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Public Concern Over Vintage Plastic
Pipe in Gas Distribution Systems

As early as 1982 , the industry was made aware of the vulnerability of pre-1973
Aldyl A pipe to premature failures due to brittle-like cracking (slit or fracture due
to SCG). In 1986, squeeze-off was identified as a factor increasing the risk of
SCG failures. Several significant incidents related to SCG failures in vintage
plastic pipe prompted the NTSB to issue a special investigative report in April
1998 . The report pointed out the deficiencies in the ASTM methods for
rating plastic piping. The general pressure based design approach may
have also over-rated the strength and resistance of plastic pipe to brittle-
like cracking. PHMSA issued a series of safety advisories related to plastic
pipe and fittings (ADB-99-01, ADB-99-02), 2002 (ADB-02-07) and 2007 (ADB-
07-01).

In 2011, two gas incidents occurred in rapid succession in California; Cupertino
(August 31, 2011) and Roseville (September 27, 2011). This led the California
Public Utilities Commission (CPUC) on March 14, 2012 to identify early vintage
Aldyl A pipes as a major potential hazard affecting gas pipeline safety .
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Slow Crack Growth Evaluation of Vintage
Polyethylene Pipes: Objective

Project structured to address NTSB concerns about design

methodologies for plastic pipe and the various PHMSA
Safety Alerts

Slow Crack Growth Evaluation of Vintage Polyethylene Pipes

Main Objective
Develop an integrated set of quantitative tools that will provide a structured approach to reducing operational risk in vintage plastic
distribution systems susceptible to Slow Crack Growth failures. The tools will provide 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.

Public Abstract

This collaborative program will provide an integrated set of quantitative tools that will provide a structured approach to reducing operational
risk in vintage plastic distribution systems susceptible to Slow Crack Growth failures. A novel endoscopic structured light scanning tool will
be developed and prototyped for internal inspection of small diameter plastic pipe. The data generated by the tool will be properly reduced
to essential parameters to be synthesized with additional available system information including external conditions, inspection and leak
records, historic data, and subject matter expertise into a fitness for service evaluation. 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. The Bayesian network methods employed are ideally suited

to evaluating interacting threats, investigating root causes, and predicting the effect of mitigation strategies based on conditional
probabilities calculated from available data.
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Objective: Integrated Set of Quantitative Tools 1

Provide a structured approach to evaluating the
latent risk in vintage polyethylene pipes, such as
Aldyl-A, that are common in gas distribution
systems:

> Hybrid causal Bayesian network that:

— Allows the synthesis of subject matter expertise with well
understood physical causation pathways to failure

— Logical structures inherently integrate disparate data sources
Into a coherent framework for decision support

— Readily updated as new information becomes available.
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Constructing the Bayesian Network

Rate Process Fault Tree Event Tree Subject Matter S R mees [T—

Method Analysis Analysis Expertise T

. . Roots A suhisesce Rosin Formotation Brossere oury i Sece,

is-a is-a compongntOf
isfr [E=—- \Im—wm R unind \fw-wqﬂ-.-m--h ‘.w--v Kncoonound cousn A Lars ssmvrane ot

componentOf . it . . .
Model Bayesian Network e Pipeline Risk e
. — i 10 Mo Cracks.
Stress Concentrabon )
component0, . . Stoce Comtein
Fr——— ‘
is-a is-a
Cribcal Siress. .m“

Surface Finite Element Historical Observation ‘
Feature Method
Model © Yo | —

Horiz Soil (=1 Vert sot

L
Pipe Type Resultant uiam-m of Surface
Movement Deplaced Area, Oxidation
Z
PE Pipe Size Bending Radius BRF Less Than Fopeir Methods Boundary
Crystals
T — (=TT

Data Collection and Ana @ & Henitha
pis. Factor Focter

FEMAnalysis

Bamang

ot s 2 Intensificati & -
/Stress Intensification Application

Intensitfication Factor Temporature T Quantile Range

Standard =

. . Mean Life
. (s;;'mno Expectancy

0D_ID_ratio
H
- e Intensified Stress
Years after Repair
H
Life Expectancy

DTPH5615T00007 Prj 643: Project Debrief,

Jer 1st, 2017

IG:




Probabilistic Model for Lifetime
Expectancy

2] Horiz Sofl Movemant (2] wert Soil Movement Al A with LDIW ? It Repaired? Surface Oxidation Surface Crystals Dimgple
5555 TS |
D.I}_Ldjﬂlh:h_'_ U.DI #j"lh,‘ Falsa 50% Falge 5318% 53 3"‘955% ]_,3 %1265?61 00 £38E7%
Loz e ou L= o= - EE% El ) 0T g T0ME2%
z s 28 - B ¥ = Trus S s0% e a9 4% LIS 220 (1.0 46143%
0.0 42872%
Pips Type [Z] Resutant Movement £ tameter of Deplaced Area | [Prior Stress Factor Repair Methods .
Senvice unes-[l 8% R 1.04 51.128%
N oo oo 0.0 123.41%
Mains 1% L = e @ o®m o e = T 5%
- “ a2 = = @ = = 5 g Boundary C
T TOj 1T
PE Pipe Size (2] Bending Radis ID Micro Cracks To oI
<= 1 ingh 47.04% ] T :i S35
il e a0 ‘ 0040 49 ‘5“1_‘_4 RiskScore | |50l daise
Einmy D8R e E = L] Swess IMensification Factor ro ] s0sers 2 100%
== inth 4 2 6% agegsge . "‘--_._‘_‘__‘_: sation Induction Time|
a1l ; )
- - i % application Temperature Seenario1:2] |13 Liarem
|| Bending Radurs Factor BRF Less Than 140 0o 10 AT
0.0 J4TH_ o, Faise | a0.747% 232883 Wm 50 [16.024%
28588 True {7 19.203% - - - I
Impingerment SIF cooo 2| T Quantile R L] Years in Serdice
oo | I | ~, / / oo NIl 0 yeaeI N
em = m ‘—-—“‘K_‘_‘_ﬁﬁil Operational Stress Intensity Factor Pressme (psi) | % | Mean Life Expectancy AN b g
0.06 | | D014 | 037 = = @ in g e
wilth T oo o
el L [ T £ Yoars bafore Rapair
Faise JRRNNY S0% Legsegoe a2 EEE s = =
Trus { 50% l \ / "Di.—l;ﬁlﬂﬂ]ﬂ;mn—
St

44

T T T
g0 10 130

p p 00
anariosl 110 naz2

FE'L
Frl
vl

-
s
[— -1 =
Standard Dimension Ratio W ll Hoop Strass il Intensified Stress T
nu‘ onl | U'”L—:—.—-— W-Llﬂj:h-'hw— [E] Years afier Repar
'_\“-—_.R_‘_-_-z

a
[T}

ok
0 MIEE
o' vorr

oot
0oor
DonsEe

0.0
B R de o -
ocoooco o2
=

DTPH5615T00007 Prj 643: Project Debrief, November1st 2017




Objective: Integrated Set of Quantitative Tools 2

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 (Al) 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 Al framework

— Used to assess risk dynamically on a synthetic geographical
dataset with over 7,000 data elements
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Integrated Analysis Tools
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Objective: Fitness for service approach that can
support replacement prioritization

> A Stress Intensification Factor (SIF) based approach was developed for
fitness for purpose determination
> Two decision support approaches were developed:
— Reliability based maintenance models based on a fracture mechanics damage
propagation approach
— Bayesian network approach that integrates pipeline configuration, loading
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

d
DTPH5615T00007 Prj 643: Project Debrief, Now gtlg




SIF, Damage Propagation, Short-
Term Pressure Test

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

Adjusted SIF for 5CG Failure: Logistic Distribution standal AT Relative to
Parameters for use with adjusted RPM model given in alone baseline pipe SIF
Table 3-1 Mu sigma Mu sigma
Pipe Quality Tier 1 5CG — Baseline SIF 1.016 0.061 1.016 0.061

Use standalone SIF value for single SIF. Develop compo

site 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 1.117 0.067 0.461 0.028
Pipe Quality Tier 3 Severe Grooves 5CG 1.524 0.0591 1.136 0.068
Pipe Quality Tier 4 LDIW 5CG 2.936 0.176 2.755 0.165
LDIW Squeeze-off SCG 3.401 0.204 3.246 0.195
LDIW Impingement 5CG 4.367 0.262 4,247 0.253

Plot of Time to Failure in Overpressure Test at 20°C (68°F) at an Internal Pressure of 400 psig
(SDR 11 MDPE Pipe)
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Reliability Based Maintenance Optimization
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Objective: Utilize data from multiple sources such
as In ditch condition assessment and leak records

>|ntelligent data entry forms were developed and
iIntegrated into the Al 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
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Intelligent Data-Entry Forms
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Objective: provide a means to access the pipe in
a congested urban environment

> 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”7 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

gti
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Miniaturized Scanning Device
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Reconstruction of Pipe Damage from Scans
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Final Report Sections 1-2 and Deliverables

Report Section Topics Covered and Deliverables
1. Rate Process Method

a. Ranking methods

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

‘[ uonoag <

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

swaysAs Smdrg v-1ApIv 10f (INd¥)

S[9pOJA $59001J 1By

1. Failure mechanism of polyethylene
2. Variance of stress in polyethylene pipes
3. What is a SIF

<

Deliverables:
1. SIF for various polyethylene piping configurations
2. Probability distributions for SIF in polyethylene
piping systems with a quantification of uncertainty

suIa1s£g
Sudig v-14prv 10§ (41S) s10198]

for the mean
3. Method for combining multiple SIF in a coherent

UONEDIJISUIU] §531]§ (7 UOHD9g

manner
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Section 1 — RPM, Master Curves

ey

Classic RPM, ASTM

and ISO J' l

Discuss ASTM usage of DISCLE.'S Ee usage G
RPM RPM with e mphasis on
= statistical analysis :
Discuss Bragaw and J
Colman Papers J' l i
Note that Bragaw Note that Cdeman

identified the rate

emphasized the need e

~ to know true stress at ;
e e jumps fr.crn nearest
neighbor
Discuss RPM
reference data sets
for Aldyl A l
Discuss ranking
methodologies 1
developed by GTI
Discuss impact of
inner pipe wall
condtion on RPM
results
i & W0t
o BO0°C Data
i % _— @ BUCData
E G 00 Data
. ~ #  Data Bi-Dirsctionaby Shifted to 20°C
Discuss Bi- E O Bi-Directionally Shifted Fusion Failures

— HPMA 20°C MAzan

directional Shift
Factors l l l - - - RPM AFCLPL

=== RPM 20°C UPL
Discuss molecular
Discuss molecular 3 Discuss shift factors as
reconfiguration under ;
structure of . related to relaxation
~ polythylene stress and Arrhe nius times
relation

Discuss combination

of RPMand hi-
directional shift
factors

DTPH5615T00007 Prj 643: Project Debrief, Nove

Jer 1st, 2017

1EAZ LE03 LEWDE
Tirme To Ductibe Creep Ruptiare Failure (W]

LEs07

gti



Section 2, SIF — Reducing
Uncertainty in Data Analysis

T T

Y ety
-
-

| pat

e o Bt e T b At e T

Actual Test Failure Time [h]

Actual Test Failure Times vs Predicted Failure Times Using SIF Based RPM Calculation

105: TT T | T I T P TTT] T = e IR T 3 -0 LT T T o T T T

E =

C o >

r a9

-

104\ — ..9 ‘\‘: a © _:

- -] 5

i o

e P
o & @

103 e o % o

E Sl

r o0 P

L &
& o Ay
-
102 £ o
& e
e o
&
10 =
&°

I .;-;':-..
107 = i @ Conlrol Ductile Failure

F = LDMW Falure ]

L 5 o LDW Indent Failure

o @ Control SCG Failure |

Squeeze-coffl Fallure
—— Perlect Fit Line
107 sl i bt b i PR | L ded b iaa ] L IR | i i TR
107" 10° 10 102 10° 10°* 105

Predicted Failure time [h]

DTPH5615T00007 Prj 643: Project Debrief, November1st 2017




Final Report Sections 3,4 and Deliverables

Report Section

Topics Covered and Deliverables

<

IS V-TAPIV qarmas()
10§ S[PPOIN NI Pa1snipy ‘g uonoag

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

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

3. Validation of the adjusted RPM model and calibrated
SIF

Deliverables:
1. Universal model for SCG failure mode of Aldyl A
pipe
2. Calibrated SIF for known pipe conditions
3. Validation of model and SIF over four independent
reference datasets

<

1. Causal mechanisms for generating stress fields in
Aldyl A pipe
2. Methodology for addressing interacting causal factors

DTPH5615T00007 Prj 643: Project Debrief, Nove
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Use with SIF

Section 3, Adjusting RPM Models for

Distribution of SIF in DuPont Aldyl A SCG Dataset 23 °C Reference Curves for Aldyl A Expected Lifetimes.
AT [ - — = RPM model adjusted for use with SIF
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Ei S i Table 3-1 Mu sigma Mu sigma
2 - Pipe Quality Tier 1 5CG — Baseline SIF 1.016 0.061 1.016 0.061
@ nd 5 LPL: 1 in 100,000, 0 " .
@ EEEE;E ! ;:13%5?9300 Use standalone SIF value for single SIF. Develop composite SIF by adding SIF referenced to
3 Band 1 LPL 11010 baseline using Equation 2-5 for each independent SIF component acting on pipe component to
= Band 1 Mean: mean .
PR B
Pipe Quality Tier 2 3CG 1.117 0.067 0.451 0.028
Pipe Quality Tier 3 Severe Grooves 5CG 1524 0.091 1.136 0.068
o s o o o o Pipe Quality Tier 4 LDIW 5CG 2936 0.176 2.755 0.165
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Final Report Sections 5-8 and Deliverables

Report Section Topics Covered and Deliverables Report Section Topics Covered and Deliverables
1. Development of endoscopic structured light tool for \/ 1. Semantics of decision support framework for Aldyl A
internal inspection of gas distribution pipe piping systems
2. Algorithms for detecting and categorizing internal 2. Probabilistic decision support framework
pipeline defects and geometry 3. Data entry
3. Motion detection and distance measurement 4. Simulation
4. Data reduction techniques 5. Insights
6. Query
7. Communication
Deliverables: Deliverables:

adig
V-14pVv Jo uonoadsuf [eurau] 10§

POTIAIN 1YST parmdnng  :guUonIag

1. Working prototype of endoscopic structured light

tool for internal inspection of gas distribution pipe
2. Algorithms for damage detection and classification
3. Data reduction methods

1. Functioning enterprise decision support framework
that incorporates the Bayesian network developed in
section 4

2. Smart forms for data entry

Insights and analytics framework

L

4. Data reporting framework

yromaurer] (S§H) wraisAg 1roddng
woIstoa(] asudiaquy (7 uonoag

1. Image reconstruction and damage classification 1. Historic usage of short-term pressure tests in
2. Bayesian maximum entropy network determining fitness for service of gas transmission
= g: ] 3. Creep crack growth prediction ? ol pipe
E‘ % 85 4. Maintenance frameworks E =12 2. Applicability to plastic gas distribution pipe
E 9 @ g 3. Localized damage propagation in plastic pipe
L :‘d (= | = [« -]
o %‘ = ii=) E’ =
o 2 E‘ Q a o
U 41
£ - : Deliverables: 4 g 3 & Deliverables:
- oa X . . = . . .
g g o ° 1. Algorithms for image reconstruction - E E E 1. Conclusion that short-term testing is not a viable
E g 'Q E 2. Working Bayesian maximum entropy network E g Z o) fitness for service test for plastic gas distribution pipe
) H § 3. Validated creep crack growth model for lifetime g o0 E 2. Explanation of reasons why the method is not viable
%q g b g prediction for Aldyl A pipe segments H ; E
2 & i =] 4. Framework for optimizing maintenance of Aldyl A A oo
2 ]

piping systems i.e. repair/replace balance
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Final Report Sections 9,10 and Deliverables

Report Section

Topics Covered and Deliverables

SUOTIEPUIUIUIODY
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<

<

Summarizes technical achievements and recommends
utilizing the methods developed in the project to transition
to probabilistic, reliability based risk assessment methods.

Recommends establishing a Joint Industry Program (JIP) to
develop guideline for this transition.

Recommends that the JIP oversee the commercialization
and deployment of the structures light scanning tool that
can be integrated into existing keyhole technologies

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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Questions?

Contact:
Ernest Lever
Ernest.Lever@qgastechnology.org
847-544-3415
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