin Show first response form main page | Pass
password: Adminl12248

2.a Filter existing pipelines by barcode ASTM F2897 barcode List pipelines matching Pass
information in barcode

2b Filter existing pipelines by distance 100 feet List pipelines within 100 feet of Pass
current location

2.c Filter existing pipelines by type Aldyl-A plastic pipe List all Aldyl-A pipelines Pass

3.a Select existing pipeline from filtered Pipeline with ID 72166’ | Show next screen to view historical | Pass

list of pipelines data of the pipeline selected

3.b Add new pipeline information Pipeline with ID ‘77667’ | Save new pipeline information and | Pass
show screen to enter data

4 View historical pipeline data Show past data and allow updates Pass

5 Enter new first response data Please refer to: Collects all first response data. Asa | Pass
next step, enable Save button

6 Save the entered first response data Press Save button Save the data in cloud database Pass

System Integration Testing

In the system integration testing, First Response Form was combined with database and
Bayesian network in the server and tested as a single system. Table below describes the steps
taken during the integration testing and lists the pass/fail grade for each step.

Step # Step Description Test Expected Results Test
Pass/Fail
1 Deploy the latest First Response Form Run unit test for Provides latest version of the Pass
in cloud server integrity checks application for installation in mobile
devices
2 Create database table to store the first Run unit test queries Stores data collected from first Pass
response data response form
3 Install the SmartForms application in Install/update the Pulls latest version of the application | Pass
mobile that includes first response form | application in android from server and installs it in the
phone mobile device
4 Open mobile application and enter first | Enter first response data | Updates database table in the server | Pass
response data through the mobile with new information
application and press
save button in the
application
Validation Testing

Validation testing verifies in detail that the First Response Form meets requirement

specification and each data collection field works as intended. The table below lists the data
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fields that were tested and the pass/fail result of the tests. First response form is divided into
different tabs in android application for ease of usage.

Tab: First Response Header

Screen Field Entry Branching | Attachments | Test Pass/Fail
Hdr First Response No.
FSTR-000000 Pass
Hdr | work Order No.
Text, from WO selection Pass
Hdr Component ID
Text, from Component tab Pass
Tab: First Response Footer
Screen Field Entry Branching | Attachments | Test Pass/Fail
Hdr | First Response No.
FSTR-000000 Pass
Hdr | Work Order No.
Text, from WO selection Pass
Hdr | Gomponent ID
Text, from Component tab Pass
Tab: First Response
Scree Attachme | Test
n Field Entry Branching nts Pass/Fail
1 Report Provenance Tab
Form: Report Provenance Pass
2 Component Tab
Form: Basic Info (top half) Based on type,
Expose:
Based on Component Type - .
Pipeline, Industrial
(bottom half): Pass
L. Meter,
Form: Pipeline, Ind Meter, or . .
Res Meter or Residential
Meter tab
3 Report Type
Button selection - Leak Expose: Leak
(Options: Leak Response, Exposed Response Response tab Pass
Metal Pipe) Button selection - Exposed Expose: Exposed Pipe
Metal Pipe tab
4a Leak Response Tab Conditional
Form: Leak Response Pass
4b Exposed Pipe Tab Conditional
Form: Exposed Pipe Pass
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Tab: Leak Response

Scree Attachmen | Test
n Field Entry Branching ts Pass/Fail
1 Leak Grade

(Options: Grade 1, Grade 2, Grade 3) Pulldown text Notes Pass
1 . .
‘Wind Speed Not Available
Numeric, m/s Notes Pass
1 Wind Direction
(OP{IOHS: N NE E SE 5, SW. W, » Not Pulldown text Notes Pass
Available)
1 Ambient Temperature Not Available
Converted to C for Bayesian Network Numeric, °F Notes Pass
1 Equipment ID
Text Notes Pass
1 Inside Investigation Needed
Button selection Expose: Inside Investigation
- Yes Performed
Options: Yes, N - Not P
(Options: Yes, No) Button selection ores as
- No
1 Inside Investigation Performed Conditional
Pi )
(Options: Yes, No, No Access) Button selection Nl;t:;e Pass
1 Soap Test
Expose: Test Type
Expose: Start Time
Button selection Expose: End Time
. - Yes Expose: Pressure
(Options: Yes, No) Expose: Results Notes Pass
Expose: Length of Pipe
Button selection
- No
1 Test Type Conditional
Pi )
(Options: Air, Gas, Water, Nitrogen) Pulldown text Nl;t:;e Pass
1 Start Time Conditional
Timestamp Pass
1 End Time Conditional
Timestamp Pass
1 Pressure Conditional
Numeric, psig
N P
Not Applicable otes ass
1 Test Result Conditional
(Options: Pass, Fail) Button selection Notes Pass
1 Length of Pipe Conditional
Numeric, ft Picture,
. Pass
Not applicable Notes

L]
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Tab: Exposed Pipe

Scr Test
Zne Attachme | Pass/F
Field Answers Branching nts ail
1 Length of Pipe Inspected
Numeric, ft Pass
1 Exposed Pipe Accessibility
(Options: Accessible, Inaccessible) Button selection ;itt::e’ Pass
1 First PSP Reading
Numeric, volts Pass
1 First PSP Read Latitude
Numeric P
Use Current Location ass
1 First PSP Read Longitude
Numeric Pass
Use Current Location
1 First PSP Outside Limit?
Text - "Outside Limits" Expose: Tech Called .
(Options: Outside Limits, Within Limits) Expose: Tech Callout Time Pass
Text- "Within Limits"
1 Tech Called (per GOS 2575.2800) Conditional
Text Pass
1 Tech Callout Time Conditional
Timestamp Pass
2 External Coating
Pull -Any K E : i iti
(Options: X-tru coat, Coal tar enamel, ulldown text - Any Known Xpose Coatm.g Condition .
. Type Expose: Adhesion Status Picture,
Tape wrap, FBE, Powder Coating, Notes Pass
Mastic, Wax tape, Not Available) Pulldown text - Not
Available
2 Coating Condition Conditional
( thlons: Ggod, Bare, Damage, Poor Pulldown text Picture, Pass
Joint, Deteriorated) Notes
2 Coating Adhesion Conditional
(Options: Bonded, Disbonded) Button selection Notes Pass
2 Pipe Damage
Expose: Damage Requires
Button selection - Damaged Remediation Picture
(Options: Damaged, Not Damaged) Expose: Describe Damage Nlot:s ’ Pass
Button selection - Not
Damaged
2 Damage Requires Remediation? (per
GOS 2575.1700) Conditional
(Options: Yes, No) Button selection Notes Pass
2 Describe Pipe Damage Conditional
Text Pass
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External Corrosion?

Button selection - Corrosion

Expose: External Corrosion
Type

i i i Expose: Corrosion Picture,
(Options: Corrosion, No Corrosion) Requires Remediation Notes Pass
Button selection - No
Corrosion
External Corrosion Type Conditional
E : Maxi Pi
Pulldown text - Isolated Pit xpose: Maximum it
. Depth
- Multiple .
) ) Pits Expose: Pit Circumference
( OPU?Hs.' szrJ%ce Rust, [so]atctd Pit, Expose: Pit Position Picture,
Multiple Pits, General Corrosion, Not E Di b Pass
Available) xpose: Distance between | Notes
vat Pulldown text - Multiple Pits | Pits
Expose: Length of Pitting
Pulldown text - all others
Maximum Pit Depth Conditional
Numeric, in Ficture, Pass
Notes
Pit Circumference Conditional
Numeric, in Picture, Pass
Notes
Distance between Pits Conditional
Numeric, ft Ficture, Pass
Notes
Length of Pitting on Pipe Conditional
Pi ,
Numeric, ft icture Pass
Notes
Position of Pitting Conditional
Text box Picture Pass
Corrosion Requires Remediation? (per
GOS 2600.1900) Conditional
(Options: Yes, No) Button selection Notes Pass
Pipe Interior Visible?
Expose: Retired Pipe
Button selection - Visible Expose: Coupon Pictur
(Options: Visible, Not Visible Expose: Internal Corrosion th):tes © Pass
Button selection - Not
Visible
Retired Pipe Conditional
(Options: Yes, No) Button selection Notes Pass
Coupon Conditional
Button selection - Yes Expose: Coupon ID Pictu
(Options: Yes, No) reture, Pass
Button selection - No Notes
Coupon ID Conditional
Text Pass
Internal Corrosion?
(Options: Corrosion, No Corrosion, Not . . Expose: Internal Corrosion | Picture,
. Button selection - Corrosion Pass
Available) Type Notes
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Expose: Corrosion
Requires Remediation
Button selection - No
Corrosion
Button selection - Not Expose: Not Available
Available Explanation
4 Not Available Explanation Conditional
Text box Pass
4 Internal Corrosion Type Conditional
E : Maxi Pi
Pulldown text - Isolated Pit xpose: Maximum Fit
. Depth
- Multiple .
Pits Expose: Pit Circumference
(Options: Surface Rust, Isolated Pit, Expose: Pit Position Picture, P
Multiple Pits, General Corrosion) Expose: Distance between Notes ass
Pulldown text - Multiple Pits | Pits
Expose: Length of Pitting
Pulldown text - all others
4 Maximum Pit Depth Conditional
Numeric, in Ficture, Pass
Notes
4 Pit Circumference Conditional
Numeric, in Picture, Pass
Notes
4 Distance between Pits Conditional
Numeric, ft Ficture, Pass
Notes
4 Length of Pitting on Pipe Conditional
Pi ,
Numeric, ft icture Pass
Notes
4 Position of Pitting Conditional
Text box Picture Pass
4 Corrosion Requires Remediation? (per
GOS 2600.1900) Conditional
(Options: Yes, No) Button selection Notes Pass
s Conditional Tab: Pipe
5 Cast Iron Graphitization?
ast fron Lsrapiutization Material: Cast Iron
Expose: Graphitization
Button selection - Yes Location
- . Picture,
(Options: Yes, No) Expose: Extent of rcture Pass
Graphitization Notes
Button selection - No
5 Graphitization Location Conditional
Text Pass
5 Extent of Graphitization Conditional
Text Pass
6 Second PSP Reading
Numeric, volts Pass
6 Second PSP Read Latitude
Numeric Pass
Use Current Location
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6 Second PSP Read Longitude
Numeric P
Use Current Location ass
6 Second PSP Outside Limit?
Text - Outside Limits Exposef Tech Called .
(Options: Outside Limits, Within Limits) Expose: Tech Callout Time Pass
Text- Within Limits
6 Tech Called (per GOS 2575.2800) Conditional
Text Pass
6 Tech Callout Time Conditional
Timestamp Pass

Testing of Audit Report Form

Functional Testing

Each functionality of the Audit Report Form was tested to verify that it meets the

requirement specification. An appropriate input is entered in the system and the output is
verified by comparing the actual result with the expected result. The table below illustrates
the steps taken for functional testing and lists the pass/fail grade for each testing step.

Step # Step Description Test Data Expected Results Test
Pass/Fail
1 Enter login information username: admin Show audit report main page Pass
password: Adminl12248

2 View annual report data Show gas distribution system data Pass
from past year

3 Enter data for any empty fields Please refer to: Collects. As a next step, enable Save | Pass
button

4 Save the completed audit report form | Press Save button Save the data in cloud database Pass

Figure 7-31 shows the screenshot of Annual Report Form design.
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Figure 7-31. Annual Report Form login page and main section

System Integration Testing

In the system integration testing, Audit Report Form was connected to the database in the
server and tested as a single system. Table below describes the steps taken during the
integration testing and lists the pass/fail grade for each step.

Step # Step Description Test Expected Results Test
Pass/Fail
1 Deploy the latest annual report form in | Run unit test for Provides latest version of the Pass
cloud server integrity checks application for report generation
2 Create database table to store the Run unit test queries Stores data derived from the main Pass
annual report data database of gas distribution system
3 Open and complete Audit report form Verify data displayed in | Updates database table in the server Pass
the audit form, complete | with new information
any remaining empty
fields, and press save
button in the application

Validation Testing

Validation testing verifies in detail that the Audit Report Form meets requirement
specification and each data collection field works as intended. The table below lists the data
fields that were tested and the pass/fail result of the tests.

Audit for Integrity Management Program (Process, Inspection, Mitigation, and Prevention)
as prescribed in ASME B31.8S standard

L]
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Integrity Audit Questions Test

Management Pass/Fail
Program Area
Pipe Has the whole pipeline system been segmented? Pass
Segmentation e How many miles of pipeline were investigated?
e Was it different from the value specified by the
requirements?
What were the company specific integrity management
goals/objectives?

Did the operator consider those goals when applying the
process?
Was there a new pipeline becoming a part of an integrity
management program?
e Ifso, were the functional requirements, including
prevention, detection, and mitigation considered?
Is the risk assessment results applicable to the pipe within the

segment?
e If not, what was the reason for limiting its application?
Threat Did the operator identify/evaluate all the threats? Pass
Identification e If not, which one(s) of following was the reason for

excluding the threat/threats?

e There is no history of a threat impacting the particular
segment or pipeline system

o The threat is not supported by applicable industry data
Or experience

e The threat is not implied by related data elements

e The threat is not supported by like/similar analyses

o The threat is not applicable to system or segment
operating conditions

Were there multiple threats occurring on the pipe segment?
e Ifso, was the interaction considered?

Data Collection | Did the operator have a comprehensive plan for collecting, Pass
and Integration | reviewing, and analyzing all data sets?
Did the operator include all possible data sources specified in
ASME B31.8S?

e If not, what was the reason for excluding the specific

data source?

Did the operator check the quality and deficiency of the
collected data?
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¢ Did the operator follow the ASCE, PHMSA ADB,
ASTM GARP, and ISO standards when checking the
quality?

e Did the operator follow the prescriptive process when
the data quality and sufficiency was below

requirement?
Risk Did the operator consider all the consequence factors Pass
Assessment specified in ASME B31.8S when doing risk assessment?
e If not, what was the reason for excluding the specific
factor?

Did the risk assessment possess the following characteristics?
a. Attributes(Defined logic and be structured)
b. Resources(Adequate personnel and time)
c. Operating/mitigation history(Consider the frequency
and consequence of past events)
d. Predictive capability(Identify threats not considered)
e. Risk confidence (All data verified and checked)
f. Feedback(Continuous improvement)
g. Documentation(Thoroughly documented)
h. What if (Structure necessary to perform "what if"
calculation)
i. Weighting factors (All threats and consequences
weighted)
j.  Structure (Compare, rank risk results to prioritize
integrity management decision making)
k. Segmentation(Incorporate sufficient resolution of pipe
pipeline segment size)
Was the result from risk assessment consistent with the
industry's experience?
Was the result from risk assessment used to prioritize initial
integrity assessment?

Integrity Did the operator follow the standard ASME B31.8S for the Pass
Assessment selecting of integrity inspection tool for each threat type?

Were the techniques used not published by consensus

standard?

e Ifso, did the operator follow the performance
requirements of ASME B31.8S code and confirm the
validity of this approach?

Were indications of defects discovered during inspection?
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e Ifso, was the indication examined and evaluated to
determine if they are actually defects or not?
Was any abnormality discovered using the inspection

method?
e What was the number of anomalies found during
inspection?

o Were these anomalies addressed properly?
Was the information updated periodically?
e Ifso, what is the frequency/interval for the
information updating?
Was the plan flexible enough to incorporate new information
acquired during integrity management?
Was the risk reassessment conducted periodically?
o Ifso, what is the frequency/interval for the
reassessment?
Were the results from risk and integrity assessment
considered when prioritizing inspections and mitigation

activities?
Response to Was the repair activity made in accordance with ASME Pass
Integrity B31.8S?
Assessment Did the operator evaluate prevention techniques that prevent

future deterioration of the pipeline?

Was the information obtained from risk and integrity
assessment, mitigation activities added to database?
Was the plan or program updated when additional
information was acquired and incorporated?

Performance Was enough time given to collect the data for measures Pass
Measures selection?
Did the selected performance measures possess the general
characteristics, including simple, measurable, attainable,
relevant, permit timely evaluation?
e If not, which one(s) the following characteristics was
missing?

0 Simple

0 Measurable

O Attainable

0 Relevant

0 Permit timely evaluation
Did the operator evaluate the performance measures
periodically?
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o If yes, what is the frequency/interval of the
evaluation? (At least annually)
Did the operator conduct internal benchmarking and audit
conducted on the selected measures?
Were the results from performance measures utilized to
improve the integrity management process?

Change of Plan | Were there operational changes for significant pressure, Pass
pressure cycles, and pressure fluctuation on the pipe
segment?
o If yes, did the operator consider the fatigue failure
mechanism?
Have the changes on technology, physical, process,
organization been addressed?
Have the changes been incorporated into future risk
assessment?
Has the plan change been monitored to ensure the
performance measures effective?
Was benchmarking with other gas pipeline operators used?
e Ifso, was the performance measure derived from it
carefully evaluated to ensure the comparisons are
valid?
Were recommendations for changes based on the analysis of
performance measures and audits?

Communication | Did the operator keep the public, emergency responder, Pass
Plan location official, jurisdictional authorities, and stakeholder
informed during the process?
Did the communications take place periodically?
Was there a written procedure for the change of plan?
Were the system changes listed below reflected in the
integrity management program?

a. Change in land use

b. Changes to the MAOP

c. Daily changes in operating pressure
Were changes identified and reviewed before
implementation?
Did the personnel understand the whole plan change
procedures?
Did the operator investigate the effectiveness of the plan?
Did the operator refresh the training for personnel after the
change of plan?
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Were the appropriate stakeholders given the opportunity to
participate the risk assessment process?

Have the operator documented the changes, new
technologies, and public awareness?

Quality Control | Were there quality control activities listed below in the Pass
Plan integrity management plan?
a. lIdentify the processes that will be included in the
quality program
b. Determine the sequence and interaction of these
process
c. Determine the criteria and methods needed to ensure
that both the operation and control of these processes
are effective
d. Provide the resources and information necessary to
support the operation and monitoring of these
processes
e. Monitor, measure, and analyze these processes
f. implement actions necessary to achieve planned
results and continued improvement of these processes
Were the relevant documents controlled and maintained at
appropriate locations for the duration of the program?
Were the responsibilities and authorities clearly, formally
defined?
Were results of the quality control plan reviewed at
predetermined intervals?
Were the personnel involved in the program competent and
qualified to execute the activities within the program?
Did the operator monitor the program to show it was being
implemented according to plan?
Were control points, criteria, and/or performance metrics
defined?
Were corrective actions to improve quality plan documented
and their implementation monitored?
Were outside resources used to conduct any process that
affected the quality of the program?
e Ifso, did the operator ensure control of such processes

and document them within the quality program?
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Query Testing
In this test, queries developed to fill PHMSA annual audit report for gas distribution pipeline

titled “PHMSA F 7100.1-1 (Annual report form)” were tested. Sections A, B and C of the
form was automatically filled with the aggregated data from the database.

Conclusions

The tasks outlined in this section show that it is feasible to integrate the risk assessment tools
developed in this project into a commercially available artificial intelligence platform
designed to provide enterprise level decision support. The tasks discussed above addressed
data flows and the provision of intelligent feedback to the operators given the data inputs
and the analyses run on the inputs. We have demonstrated the system components necessary
to arrive at system wide, and individual segment fitness for service information needed to
drive rate cases, replacement programs and asset maintenance programs.
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8. Feasibility of Using a Short-Term Pressure Test to Determine Fitness for
Service in the Context of Slow Crack Growth

Kiefner and Maxey, 2000, published a report, “The Benefits and Limitations of Hydrostatic
Testing”, that gives a good overview of the motivation behind using a short-term pressure
test to determine fitness for service of steel pipelines [89]. Some select portions of this report
are presented in the inserts and Figure 8-1 below:

Both field expenence and full-scale laboratory tests have revealed much about the benefits and
hmitations of hydrostatic testing  Among the things leamed were the following:

o  Longitudinally oniented defacts i pipe mateniak have unique fatlure pressure
levels that are predictable on the basis of the axial lengths and maximum depths
of the defects and the geometry of the pipe and its material properties™.

¢  The higher the test pressure, the smaller will be the defects. if any, that survive
the test.

¢  With increasing pressure, defects in a typical line-pipe material begin to grow by
ductile tearing prior to failure. If the defect is close enough to failure, the ductile
tearmg that occurs prior to failure will continue even if pressurization 1s stopped
and the pressure 1s held constant. The damage created by this tearng when the
defect 15 about ready to fail can be severe enough that 1f pressunzation 15
stopped and the pressure is released, the defect may fail upon a second or
subsequent pressurization at a pressure level below the level reached on the first

_ - - 3,4
pressurization. This phenomenon is referred to as a pressure reversal™ ¥

* Testing a pipeline to 1ts actual yield strength can cause some pipe to expand
plastically_ but the number of pipes affected and the amount of expansion will be

small if a pressure-volume plot 15 made dunng testing and the test 15 termunated
with an acceptably small offset volume or reduction in the pressure-volume

slope®™.
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TEST-PRESSURE-TO-OPERATING-PRESSURE RATIO

The hypothesis that "the higher the tesi-pressure-to-operating-pressure ratio. the more effective the
test”, 15 validated by Figure 1. Figure 1 presents a set of fatlure-pressure-versus-defect-size
relationships for a specific diameter, wall thickness. and grade of pipe. A great deal of testing of line-
pipe materials over the years has validated these curves®. Each curve represents a flaw with a uniform
depth-to-wall-thickness ratio. Nli.ne such curves are given (d't ranging from 0.1 to 0.9).

Consider the maxmmum operating pressure for the pipeline (the pressure level comresponding to 72
percent of SMY'S). That pressure level 1s represented i Figure 1 by the honizontal line labeled MOP.
At the MOP. no defect longer than 10 inches and deeper than 50 percent of the wall thickness can
exist. Any such defect would have failed i service. Similarlv, no defect longer than 4 mches and
deeper than 70 percent of the wall thickness can exist. nor can one that 1s longer than 16 mnches and
deeper than 40 percent of the wall thickness.

By raising the pressure level above the MOP i a hvdrostatic test, the pipeline's operator can assure the
absence of defects smaller than those that would fail at the MOP. For example. at a test pressure level
equivalent to 90 percent of SMY'S. the largest surviving defects are determined i Figure 1 by the
horizontal line labeled 90 percent of SMY'S. At that level. the longest surviving defect that 1s 50 percent
through the wall can be only about 4.3 nches. Compare that length to the length of the longest possible
30-percent-through flaw at the MOP: it was 10 inches. Alternatrvely. consider the mimmum survivable
depth at 90 percent SMYS for a 10-inch-long defect (the size that fails at the MOP 1f 1t 1s 50 percent
through the wall). The survivable depth 1s only about 32 percent through the wall. By a similar process
of reasoning, one can show that even smaller flaws are assured by tests to 100 or 110 percent of
SMYS (the horizontal lines drawn at those pressure levels on Figure 1).

The point 1s that the higher the test pressure (above MOP). the smaller will be the possible surviving
flaws. This fact means a larger size margm between flaw sizes left after the test and the sizes of flaws
that would cause a fatlure at the MOP. If surviving flaws can be extended by operating pressure cycles,
the higher test pressure will assure that 1t takes a longer time for these smaller flaws to grow to a size
that wall fail at the MOP. Thus. Figure 1 provides proof of the validity of the hypothesis (1.e.. the higher
the test-pressure-to-operating- pressure ratio, the more effective the test).
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Rectangular Surface Flaw Equation

Diameter, inc 30.000 Charpy, ft-Ib 50.0
Wall Thickness, inch 0,375 Charpy Area, in*2 0.1240
600 SMYS, psi 52,000

110% SMYS

e AN
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@ Ruptures 0.5 =
[
800
0.7
400 4 Leaks 4
200 {
0.9
o f % + t
0.0 5.0 10.0 16.0 20,0 25.0

Total Length, inches
Figure 1. Impact of Test Pressure Levels on Margin of Safety

Figure 8-1. Kiefner [89] Figure 1.

The feasibility of the approach is clearly based on how defects propagate in typical pipeline
steels, i.e. cracks will propagate a small distance into the pipe wall under load, and arrest
(remain stable) until the rupture boundary for the pipeline steel is reached. In Figure 8-1
Kiefner and Maxey show an illustrative example for a steel with known yield strength and
toughness. There is a well understood relationship between the crack length, the ratio of
crack depth to wall thickness and the rupture boundary for each combination of pipe
diameter, wall thickness, yield strength and toughness that can be used to calculate the leak
rupture boundary for steel pipe®.

11 http://www.ttoolboxes.com/documents/OTD _TOC/13-0002 4 TOC.pdf

Leak Rupture Boundary Calculator and Training Manual, and Final Report
OTD Project Number: 4.9.a

Document Number: OTD-13/0002 and OTD-13/0004

Daniel Ersoy, Ernest Lever
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We will now investigate whether a similar approach is feasible for vintage polyethylene
pipelines.

Understanding Highly Localized Ductile Creep Failure (SCG)

GTT has worked on several projects designed to test the impact of different fluid media on
the ductile and SCG failure modes of various polyethylene materials. To accomplish this in
an effective and consistent manner a unique Universal Test Vessel (UTV) was designed and
specialized test rigs were built to carefully data log the tests. The basic UTV design is shown
in Figure 8-2.

$2.639
©£3.334

% 5.000 ¥2.750

=

Notched Specimen Control Specimen

Figure 8-2. Design of Universal Test Vessell (UTV), with and without SIF notch

The UTV has two configurations:

1. A hemispherical domed version designed to replicate the hoop stress condition in pipe

o
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Specimens can be molded from pellets, or reground pipe exhumed from service. Both
methods were used in different projects with good success.

Ductile failure in a UTV with no stress riser notch is shown in Figure 8-3, and ductile failure
from a stress riser notch is shown in Figure 8-4.

Figure 8-3. Ductile failure in un-notched UTV
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The ductile failure originating at the stress riser notch shown in Figure 8-4 is similar to the
ductile and mixed-mode failures seen in the CPF testing shown cyclic pressure testing of
notched pipe specimens

Figure 8-4. Ductile failure initiated at the stress riser notch

True SCG failures were induced in notched UTV molded from first generation MDPE
reground from pipe that had been in service for 40 years. The sensitivity of the test
equipment and the leak detection approach used allowed very early identification of wall
breach. Wall breaches in the range of 200 — 300 microns were routinely detected as shown in

Figure 8-5.

o
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Figure 8-5. Early detection of wall breach due to SCG
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Detailed FEM analysis of the stress regime around the notch tip was carried out using a
proprietary and highly detailed constitutive model for polyethylene materials. The
constitutive model is full viscoelastic-plastic, captures strain rate dependency, temperature
dependency and relaxation. Figure 8-6 shows the capability of the model to capture large
plastic deformation, necking and drawing.

Axial total strain Axial plastic strain
Time=50.00 5 Tirm=50.05 &
Surface: loglsolid. FdzZ) Surface: lpglastmal 2, state. 551 3]
2
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21
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i J
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. - ETypes13

= mial unimdpe-23C 142160-001 {expermental) fyopecee: sl bred mmes] |Nel

=— mecal unimdpe-23C 142160-001 (prediction) e | T
lalphal=2
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[EType=13
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ialokal=2
R Jip1=n001
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=
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Figure 8-6. Constitutive model for FEM analysis of unimodal MDPE
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Figure 8-7 shows the true stress / true strain and engineering stress / strain curves output by
the constitutive model. In the engineering stress-strain curve we see strain hardening from
about 800% engineering strain. In Figure 8-8 we show how to identify the onset of strain

hardening on the true stress strain curve.
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f‘f‘:’
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Figure 8-7. Engineering and True Stress / True Strain curves from the constitutive model
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Draw Ratio
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Figure 8-8. Draw ratio and onset of strain hardening

The damage propagation resistance of different materials will be strongly dependent on the
strain hardening characteristics of the material and the dependence of the critical break
strain as a function of stress triaxiality. There are advanced damage propagation models that
address these concepts [90-94]. Detailed discussion of these approaches is beyond the scope
of this project, but GTI is actively exploring ways to calibrate these models to polyethylene
materials and how to incorporate them into time to failure simulations for various damage
propagation regimes.

Figure 8-9 shows the first principal stress that can barely be seen at the image scale and the

stress triaxiality contours. The stress triaxiality is a measure of the 2-D constraint. At higher
stress triaxiality more plasticity will be experienced and damage will propagate faster.
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Time=600 s Surface: First principal stress (psi) Contour: Stress Triaxiality (1)
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Figure 8-9. FEM

analysis of the stress regime at the UTV notch tip

Stress triaxiality is defined as the ratio of hydrostatic pressure, or mean stress, to the von
Mises equivalent stress.

i:TF: 1 1.-"3(0']+crz+03]

ea __\](gl -0, )2 +(o, -0y )2 +(oy-a,)
A2

e

where ¢, o, and o, are the first, second and third principal stresses and

o, +0, +0, .
—L = = Hydrostatic stress
3

1

N
https://www.quora.com/What-is-stress-triaxiality accessed 6/25/2017

-

\/(cr] ~a,) +(0, -0, ) +(o,-0,)" = Equivalent von Mises stress

The principal direction of the stress triaxiality indicates the direction in which the crack or
damage will propagate. Figure 8-10 gives a better feel for the degree of constraint at the
notch tip. The actual stress field exists in a small volume, while the stress triaxiality field
exists at larger scale and dictates the direction of propagation.
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Figure 8-10. Zooming in to better visualize the notch tip stress field

Intact UTV specimens that failed by suspected SCG from the notch tip were examined by
high resolution 3D X-Ray Computed Tomography capable of resolving volumes around one
cubic micron. Figure 8-11 shows an image of a cross-section through the UTV that closely
matches the FEM output shown in .

Figure 8-11. Computerized X-Ray Tomography image of damage propagation from the notch
tip in a first generation unimodal MDPE UTV
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Figure 8-12 shows a view, orthogonal to the previous view, where we can clearly the
consistency of the molded stress riser in the UTV. There is consistent and symmetric damage
propagation into the specimen wall from the notch tip.

Figure 8-12. Computerized X-Ray Tomography section through UTV showing multiple
damage fronts propagating radially outwards from the notch tip

We have now seen that we can clearly predict the locus and direction of damage propagation
in polyethylene bodies. We will now look at fracture surfaces from damage propagation in a
UTV with no stress riser, i.e. the damage propagated from an intrinsic defect in the wall of
the specimen Figure 8-13 to Figure 8-19.
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Inner surface

Figure 8-14. Inner surface showing stress cracking
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Figure 8-15. Fracture surface showing inner at to outer wall
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Figure 8-16. Detail of fracture surface — inner region
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Figure 8-18. Detail of fracture surface — outer third region
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Inner

Figure 8-19. Detail of fracture surface — wall breach region

In reviewing Figure 8-13 to Figure 8-19 we note first that on the inner surface we see cracks
with a large opening on the surface and cracks with a narrower opening on the surface. The
size of this opening is a function of how far into the wall the crack has progressed. From
simple geometry, we can understand that the further the crack front progresses into the wall,
the less constrained it is geometrically. When we look at the fracture morphology we see a
transition from a relatively smooth fracture surface with short, finer fibrils to increasingly
larger and longer fibrils. As we move into the wall-breach region we see relatively large
volumes that have been “torn” with “smeared” looking “leaves” that have clearly undergone
large ductile deformation.

There are two factors at play in this progression:
1. The SIF increases with increasing crack depth

2. Geometric constraint is lost as the crack depth increases

3.

These two phenomena are graphically illustrated in Figure 8-20 and Figure 8-21 that show
results of an FEM analysis using a simple constitutive model on an externally notched pipe
conforming to the CPF test specimen geometry. We see that as the depth of damage
penetration into the pipe wall increases the tip stress increases dramatically and triaxiality
decreases sharply until it reaches a lower bound a little less than 0.4. A state of uniaxial
tension has a stress triaxiality of 1/3. We can use Figure 8-21 to determine, as a function of
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internal pressure, at what depth of damage propagation we achieve ligament stress
(triaxiality approaching 1/3) at the damage tip.

Notch Tip Stress
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Figure 8-20. Increasing damage tip stress as a function of test pressure and depth of damage in
an externally notched pipe
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Figure 8-21. Decreasing triaxiality (loss of constraint) at the damage tip as a function of test
pressure and depth of damage in an externally notched pipe

We will now address, in some detail, void formation ahead of the damage zone that occurs at
high stress triaxiality (these voids give rise to fibrils). Voids form at stress triaxiality levels
greater than 1 as shown in Figure 8-22 and Figure 8-23.
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Fig. 5.20 Dependence of the equivalent strain to crack formation on the stress triaxiality

Figure 8-22. Dependence of critical strain at break and fracture mode of stress triaxiality per
Bao [90] (PhD Thesis, MIT 2003)

9. Molecular Chains in Heterog: Fracture

Figure 8-23. Void and fibril formation in polymers under stress triaxiality. Kausch, Polymer
Fracture, Fig 9.17 a, p 340 [95]
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Figure 8-24. Stress triaxiality contours around UTV notch. Outer closed contour is for
triaxiality = 1/3, and demarks the region where hoop stress dominates (outside the closed

contour).
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Figure 8-25. Stress triaxiality contours around UTV notch. Outer closed contour is for
triaxiality = 1, and demarks the region where void formation is possible (inside the closed
contour).
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Figure 8-26. Stress triaxiality contours around UTV notch. innermost closed contour is for
triaxiality = 3, and demarks the region where void formation is highly likely to occur (inside
the closed contour).
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Figure 8-27. Same as Figure 8-26 — accentuating the stress levels at the maximum triaxiality
region

Running a viscoelastic/plastic FEM analysis on the externally notched pipe specimens used in
overpressure testing conducted by GTI we see in Figure 8-28 to Figure 8-30 that we have
potential for SCG at a damage penetration depth of 40% and 550 psi hoop stress. At a damage
penetration depth of 70% there is already little likelihood of SCG.
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Figure 8-28. External Notch, 40% depth, 110 psig internal pressure (550 psi hoop stress)
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Figure 8-29. External Notch, 70% depth, 110 psig internal pressure (550 psi hoop stress)

All the FEM analyses were run for polyethylene at 23°C (73°F).
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Figure 8-30. External Notch, 70% depth, 50 psig internal pressure (250 psi hoop stress)

Now that we have a rudimentary understanding of why voids and fibrils form ahead of the
notch tip, we need to recognize that the behavior of the individual fibrils will exhibit some
stochastic variation due to random variations in material properties in each fibril.

We will first look at variation in ultimate strain at break under displacement controlled
yielding.

In Figure 8-31 we see actual variation in strain at break in similar specimens cut from pipe.
In Figure 8-32 we show the energy density for each of the tensile specimens. These two plots
make the connection between critical strain at break and the toughness of the material i.e.
how much energy it absorbs before fracture. The fibrils in SCG and the remaining ligament
in the final ductile rupture will follow these curves on their path to rupture.
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Figure 8-31. Variations in critical strain at break in multiple unimodal MDPE specimens, cut
from the same pipe, under the same nominal tensile test conditions
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Figure 8-32. Variation in the energy density for the tensile tests shown in Figure 8-31
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Figure 8-33 and Figure 8-34 show load controlled creep results at 90°C and 5 MPa (725 psi)
nominal stress. The ASTM D638 Type V dog bones, punched from the same pipe were left on
test for 4313 hours (equivalent to > 400 years and > 10 MPa (1450 psi) stress @ 20°C. The
remarkable result is the spread in creep rates where there is an order of magnitude difference
between the highest and lowest extensions over this time. Upon displacement controlled pull
to break after 4313 hours of force controlled creep, both specimens converged to the same
force displacement curve and failed at peak loads and displacements within 3% of their

average value.
Long Term Creep Data for ASTM D638 Type V Dogbones Punched from the Same 2" DR 11 MDPE Pipe
o Initial Creep 4313 hours @ 90°C and 5 MPa nominal stress, followed by displacement controlled tensile to failure @ 0.3 [in/min]
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Figure 8-33. MDPE - comparison of creep rates under load controlled long-term tensile creep
@ 90°C, 5 MPa
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The creep data from 27 ASTM D638 Type V dog bone specimens punched from 3 similar
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Figure 8-34. Left specimen blue curve above, Right specimen red curve above

pipes, exhumed from service in a gas distribution system is presented in Table 8-1. The data is

color coded per pipe. The sixth digit of the LIMS number identifies the pipe and the last
three digits the specimen number punched from the pipe.

Table 8-1. Creep Data for 2” SDR 11 MDPE Gas Distribution Pipe. Color Coded Per Pipe (3
pipes with multiple specimens from each)

Station LIMS State TempdegC | AvgTdegC | AvgTK | AvgStressMPa | ReferenceStrain | EnergyVollcc
'1-1' |'162541-025'|'Creep @ 4313 h' 90 89.8 363.0 5.0 90.4 5653.6
'1-2' |'162541-026'|'Creep @ 4313 h' 90 89.8 363.0 5.0 75.4 5293.3
'1-3' |'162541-027'|'Creep @ 4313 h' 90 89.8 363.0 5.0 756.3 39202.8
'1-4' |'162542-026'|'Creep @ 4313 h' 90 89.8 363.0 4.7 721.5 35648.9
'1-5' |'162542-027'|'Creep @ 4313 h' 90 89.8 363.0 4.7 345.5 18145.4
'1-6' |'162542-028'|'Creep @ 4313 h' 90 89.8 363.0 4.7 569.0 28329.2
'1-7' |'162543-026'|'Creep @ 4313 h' 90 89.8 363.0 4.8 66.6 3695.5
'1-8' |'162543-027'|'Creep @ 4313 h' 90 89.8 363.0 4.8 64.4 3829.2

Slow Crack Growth Evaluation of Vintage Polyethylene Pipes
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Station LIMS State TempdegC | AvgTdegC | AvgTK | AvgStressMPa | ReferenceStrain | EnergyVollcc
'1-9' ['162543-028'|'Creep @ 4313 h' 90 89.8 363.0 4.8 49.2 3086.4
'1-1' |'162541-025' 'Break’ 90 89.8 363.0 1049.7 69666.0
'1-2' |'162541-026' 'Break’ 90 89.8 363.0 2426.0 241034.1
'1-3' |'162541-027" '‘Break’ 90 89.8 363.0 2300.8 197375.2
'1-4' |'162542-026' 'Break’ 90 89.8 363.0 24442 212809.8
'1-5' ['162542-027" 'Break’ 90 89.8 363.0 2580.6 234933.0
'1-6' ['162542-028' '‘Break’ 90 89.8 363.0 1967.2 158845.9
'1-7' |'162543-026' 'Break’ 90 89.8 363.0 2156.1 210488.4
'1-8' ['162543-027" '‘Break’ 90 89.8 363.0 2219.9 217476.7
'1-9' ['162543-028' 'Break’ 90 89.8 363.0 2150.9 202415.3
'2-1' ['162541-022'|'Creep @ 4313 h' 60 66.1 339.2 6.7 654.3 47106.5
'2-2' '162541-023'|'Creep @ 4313 h' 60 66.1 339.2 6.7 507.9 38271.9
'4-1' |'162541-024'|'Creep @ 4313 h' 60 60.7 333.9 6.7 656.3 46530.7
'2-4' '162542-023'|'Creep @ 4313 h' 60 66.1 339.2 6.3 606.2 41137.5
'2-5' ['162542-024'|'Creep @ 4313 h' 60 66.1 339.2 6.3 249.5 18745.6
'2-6' ['162542-025'|'Creep @ 4313 h' 60 66.1 339.2 6.3 647.1 43584.3
'2-7' ['162543-023'|'Creep @ 4313 h' 60 66.1 339.2 6.4 514.0 36334.1
'2-8' ['162543-024'|'Creep @ 4313 h' 60 66.1 339.2 6.4 666.7 43371.4
'2-9' ['162543-025'|'Creep @ 4313 h' 60 66.1 339.2 6.4 82.3 7995.2
'2-1' ['162541-022' 'Break’ 60 66.1 339.2 2216.2 255104.6
'2-2' ['162541-023' 'Break’ 60 66.1 339.2 2254.4 269912.4
'4-1' |'162541-024' 'Break’ 60 60.7 333.9 2112.6 236216.8
'2-4' |'162542-023' 'Break’ 60 66.1 339.2 2436.1 280357.0
'2-5' ['162542-024' 'Break’ 60 66.1 339.2 2431.0 285827.6
'2-6' ['162542-025' 'Break’ 60 66.1 339.2 2649.6 318821.3
'2-7' ['162543-023' 'Break’ 60 66.1 339.2 2206.9 245982.6
'2-8' ['162543-024' 'Break’ 60 66.1 339.2 2256.8 252660.1
'2-9' ['162543-025' '‘Break’ 60 66.1 339.2 1933.9 209075.6
'3-1' ['162541-019'|'Creep @ 4313 h' 40 40.3 313.5 8.9 891.4 79999.9
'3-2' ['162541-020'|'Creep @ 4313 h' 40 40.3 313.5 8.9 794.3 75752.7
'3-3' ['162541-021'|'Creep @ 4313 h' 40 40.3 313.5 8.9 771.6 73467.3
'3-4' '162542-020'|'Creep @ 4313 h' 40 40.3 313.5 8.3 684.4 62038.7
'3-5' ['162542-021'|'Creep @ 4313 h' 40 40.3 313.5 8.3 659.4 59518.0
'3-6' ['162542-022'|'Creep @ 4313 h' 40 40.3 313.5 8.3 670.0 61012.3
'3-7' ['162543-020'|'Creep @ 4313 h' 40 40.3 313.5 8.5 67.0 10128.0
'3-8' ['162543-021'|'Creep @ 4313 h' 40 40.3 313.5 8.5 594.6 55776.2
'3-9' ['162543-022'|'Creep @ 4313 h' 40 40.3 313.5 8.5 53.6 7909.8
'3-1' ['162541-019" '‘Break’ 40 40.3 313.5 1688.0 218607.7
'3-2' ['162541-020" '‘Break’ 40 40.3 313.5 2201.1 325433.9
'3-3' ['162541-021" 'Break’ 40 40.3 313.5 2234.2 333458.5
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Station LIMS State TempdegC | AvgTdegC | AvgTK | AvgStressMPa | ReferenceStrain | EnergyVollcc
'3-4' |'162542-020" '‘Break’ 40 40.3 313.5 2367.2 360672.5
'3-5' ['162542-021" 'Break’ 40 40.3 313.5 2369.7 380312.8
'3-6' ['162542-022' 'Break’ 40 40.3 313.5 2164.5 3110214
'3-7' ['162543-020" '‘Break’ 40 40.3 313.5 1718.4 241020.1
'3-8' ['162543-021" 'Break’ 40 40.3 313.5 1639.9 215169.2
'3-9' ['162543-022' '‘Break’ 40 40.3 313.5 1699.8 238104.4

In Figure 8-35 we plot the response surface for the creep data where Temperature [K] and Strain
[%] are the fixed variables and energy per unit volume [J/cc] is the response. The energy per unit
volume is calculated from the integral of the force displacement trace and the specimen geometry.
We can clearly see that this surface is a material characteristic governed by the material density
(ultimate break strength). The internal variation under force controlled creep are likely due to
distributions in the rheological properties of the various molecular weight components of the resin

formulation.
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Figure 8-35. Creep Surface for MDPE
In Figure 8-36 and Figure 8-37 we present a graphical breakdown of the data in Table 8-1.
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MOPE Gas Distribution Pipe Creep Responss
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Figure 8-36. Creep Response of MDPE Pipe at 4313 h of Load Controlled Creep @ 90°C.
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Energy Density as a Function of Break Strain for MDPE Pipe
<10°% Pulled to break at 0.3 inch/min after 4313 h of load controlled creep
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Figure 8-37. Energy Density and Strain at Break for MDPE Pipe

SCG Summary

Introducing a notch into a polyethylene pipe creates a complex situation around the notch
tip that will have dependencies on geometry and material properties. Review of the stress
triaxiality distribution under various geometries and internal pressure clearly indicates that
SCG will only occur under relatively low nominal hoop-stress conditions. The occurrence of
SCG does not indicate a new mode of failure, it is still ductile creep, but occurs in a small
local volume under high geometric constraint.

Ductile Tearing Summary

GTI was able to induce ductile tearing, in polyethylene pipe, from a significant notch (30%
wall thickness) during accelerated testing. Failure times of 1-10 hours were achievable at
90°C and test pressures of 150-200 psig. This would equate to test pressures of 350 — 450 psig
at 68°F and failures would occur at test-times in the range 1,500-15,000 hours*?. This is
clearly impractical as field test and appears to indicate that a short-term pressure test to
determine fitness for service is unlikely to succeed.

12 Using standard shift factors for polyethylene
8. Lever, E., Bi-Directional Shift Factors Revisited, in Plastic Pipes XVII. 2014: Chicago, IL.
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In the following section, we will attempt to develop pressure test guidelines purely through
analyzing reference SCG data sets. We will then review the results and check for consistency
with the accelerated testing and FEM driven conclusion we reached above.

Pressure Test Guidelines

Figure 8-38 shows the process used for establishing pressure test guidelines. The basic
premise is that a pressure test needs to be capable of causing damage that will breach the wall
in a specified time frame under normal operating conditions to fail within the time of the
over pressure test. The models needed to carry out this process are fully developed at this
point. Actual guidelines will be provided in the next monthly report.

The results of steps 1, 2 and 3 are shown in Figure 8-39 below. The data sets are for Ductile
control, SCG control, LDIW control, LDIW with Indentation and LDIW with squeeze-off.
There were 450 reference data points in total used in this analysis.

1. Determine vertical shift factors by 6. Calculate adjSIF ductile relative to 11. Adjust the mean of the SCG adjSIF
aligning control ductile data to RPM the worst performing point — the point distribution to be equal to the mean of
mean line | with smallest intercept calculated " ”|the ductile adjSIF distribution by
above adding the difference between means
2. Determine horizontal shift factors by 7. SIF3=3*SIFadj to peg worst point to 12. Multiply the shifted hoop stress the
aligning control SCG data to RPM FEM SIF for pipe with sharp scoring adjSIF and divide the result by the
mean line from extrusion process that ductile yield to identify points with
asymptotically tends to 3 immediate damage propagation
3. Shift all data sets to reference 8. Calculate instantaneous ductile yield 13. Use the points with immediate
temperature of 73.4°F using adjusted stress from RPM model adjusted to pass damage propagation to fit a propagation
shift factors through best performing data point time as a function of SIF and Hoop

Stress (near and far field stress)

: - -

4. Calculate intercepts for lines of slope 9. Calculate nominal SCG SIF by 14. Use the points without immediate

equal to control ductile model that pass dividing actual shifted time by mean damage propagation to fit a crack

through all control ductile points time calculated from control SCG initiation time as a function of near and
model far field stress model

5. Calculate nominal ductile SIF by 10. Calculate adjSIF SCG relative to the 15. Use the propagation time model to

dividing actual shifted hoop stress by best performing SCG data point identify what circumstances can be

mean stress calculated from model I | identified in a short term over pressure

test

Figure 8-38. Process for establishing pressure test guidelines

FEM analyses were run to determine the SIF due to sharp and blunt grooves introduced into
the pipe internal diameter during extrusion. The assumption is that these SIF “seed” the
ductile rupture process and that the ductile stress rupture curves reflect these SIF. Figure
8-40 and Figure 8-41 show that at internal pressures typical of stress rupture tests the SIF for
sharp grooves approaches 3 and for blunt grooves they approach 2.2. In steps 4, 5, 6 and 7
the distribution of the SIF in the ductile data set was calculated and is shown in Figure 8-42.
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Fixing the maximum SIF to 3 per the FEM analysis results in a minimum SIF of 2.2, which is
in remarkable agreement with the FEM analysis. This result is viewed as validation of the
assumption that failure in the ductile regime is driven by the axial scoring on the pipe ID.

In steps 9, 10 and 11 the SIF for the SCG data were calculated with an intermediate step of
adjusting the control SCG calculated mean for the SIF distribution to match that of the
ductile data points. The logic is that these are the same pipe population put into testing
regimes that ensure ductile or SCG failures. The distribution of stress risers on the internal
diameter of the pipes does not vary between tests. The ductile rupture process will ensure
that sharp defects will blunt under plastic flow and we will see a narrow distribution of
effective stress risers as reflected by the FEM results and the SIF distribution calculated from
the data. In the SCG testing the far field stress is well below the ductile rupture boundary
and we would expect to see a broader distribution of SIF due to less blunting of sharp
notches and lower SIF also generating crack growth. This turns out to be a correct
assumption. Figure 8-43 shows the distribution of SIF in all of the reference data sets. Two
parameter probability distributions have been fitted to all these results and will be used as
priors in the Bayesian network models.
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Figure 8-39. Reference data sets shifted to 73.4°F per steps 1,2 and 3 of the process for
determining pressure test guidelines
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Surface: First principal stress (psi)
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Figure 8-40. FEM analysis of stress associated with die line grooves on internal diameter of

MDPE pipe
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Figure 8-41. SIF measured in FEM as a function of internal pressure at 73.4°F
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Figure 8-42. Distribution of SIF calculated in steps 4,5,6 and 7 of the process

of Stross Factors in Control Aldyl A Pipe.
Analysis performed on DuPont data sets for ductile and scq failures
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Figure 8-43. Distribution of SIF in SCG data set
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The calculated SIF normalized to the mean of the ductile SIF were used to calculate the
expected failure time for all data points where the nominal hoop stress multiplied by the SIF
was input together with the test temperature into the control SCG RPM model. The results
are shown in Figure 8-44 with the 10 non-conservative results highlighted in red. There
were 351 validation points with 2.8% of results non-conservative predictions, therefore we
can conservatively state that we have 95% confidence that the model predictions will result
in a conservative lifetime prediction. Figure 8-45 shows the actual correlation estimate
distribution with mean value of 0.9.

Actusl Test Failurs Times vs Prediciod Failurs Timas Using SIF Based RPM Calculation

Figure 8-44. Actual failure times vs predicted failure times, red points non-conservative

Cawrokation Betwsen SIF hased APM Cala tation and Tust Daea

|,'|

Figure 8-45. Correlation of model results to actual results mean=0.9
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This result is encouraging as it validates the general approach used in the risk models
employed in this project, where SIF are widely used as linear multipliers on the nominal
hoop stress in conjunction with reference RPM model.

Steps 8, 12, 13 and 14 were used to extract propagation and initiation times from the data.

In step 8 the instantaneous yield stress of the MDPE was determined to be 3,025 psi, which is
very good agreement with mechanical testing data. This value was used to sort the SCG data
into two categories:

1. Data points where the nominal hoop stress multiplied by the SIF exceeded the

instantaneous yield stress, and

2. Data points where the nominal hoop stress multiplied by the SIF was less than the

instantaneous yield stress.

The first group were assumed to have immediate damage propagation and the failure time
was assumed to represent only propagation time. These points were used to fit a model
relating the propagation time to the near field stress represented by the SIF and the far field
stress represented by the nominal hoop stress. A good statistical model was found:

General model for Propagation Time:
PropagationTime= a*SIF"b*HoopStress”\c
Coefficients (with 95% confidence bounds):
a= 2.233e+11(-1.081e+11, 5.548e+11)
b= -1.232(-1.459, -1.005)
c= -1.915(-2.086, -1.743)
Goodness of fit:
SSE: 5.04e+10
R-square: 0.8644
Adjusted R-square: 0.8628
RMSE: 1.712e+04

The second group were assumed to have a crack initiation time followed by a propagation
time. The propagation time for each data point was calculated from the propagation time
model and subtracted from the failure time to yield the crack initiation time. The resulting
data were fitted to a general model of the same form as the propagation time model:
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General model for Initiation Time:
InitiationTime= a*SIF b*HoopStress”c
Coefficients (with 95% confidence bounds):
a= 2.573e+11 (5.041e+10, 4.643e+11)
b= -0.8051 (-1.106, -0.5043)
c= -1.76 (-1.891, -1.628)
Goodness of fit:
SSE: 4.532e+14
R-square: 0.827
Adjusted R-square: 0.8249
RMSE: 1.652e+06

The initiation time and propagation time models were applied to all SCG data points to
estimate total time to failure using hoop stress and normalized SIF as inputs.

The initiation time to total time ratio for all points was calculated. The mean was found to be
0.85, which is in good agreement with the rule of thumb that initiation time is 80-90% of the
total time to failure. The distribution of results is shown in Figure 8-46.

Histogram of Ratio of Propagation Time to Failure Time for DuPont Aldyl A 5CG Data

Figure 8-46. Distribution of propagation time to fail time ratio

The ratio of calculated failure time to actual failure times is shown in Figure 8-47.
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Figure 8-47. Distribution of calculated failure times to actual failure times ratio

The proper context for reviewing this result is to examine Figure 8-39 and measure the ratio
between the best performing SCG points and the worst performing points at a given hoop
stress. The ratio is 50:1. If we include the problematic loading and material data this ratio
grows to 250:1. For the validation shown in Figure 8-44 all data points were included and the
maximum ratio is about 3.6:1. The cumulative density plot of this distribution is shown in
Figure 8-48. From this plot, we can see that 95% of results yield a ratio of less than 2.25 and
90% a ratio less than 2.

This result shows us that knowledge of the SIF and material condition reduces our uncertainty
in lifetime prediction by up to 2 orders of magnitude.

This is a remarkable result that can be used to develop value of information statement to
justify the gathering of more detailed information on the system.

Step 15, the development of pressure test guidelines is the next step in the process.
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Figure 8-48. Cumulative Density Plot for ratio of calculated failure times to actual failure time

Using the model for propagation time above we can calculate the expected time to failure in
an over-pressure test at 68°F where we raise the internal pressure to 1.5 * Maximum
operating Pressure. The results are shown in Figure 8-49.

Plot of Time to Failure in Overpressure Test at 20°C (68°F) at an Internal Pressure of 150 psig
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Figure 8-49. Over-pressure test @ 68°F and 150 psig internal pressure

As expected the results are absurd with failure times more than 50,000 hours at SIF <10.

Increasing the internal pressure to 400 psig per the example in the ductile tearing discussion
above yields failure times in the 6,000 — 15,000-hour range for 5< SIF < 10 (Figure 8-50).

The maximum possible SIF for polyethylene at 400 psig internal pressure is about 11. This
result is in the same ballpark as the expected time to failure derived from accelerated testing
of multiple classes of polyethylene resin.

The times to failure are calibrated to the full wall thickness of SDR 11 pipe. Propagation
times for fractions of the wall thickness would have to be calculated based on several
assumptions about the rate of acceleration as the crack depth increases. This is beyond the
scope of the present project.

Plot of Time to Failure in Overpressure Test at 20°C (68°F) at an Internal Pressure of 400 psig
0% (SDR 11 MDPE Pipe)
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Figure 8-50. Over-pressure test @ 68°F and 400 psig internal pressure
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Short-term Pressure Test Conclusion

Polyethylene constantly creeps under load and therefore does not react in a similar
manner to steel at a crack tip.
In polyethylene damage propagates per classic ductile material models as described by
Bao [2].
At crack tip fibrils form and undergo creep at rates that depend on the local strain
The times to failure follow a strong power law relationship to both stress and
temperature
Two approaches to estimating damage propagation times lead to similar results:

0 Propagating damage from a razor notch through 30% of the wall in accelerated

testing

0 Backing propagation times out from multiple SCG reference data sets
A short-term over pressure test will not be effective in eliminating cracks of a given
size from consideration with any acceptable level of certainty.
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9. Summary and Recommendations

Tools for Evaluating Risk

The primary objective of this project was to provide an integrated set of quantitative tools
that provide a structured approach to evaluating the latent risk in vintage polyethylene pipes,
such as Aldyl-A, that are common in gas distribution systems.

Polyethylene pipes undergo constant creep due to the nature of the material. The underlying
molecular mechanisms that enable creep are called relaxation mechanisms and they are
constantly in action. Basic molecular motions occur thousands, or millions of times per
second. If there is an external driving for that loads the polymeric structure, stresses will be
developed in the material. These stresses give directionality to the random molecular
motions that result in creep, and ultimately lead to failure of the polyethylene structure.

A primary deliverable of this project is a set of tools that define:

4. A Rate Process Method (RPM) model that defines the rate at which the polyethylene
will creep.
a. This rate is strongly dependent on temperature
b. The rate is also dependent on the stress in the polyethylene structure that in
turn depends on:
i. The geometry of the component
ii. The external loads acting on the component

5. The Stress Intensification Factors (SIF) that provide a simple means of translating the
nominal hoop stress of the pipe, which is very easy to calculate, to true stress. Well
defined and simple to apply SIF are essential to a workable risk evaluation method
that utilizes simple, well-known parameters such as: pipe size, ambient temperature,
system operating pressure, component configuration and other measurable
installation characteristics to arrive at a true component stress. The SIF developed in
this project, together with a single master RPM model underpin the lifetime
prediction methods presented in this project.

6. The RPM model and SIF can be used as-is to perform risk assessments given system
parameters, or they can be integrated into a tool that is capable of integrating all
threat interactions into a composite risk score. A deliverable of this project is a
Bayesian network that accomplishes this objective. A fully defined, calibrated and
validated Bayesian network is defined in this project.
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Non-Destructive Evaluation in Confined Spaces, Fitness for Service, Replacement
Prioritization and Data integration

Secondary objectives of the project were: first, to provide a fitness for service approach that
can support replacement prioritization; second, utilize data from multiple sources such as in
ditch condition assessment and leak records; third, to provide a means to access the pipe in a
congested urban environment. These objectives were technically realized through:

4. A non-destructive tool that is capable of measuring pipeline configuration from inside
the pipe was developed and prototyped in this project. This structured light,
endoscopic measurement tool is a major breakthrough in assessing gas distribution
pipes as it allows the operator to measure pipeline geometry over large lengths of the
pipe without excavating the entire pipe. This measurement of pipe geometry from
inside the pipe allows identification of several critical defects such as: impingement,
squeeze-off, fittings, sudden displacements of the pipe, pipe deformations and other
defects that cause stress intensification. This direct measurement of features will
allow accurate SIF to be assigned to pipe segments. This will allow proper
classification of segment with regard to the anticipated stress fields that when plugged
in to the RPM model will provide probability of failure over time. This likelihood of
failure is a key component in determining the segments Fitness for Service (FFS).

5. A set of reliability based tools were developed that underpin optimization methods
for comparing repair/replace strategies over multi-year timeframes. These methods
are based on robust damage propagation methods that were calibrated and validated
against historic reference data. It was demonstrated that the Monte Carlo simulations
that these tool support are capable of evaluated multiple scenarios and providing
guidance as to the most effective risk management strategy over time

6. The tools developed in this project were integrated into a commercially available
Artificial Intelligence (AI) platform that is capable of merging multiple disparate data
sources, running the various risk assessment tools and providing insights driven be
sophisticated data analytics. Intelligent forms that facilitate in-field data gathering
and regulatory reporting requirement were also developed and demonstrated and
tested as part of this project

Summary

All of the project deliverables were met and tested via the components described above. A
comprehensive set of tools that can be practically applied in multiple approaches, from simpe
point applications, to enterprise wide decision support systems has been provided.
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Recommendations

The RPM and SIF based methods developed in this project can be immediately applied in:

1. Relative risk models
2. Quantitative risk models
3. Probabilistic risk models

They can be applied to point problems, as well as system wide problems. However, to address
system wide problems in a coherent manner it is advisable to transition to probabilistic
decision support systems. This is not a simple task. A Joint Industry Program (JIP) involving
all stakeholders i.e. regulators, operators, material suppliers, manufacturers should be
established to develop a roadmap that provides guidelines to the industry on how to improve
all risk assessment methods outlined above through adoption of the tools provided by this
project. The roadmap should include transition pathways between each of the risk
assessment methodologies.

A key first effort should be to provide clear guidelines on how to improve data collection
methods to support probabilistic reasoning and reliability based risk assessment methods.
Efficient data collection will be greatly enhanced by the structured light scanning method
developed in this project. The JIP should be tasked with shepherding the commercial
development and deployment of this exciting technology that can be integrated into existing
keyhole technologies.

The JIP can provide useful guidance on how to use the methods developed inn this project to

support transitioning from prescriptive regulation to performance based regulation that will
have reliability based maintenance frameworks as a key underpinning.
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10. Future Work

The results presented in this report are a synthesis of five discreet efforts performed by three
institutions GTI, ASU and MSU. GTI defined the architecture of the project and supervised
the collaborative effort. GTI developed the adjusted RPM model and SIF distributions
essential for performing fitness for service calculations, a Bayesian network for synthesizing
complete system information, and integrated the above into a commercially available Al
system together with developing an intelligent field data collection framework. MSU
developed the structured light damage detection prototypes and associated algorithms. ASU
developed methods for recognizing damage from the structured light data stream, and
developed a maintenance optimization framework based on damage propagation and
reliability methods that can be integrated into an enterprise decision support framework.

At the end of this collaborative effort considerable thought was put into identifying future
research efforts that will enhance the methods presented. Some of the suggestions are
presented below for consideration by interested parties.

Fitness for Service

The presented work provides an excellent baseline that will enable operators to immediately
apply the methods to point problems as they are identified in their systems. Several method
improvements are needed to facilitate the transition to probabilistic risk assessment in the
context of enterprise decision support systems:

1. Work needs to be done to extend the concepts presented into simulation the SCG
process in polyethylene materials.

a) The strain dependency of bidirectional shift factors needs to be investigated in the
strain hardening portion of the stress/strain curve

b) Creep rate experiments need to be conducted in the strain hardening portion of
the stress/strain curve

c) Bao-Wierzbicki models need to be developed to describe the critical strain at
break of polyethylene fibrils

2. Implementation projects need to be carried out to develop the intelligent field data
collection concepts presented in this project. These projects will develop the sampling
plans and data categories needed to support probabilistic reasoning in system wide
fitness for service determinations.

3. Work should be performed to integrate the decision support methods outlined in this
project into enterprise risk governance frameworks i.e. risk tolerance and objective
setting frameworks need to be developed to facilitate progressing beyond compliance
towards true risk management that can inform the risk governance efforts of the
organization.
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Decision Support systems

The presented work meets the goal in the proposal statement. Some additional work can be
done to enhance and further develop the maintenance framework presented in this study:

1. The algorithm for the image reconstruction can be adjusted. The camera needs to be
calibrated so that it can calculate the coordinate of the patterned light relative to the
camera. With a calibrated camera, the size of the damage can also be known which is
useful in the proposed dynamic maintenance framework. The dimensional
information could be used to update the stress concentration factor and hence update
the maintenance plan.

2. Although the proposed creep prediction model agrees well with the experimental
data, there still exists some bias from the lab data. Further demonstration is needed if
there were additional data available from GTI.

3. The ductile group in the data set was not used, but a trend of smooth transition can be
observed in the data point plot (Figure 6-15) from ductile data to SCG data. An
asymptotic function regarding yield strength of the material can be modeled for the
slope of the regression curve. This would need further research and justification.

4. The maintenance framework is flexible in solving the maintenance planning given
different conditions (minimize cost given reliability constraint and optimize
reliability given budget constraint). The computational cost would be enormous when
applied in large scale systems with various groups of pipes. The underlying principle
when dealing with large scale optimization is to be studied. The maintenance
framework may need to be adjusted for the high dimensional problem.

5. The proposed Bayesian entropy network (BEN) as a classifier can achieve fast learning
with the extra information. The BEN concept can also be used in updating
probabilities. The first step is applying the network in the updating of the parameters
in the creep crack prediction model. The BEN can also be applied into large scale
systems. In a large network, the update of one parameter would affect the nodes in
the whole system. Sometimes this effect is not wanted. With the additional
constraint, the BEN updating can be more accurate and efficient than traditional
Bayesian network updating.

6. Sometimes, there could be a bias between the expert opinion (empirical information)
and the ground truth. Once the wrong information were coded into the network,
instead of increasing the inference accuracy, it would degrade the performance of the
network and even damage the whole system. Since the constraint in a BEN
framework is strong, an adaptive BEN is needed to compensate this situation. The
adaptive network would use the given constraint when there is not enough data to
update the belief. But would change to the truth from data when more observation
become available. This could be understood as when there is limited information, the
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network chooses to believe experience, but shifts its belief to the truth brought by
data when more evidence become available.

7. The current framework focuses on one failure mode of plastic pipelines (slow crack
growth). Information fusion and big data analytics with multiple failure modes and
large systems that can integrate with the ongoing development of GTI framework
needs further development. The “agent” serving for different failure types will need to
automatically fused together for a consistent risk assessment. Recent advancement in
artificial intelligence (AI) such as deep network learning has the potential for
diagnostics and prognostics for gas pipeline industries.

Sensing Damage via Internal Inspection

The delivered work meets the goal and proposed research objectives. Some additional
research and hardware development can be done to enhance the ESLiST sensing system:

1. The current system provides a high quality and fast surface profile reconstruction, but the
spatial resolution can be further increased by improving the hardware design, better
system calibration, and more efficient reconstruction algorithm. Currently, a fixed
structured light pattern was applied, which might not be optimal for all damage types and
different field testing conditions. With the successful demonstration of the Prototype, I
to Prototype IV and their feasibility of extracting damage dimensional information at
MSU, extensive involvement of GTT in collecting real data should be expected. Additional
work on feeding updated stress concentration factor derived from ESLiST image and
ESLiST assisted decision information back to the sensing system should be carried out to
complete the development loop and further optimize the novel structured light sensors
design.

2. The proposed prototype works very well in a controlled lab environment by assuming the
sensor is moving in a controlled straight path that is along the pipe’s center axis. This
assumption might be violated in actual field testing and inspection due to mechanical
vibration of the sensing platform moving inside the pipe with complex geometries. An
inertial measurement unit (IMU) can be integrated into the system to provide an
estimation of the device orientation and positioning. Real-time compensation algorithms
are needed to correct any distortion and misalignment induced error in data
reconstruction to achieve same imaging resolution in a field environment.

3. Static structured light patterns have been studied and implemented as we proposed.
However, the potential of the structured light approach will be maximized by
introducing dynamic light patterns and data structures to adapt to various damage types
and sizes under different light conditions. This could be better understood through both
numerical simulations and experimental studies by collaborating with GTI and industry
partners. An optimization of the current static structure light patterns to study the
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relationship between the smallest detectable damage feature and the parameters of the
static light pattern will also be beneficial.

4. Further improvement of the current data reduction and reconstruction will lead to faster
and more accurate damage detection. The current framework only focuses on the SCG
failure mode, so supervised multispectral data dimensionality reduction and defect
classification methods would be sufficient and are successfully demonstrated. However,
additional work should be done to realize the unsupervised damage recognition and
information fusion while multiple failure modes are considered. Integration of advanced
sensors from MSU and the intelligent decision support system from GTI and ASU would
be more critical to achieving an optimal diagnostic and prognostic framework for gas
pipeline industries.
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List of Acronyms

Acronym Description

ALM Augmented LaGrange multiplier
BEN Bayesian/maximum Entropy Network
CAD Computer aided design

CBM Condition-Based Maintenance

CCD Charge coupled device

CCG Creep Crack Growth

CDF Cumulative Density Function

CNN Convolutional neural network

CTS Copper tube size

DLP Digital light processing

DOF Degree of Freedom

EDSS Enterprise Decision Support System
ESLIST Endoscopic structured light scanning tool
FEM Finite Element Method

FFS Fitness for Service

FOV Field of view

GA Genetic Algorithm

GTI Gas Technology Institute

HSV Hue, Saturation, Value

ILI In-line inspection

IMU Inertial measurement unit

LDIW Low Ductile Inner Wall

LEAP Laboratory of Electromagnetic and Acoustic Imaging and Prognostics
LED Light emitting diode

LIDAR Light detection and ranging

MC Monte Carlo

MCMC Markov Chain Monte Carlo

ME Maximum Entropy

NB Naive Bayes
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Acronym Description

NDE Nondestructive evaluation
NN Neural Network

PDF Probability Density Function
PI1 Project investigator

POD Probability of detection

POD Probability of detection

PVC Polyvinyl Chloride

RGB Red green blue

RPM Rate Process Model/Method
RUL Remaining Useful Life

SCG Slow crack growth

SCG Slow crack growth

SEM Scanning Electron Microscope
SIF Stress intensity factor

SS Single shot

TAN Tree Augmented Naive Bayes
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