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GTIl Risk Modeling Approach

> Lifetime Prediction (Prediction of Failure) > Policy evaluation dependent on:
dependent on: — Risk governance framework
— Stress distribution, and > Risk appetite
— Material properties > Risk tolerances
> System Simulation dependent on: — BUS(i;neSIoS process
> (oals

— System components
— Boundary conditions
— End of life metrics

> Understanding of interactions dependent on:
— System configuration
— Environment
— Known influencing factors
— Unknown influencing factors

> Sjtuations
> ASsSessors
> Metrics
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GTIl Incorporation of Ground Movement in Risk Models

> GTl is heavily focused on Causal Modeling to drive risk models

> GTI executed a project with Rutgers University to evaluate damage to gas distribution
systems after Hurricane Sandy
— Ground movement measured by LIDAR
— Causal model + Bayesian network developed for pipeline strain due to ground movement
> The Bayesian network was modified for general pipeline risk models
— Pipeline displacements induce bending moments on pipeline components
— Bending moment induced stresses converted to Stress Intensification Factors (SIF)
— All factors impacting pipeline lifetime converted to equivalent SIF
> SIF acting on pipeline become normalizing factor
— Distributions of SIF due to various components developed from empirical data, historic data, analysis
— Distributions of SIF fully express uncertainty
— Distributions of SIF express quality of various pipeline attributes
— Reductions in uncertainty in SIF distributions are a measure of program effectiveness
> The general pipeline risk model was adapted to address highly transient loading due to
. blasting activity adjacent to distribution system
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Analysis of Natural Gas System After Hurricane Sandy
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Worked with Rutgers U. in Post-Hurricane Sandy Study
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LIDAR Data of Debris Field and Flow

Probabilistic Risk Models for Plastic Piping Systems
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Cyan: Erode
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Red:
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Building
Debris or
Changes
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LIDAR Data of Building
Displacements
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GTI Integrated Infrastructure Analysis

Event Data [LIDAR, FEMA, Survey, Photos]

= Buildings Condition
=  Flood Data
» Other Hazardous Data (Falling trees, debris)

Event Data [LIDAR, FEMA, Survey, Photos] |
* Soil Movement [Horizontal, Vertical]

*  Flood Data
= Soil Type

r------ L B B N B B B _§B &N N §N N §N_ § §B B _§B B _§N N §B §N | --------------------------I
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: Step B :
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| Frarm Vertical Loads Fram 5oil Heave & [Fram Horizontal Soil Flooding I
| & Dehris Settlement Maovemeant] [Aboveground Water |
| | | Tahble] 1
| S 1
I [
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i = Pipeline data 1
I »  Operation Data [
: »  Leak Records 1
I * Corrosion data :
I [
l---------------------------------------------------------‘
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Natural Forces Threats — Belowground Pipe Strains

Belowground pipelines may experience high longitudinal and axial strains
due to soil movement resulting from slope instability, soil subsidence,

seismic activity, and flooding.
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Natural Forces Threats — Belowground Pipe Strains

» Pipe deformations are not necessarily equal to soil displacements.
Various factors: pipe type, size, depth of pipe, soil type, length of
displaced section along the pipe affect soil-pipe interaction

= FE program* was used to estimate pipe strains corresponding to the
ranges of soil deformations.

Procedures used:

= ASCE Committee on Gas and Liquid Fuel Lifelines, Guidelines for the
Seismic Design of Oil and Gas Pipeline Systems, 1984.

= Guidelines for the Design of Buried Steel Pipe, American Lifelines Alliance
(ALA), American Society of Civil Engineers, July, 2001.

= Guidelines for the Seismic Design and Assessment of Natural Gas and
Liquid Hydrocarbon, PRCI, 2004.

= PIPLIN, Computer Program for Stress and Deformation Analysis of
Pipelines, Version 4.59, SSD Inc., December 2013.
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Natural Forces Threats — Belowground Pipe Strains

FE Analysis of Pipe Strains

The pipe is represented as a structural beam with the soil as spring
elements in the axial (longitudinal), transverse horizontal, and
transverse vertical directions. The axial strains on the pipe result
mainly from the friction caused by soil shear stresses around the
pipe circumference.

As the ground displacement is progressively increased, the pipe may ke
reach their specified compressive or tensile strain limits. )

]
AWy
K [hoerizental)

The soil may yield and
continue to move past the pipe with
no increased pipe deformations.

K {vertical)
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Soil Movement,
[LIDAR DATA]

Data Tabulated in 50-ft
Grids, Change of Sall
Elevation

-4.8 —-1.0 ft
-1.0 - 0.10
0.10 - 0.55
0.55-2.50
2.50 -6.00
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Belowground Pipes Assessment — Input Data

Spatial Changes in soll
elevation before and
after Sandy.

[Note: Z in this figure
IS In meters]

= SoilChange
ZDifference
I -5.25 - -4.00
I -3.99 - -1.00
I -0.99 - -0.50
N -049-0
001 -0.50
051 -1.00
101 -175
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Belowground Pipes Assessment — Input Data

Spatial Changes in water >y
: &
elevation before and Y
after Sandy. L&
L . £5
[Note: Z in this figure is T
In meters] R
z
Below\Water
B -149--075
074 - -0.50
-0.49 - -0.25
0 -0.249 -0
Ol -0.25
025 -095
075 -1.95
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Integrated Risk Model, Bayesian Network.
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Integrated Risk Model, Bayesian Network.

Risk model output in a
sample GIS grid:

Damage Likelihood:
M High

B Medium ---===
W Low

gy > SN
i
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71 [ [ 1‘—;.':-'; S _
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GTIl Material Models

> GTI has progressively been improving the modeling tools it applies to risk analysis over the past
eight years
> Models have been developed for:
— Polyethylene
> Aldyl A
> MDPE
> HDPE
— Steels
> Leak Rupture Boundary
> FEM based FAD from 2D and 3D crack propagation modeling
> Critical flaw curves to allow ILI as an alternative to a hydrotest
> Currently working on reducing uncertainty due to damage interactions, NDE uncertainties and
material uncertainties
— Cast Iron
> Line breaks due to frost heave
> Line breaks due to graphitic corrosion

d
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Material Models for Polyethylene
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> Fully viscoelastic/plastic material models
> Capture large strains in compression and
tension across wide temperature and strain

rate ranges
> Accurately predict damage propagation
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Material Models for Steel

>GTI models capture yield point offset, strain hardening and T
plasticity |

> State-of-the-art Bao-Wierzbicki ductile damage models T
Incorporated

>Models capable of simulating impact loading with large { NS
displacements, plastic deformation and damage propagation |
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Influence of Toughness on Critical Crack Depth

: Crack depth with API 51 derived fracture strain |
[ SR 1
70 —— . e
_____________ -t , 1% crack growth pressure i
' B H envelope with B-W fracture
— 60 R st gt s st
S S S o RS ! 1%crack growth pressure
e envelope with API 5L derived
Es0 b——————— e c—————————
s e
=
£ 40
-
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[
fa
¥ 30
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>GTIl material models are capable of
capturing stress/strain toughness o I O Y O A A
>Damage propagation models introduce T T
the capabillity of calibrating toughness to . .
~apabiiity J foughn 4" 1PS, 0.25” Wall
strain rate, morphology and chemistry

e e AT
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FEM Coupled with DoE

80 ‘ SS1-2IMaximuTn First Erincipalstress .
Pipe Span End . ipe Span En 97.5% Upper
l/ (Riin)d Cl():)nnector) Flaw Lj:catlon (];i)gli)d gl;nnfctf:l)r)\ 70f Prediction Limi\
i f ot f : ol
Bearing Load }_g
£ 30t
> GTI routinely runs several thousand FEM analyses to fully
capture wide ranges of asset geometries, flaw geometries,
material properties and boundary conditions T T T
> ANOVA analysis of the results provides closed form oo e e e
equations for system response given different levels of L e
Inpl'It parameters Quter Diameter in 4.8 15.65
> Prediction limits at any desired confidence level can be Pipe Span  f 12 18
specified to suit particular decision support needs. Temperalure Change - degC = ’
Vertical Load Pressure psi 0 80
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Stress Intensity Factor (SIF) from FEM Coupled with DoE

__Configuration | ~.a | b | . c

Pipe without
Saddle Tee 4453.0  -1.0657 -0.744

Pipe with Saddle
Tee Positive 5310.7 -0.9654 -0.7251
Bending
Pipe with Saddle
Tee Negative 9364.1 -1.0757 -0.7789

Bending
Pipe with Saddle
Tee Lateral 3476.7 -1.0059 -0.5593
Bending

Pipe with 42850  -0.676 -0.9252
Coupling

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

a, b, c — Regression Coefficients

S 1 8 fanction of pres e aed end radin for Akl A pips 1 V4" e 4 SOR 11

L
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GTIl Causal Model for Vintage Aldyl-A Pipeline Risk

g \IW Y caa \_fw-n:a-.ng.l—h ‘.w—* e vussad can A Large someretes oo
. - L‘I;Il-(n(mll
*mm .
L | P —
32 factors impacting vintage Interaction reduction and quantification using
pipeline performance Directed Acyclic Graph

d
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Constructing the Bayesian Network

Rate Process Fault Tree Event Tree Subject Matter
Method Analysis Analysis Expertise
is-a is-a . wmpu,,lmof
is-p
componentQf . it . . .
> Model > Bayesian Network M i Pipeline Risk
componentO)]
is-a is-a is-a
Surface Fanite Element 193 Historical Observation
Feature Method Score
Model e Model

Manutacturmg Mesmods

Hsan St tsbatian Possute Vears i Serace

Data Collection and Ana

Ippamage Rirtace Omaandh Crysiats Large

FEM Analysis

HBondng

L™ Lseore cmcions

Horiz Soil
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PE Pipe Size

Pipe with Tee

Standard
Dimension Ratio
(SDR)

Vert Soil
Movement

Hoop Stress

Resubtant I]iama‘tnl of
Mowvement Deplaced Area

i BRF L Th

Bending Radi ess Than

ending ius 110

£

Bending Radius lml “m ;

Factor

Iz
Intensified Stress

=

If Aldyl A with .
LDIW ? If Repaired?
Repair Methods

Mean Lifa
Expectancy

Surface

Crystals

Surface
Oxidation

ID Micro Cracks

Application
Temperature

4

T Quantile Range

Boundary
Crystals
Oxidation
duction Time

E
Years after Repair
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Bayesian Network Probabilistic Model for Lifetim
Expectancy
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How does the Bayesian Network (BN) work?

1 log(o)
log(t) = C; + G, = + C3log(o) + C, T
e N Surface
P A Conditions
L Logistic
E P/ Regression Model
' 1R
. 1 Al
e 1/l
Internal == Al
Pressure . i
Stress Riser ] S Y S S

> RPM and logistic regression models have been implemented Material, Temperature
In the Bayesian network
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RPM, Master Curves

Aldyl A RPM Models
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and IS0 J' l
o L]
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Material Morphology Impacting Lifetime Expectancy
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SIF — Reducing Uncertainty in Data Analysis

Ratio of Calculated Failure Time to Actual Failure Time

Distribution of Empirically Derived SIF for Aldyl A Pipe in DuPont Control Ductile Data Set 35 : - - " v .
25 M-?ﬂmhnmﬁ-lmwm“m
[ First Quality Tier Pipe Histogram PDF Nomalization Ty e e i ] s .1 .1 .
[ Isecond Quality Tier Pipe Histogram PDF Normakzation
= Truncated Logistic Distribution for First Quality Tier Pipe -
—Tmnralad Logistic Distribution for Second Quality tier Pipe it
[ Logistic Di ion for Second Quality Tier Pipe 30 ST —
20 n wE s " {
i = i
25~ - A 5
First Quality Tier Pipe Proportion: 0.61 i 0k = L
Second Quality Tier Pipe Proportion: 0.39 i o
Ratio of First Tier to Second Tier: 1.565 3 . 4
=150 N L |
B
e 1
8 - i
2 3
§
S y
o 10 i - 1o
1 1011021.031041051061.0?103109 11 11111211311411511611?118119 12 1.211221231241.25126127128129 13 35 4

Empirically Derived SIF Ratio
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Adjusting RPM Models for Use with SIF: 2 order of
magnitude reduction in uncertainty

- B Tt . Adjusted SIF for SCG Failure: Logistic Distribution Standalone SIE Relative to
o Parameters for use with adjusted RPM model given in baseline pipe SIF
T e Table 3-1 Mu sigma Mu sigma
Pipe Quality Tier 1 5CG — Baseline SIF 1016 | 0.061 | 1016 | 0.061
5 - y e Use standalone SIF value for single SIF. Develop composite SIF by adding SIF referenced to
i s S baseline using Equation 2-5 for each independent SIF component acting on pipe component to
: 3 the baseline SIF
Zi Pipe Quality Tier 2 3CG 1117 0.0e7 0.4561 0.028
i Pipe Quality Tier 3 Severe Grooves SCG 1524 0.091 1136 0088
- Pipe Quality Tier 4 LDIW 506G 2936 0176 2.755 0165
LOIW Squeeze-off 506G 3.401 0.204 3.246 0.185
° ° B o LDIW Impingement 5CG 4367 | 0262 | 4247 | 03255
- - B e e, ot - B oo Distribution of SIF in DuPont Aldyl A SCG Dataset
000 iy B SRl | ' w: e I I — I ‘ DS\FPJstribLlion 7 ‘ L.
e Nk ™) WP ' 016t [ '4' — Theamaewseosen| | o N Ormal 1ZINg measu red
i LT 1 system data to historic
e 1500 - i - §0.12 _7 | - .
. . 0 F data sets yields unique
f ‘i‘m;\ E § 01 1 . . .
i & ool | SIF distributions.
* These SIF distributions
é bt :IF :ﬂjusle:::n‘l Control Data Points i 004 | | b e CO m e an O bJ e CtIVe
* Excluded Dala Points 0.02 - i}
ﬁ—l—m measure of System
RN RN ; 5 4 Ll : bt A 0 1 L I | | | .
* " o Time to Failure [y] o “ " ' " ’ e SIF ’ * ! e q u al Ity
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Quantified Bayesian Network

Soil

Soil movement
Soil type

o —

Bending
Impingement

1D Micro Cracks

o] sesson| | ik Scos
s0.507

1ol sosors Yy

Bending Radirs Factor RRFI ess Than 140

Pipe & pressure ——E
* Pipe geometry My AEERERES )
e Fitting o] =] |
« Hoop stress BECORN T

\ 4

ID surface features
» Surface Oxidation

» Surface Crystals
 Boundary Crystals
 Dimple

* Rod

e Oxidation induction

SME knowledge, physics based models, and historic data are integrated into the Bayesian network
Effects from different perspectives are merged using an equivalent stress intensification factor (SIF)

Output from the Bayesian network is a probability distribution of life expectancy

\ 4

Years in service
* Years after repair
* Sqgueeze-off
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Smart Form for Intelligent Data Collection

(@ methoc

Keyhole Data Gathering Report

Component

Component -

80116 o *
= G
Physical
Address
Address

80 Unign Ave
Line 1:
Address

Staten Island
Line 2:
City: Mew York
Statn Maw York LY 2N

Welcome
Saurav
Acharya
Save
Com
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nt Pipetine
Type
Geo
Loca
tion
Latit
-74.155506  *
ude:
Long

¢ itud 40628267 ¢

@

((@mEt,hg d Welcome
vy Sauray

Keyhole Data Gathering Report AGHE

Provenance

ﬂ
Keyhole Headar

Keyhole
Inspactio Work
KHDG-093479 12355
Order:
Number

Compon 806

entID:

Provenance

Report 10/17/2007 f *  Recorde
Saurav Acharya
Date: d By
Company Supervis i
' o
or:
Crew
Member

=) '
((.. e me[h od Welcome
rareta o et Sauray

Keyhole Data Gathering Report ALRO

Soil

Cancel E Subrmit
Environment Information

Sail Type; Ve

Soil

Temperature: Not Available

Root Density: b LS

Rock Vo me

Density:

Soil Yes o # m

Movement:

Vertical Soil ft

Movement:

Horizontal ft
Soil

Movement:

Multiple Use Cases

Leak Inspection

Leak Survey

Leak Repair

Leak Monitoring

First Respond

Keyhole Data Collection

YVVVYVYY

Risk Analysis

» Collect Model Input
> Bayesian Network
» Show Risk Output

Data Visualization
» Update Database
> PowerBI for

Visualization
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Risk Model Demonstration
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Fitness for Service - Pipe Segment
Pipe Segment ID | Average of Risk_Level | Area Pipe Length (m) | Mean Expected Life (yrs) | Replacement_Cost [k
-~
$286.78
$19,212.38
$360.83

85.39 18.58

$7,989.41

$62,764,059.68 |

15.97

3.41 | 7706 278,951 .38
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PowerBl Dashboard-Risk evolution over 0-30 years
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Fitness for Service - System
Pipe Length (m) | # Segments | Mean Expected Life (yrs) Replacement Cost
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26,174.17

125,166.17 14.79

8,276.64
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Fitness for Service after 30 years
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Risk Analysis: Blasting Adjacent to HDPE Distributi

System
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Response surface model

» The developed model fuses field data, soil movement, wave propagation, pipe deformation, FEA, and SME opinions

> Itis verified by subsequent data provided by the sponsor and included in the GIS system to facilitate the implementation

> «l he risk on fusion joints should be carefully assessed when blast activities are performed in proximity
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Tranducer Burial Depth(in) Soil Packing

« Burial depth
 Blast hole depth
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Interaction with blasting
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Soil movement

 Soil movement

* Soil properties
(modulus, density)

Failure probability
 Maximum principal stress
* Probability category

> The developed model fuses field data, soil movement, wave propagation, pipe deformation, FEA, and SME opinions
> It is verified by subsequent data provided by the sponsor and included in the GIS system to facilitate the

implementation

> The risk on fusion joints should be carefully assessed when blast activities are performed in proximity
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Integrated Analysis Tools
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Power Bl
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What do the models currently offer

1) The probabilistic models capture expected system behavior very well

2) The material models and damage propagation models are state-of-the-art
and based on sound science

3) The model outputs are calibrated to historic data

4) The probability distributions used to assign asset conditions match known
aggregate system performance

5) The models offer valuable assistance in root cause analysis and the
temporal progression of failures due to the various root causes

6) The Bayesian Network models are the best known solution for addressing
all system interactions, including human factors and unknown factors
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Questions
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