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ABSTRACT

Risk-Based Maintenance Planning Modelor Oil and Gas Pipelines
Laya Parvizsedghy, PhD
Concordia University, 2015

Oil and gas pipelines are the main means of transporting fossil fuels from the wellheads
and processing facilities to the distribution centers. The 2013 US infrastructure report
card assigned a gradé D' to energy pipelines signifying they are in a poondition.

More than10,000 incidentswvere reportedon oil and gas pipelines during the lasb
decades most of which resulted in considerable consequences. Recent failures and
ruptures have raised concerns over the risk of failure of such pipes inaCéhadmain
objective of this research is to developisk-basedmaintenance planning model for oil

and gas pipelinesThe research develops a probability of failure (POF) and a
consequence of failure (COF) prediction modet establishea riskbased mspection

andsimulationbased rehabilitation planning moslel

The POF model develops a comprehensive index by applying the granular theory of
uncertainty and the principles of probability theory to forecast the POF of oil and gas
pipes. The reurofuzzy technique is employed to develop a model thmecass the

financial consequenceof the potentiaffailures of suchpipes.An integrated fuzzy risk
evaluationmodelis developedvi t h 25 fuzzy rules to assess
fuzzy expert systens developed to select the inspection tools and determine their run
frequency according to the failure risk of a pipeline. Regression analysis is applied to
develop arisk growthprofile to forecast the maximum failure risk of various inspection

scenariosScenarios are ranked based on theirecsdt index, which integrates two main



indices: 1) maximum risk of failure, and 2) life cycle cost of scenarios, computed by
applying the MonteCarlo simulation.Finally, a comprehensive maintenance model
proposeshe optimummaintenance lpnswith the lowest LCC, developing a thictegree

risk-based deterioration profile of the pipelines.

The POF mod e teulsshighligh that tathadic prgtection effectiveness and
soil resistivity are the leading causalsexternal corrosiorailures, while the depth of

cover is an important factor of mechanical damages. The COF model attests that
diameter, as well as the locatigmopertiesare important factors for estimating the
financial consequences. The developstt assessment model is validated using a test
dataset that proved the models are accurate with about 80% validity. The developed
modelsare appliedn a case study of a 2dch pipe. The POF and COF of the pipe are
computed and the results suggest theteé pi peds ri sk index i s
average index of 3.5The study proposes the application of an inspection tool, which
decreases the risk growth by 50% during the service life of the pipeline. The application
of the maintenance planning modeloposes a combination of recoat, repair, and
replacement with a medium size of rehabilitation. The net present value of the proposed
scenario of maintenance is estimated to cost around 1.7 million dollars over the life cycle
of the pipeline, compared to @hlastranked alternative that costs over three million
dollars. This research offers a framework to develop a comprehensive index to predict the
failure risk of pipes using historical data that dsnextendedo the other infrastructure
types. It develop a model to plan for the optimal pipelimaintenanceand provides an
overall image of its service life. The developed models will help the operators predict the

risk of failure and plan appropriately for the life cycle of their oil and gas pipelines.
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CHAPTER 1: INTRODUCTION

1.1 Problem Statementaind Research Motivation

While pipelines are considered to be the safest and most efficient way to transport
hazardous liquids and natural gas, there is still a probability of failure, with economic,
safety and damaging ecological consequences.Pipeline and Hazardous Materials
Safety Administration (PHMS#2014) of the US has gathered and published daténen t

oil and gas pipeline failures since 1970. Over 10,000 failere recordedrom 1993 to

2013 in the US, which resulted in six billion dollafsproperty damages and the leakage

of around 2.3 million barrels of hazardous liquids into the environment. The records also
indicate that 377 fatalities and 1,489 serious injuries occurred during this period. These
figures underscore why the assessmemwilaind gas pipefies deserves serious attention.

In addition owners or operators of such pipelines must develop and implement an
integrity management program as mandated by Canadian Pipeline regulatory. Whereas
the Guidelines for Pipeline Integrity Maremgent Programs (Annex N) only provides an
overall approach to mitigate risk of failures of the pipelines during the operation phase
(CSA 2003).

The failure ofoil and gas pipelinebas been extensively addressed the litemture,
howeverthe studies condted tedate suffer from several limitations. Thessearch
works haveeither focused on a single type of failure, e.g. corrosion or-garty
activities, orthey have developed subjective models. Physical models rely on analyzing
inline inspection datawhich is very expensive tgatherand does not even exist in the

early stages of Ia addiiop some piped ae naglipgableaThed o n .



existing statistical models do not consider the specific properties of pipes in forecasting
the probablity and consequences of thé&iilure. Moreover, there is no structured method
with which to plan for the inspection and rehabilitation of pipes. Therefore, the current
stateof-the-practice is not mature enough to fully support oil and gaerators in the
decisionmaking process.

This study aims to develop an objective quantitative model on the failure assessment of
oil and gas pipelines, a model that can also be uspthbanaintenance solutions. The
result of this research will help adind gas pipeline operators in their decisioaking

process for inspection and maintenance plans.

1.2 Research Objectives
The mainobjective of this research is to develop a FAssed maintenance decision
support model for oil and gas pipelines durihg operation phase. Thikjectivecan be
broken down into the following sutbjectives:
1. Identify and study theources of failurandtheir effect on oil and gas pipelines;
2. Predict the failure probability of such pipes;
3. Develop aconsequencef failure assessment model,
4. Develop an integrated risk evaluation model;
5. Establisha fisk-based inspection planning mogeind

6. Develop a deterioratiehased rehabilitation plannimgodel

1.3Research Methodology
A comprehensive description of the methodology ted in this researds presented

in chapter 3. A summary of the research methodolegyesenteth the following steps:



Step 1. Literature Review
The literature is reviewed to find those works that are most relevent to the risk
assessment and mainséece of oil and gas pipelines. The literature review also includes

an evaluation of theechniqueghat carnbe usedn the model development.

Step2: Build a Bow-tie model

A Bow-tie model is applied to develop the graphical representation of the variables that
contribute tofailure andto show their relationshio the major consequences of the
failure. This approachincludes two main parts fault tree andcan event tree Dueto the
complexity of oil and gas pifiee behaviour this is a useful techniqusith which to
elaborate on the causes aafterfailure events ofpipeline failure. Finally, this step

provides a comprehensive vieivthe pipelinefailure scenarios.

Step 3:Probability of Failure Model

The failure probability is assessed based on the-timmode| and the contribution of
each category of contributing causes is calculatdg the historical data from pipeline
incidents The model then computes the failure probability based on the causes of
incidents and measures thbability of the occurrence of each major consequence. The
model produces atheindices and equations required to compute the abgmlobability

of failure.

Step 4:Consequencesf Failure Model
This model pedicts themonetary consequent&vel of variouspipeline failurescenarios.
The neurefuzzy technique is used to develop this modélizing data gathered from

the history of pipeline incidents ithe US. This technique is a powerful pattern



recognition togkecognising the relationship between the input and output variables.
Compared to using regression and artificial nenedlorls it develops a more accurate
and robust model.

Step 5: Integrated Fuzzy Risk Evaluation M odel

A fuzzy expert system that integrates the probability of failure thi¢lconsequences of
failure is developedto evaluate the failure risk leveA fuzzy inference system is

developed; its rules defined based ondhkistigrisk matrices and expert opinions.

Step6: Risk-Basedlnspection Planning

The appropriatepipeline inspection techniqueare selectedand their optimal run
frequency of running is proposethis is performedaccording to theaforecalculated
probabilifes of failure and consequenseVarious inspection scenarios are developed
based on the risk growth prediction profile. The inspection scenarios are ranked based on
a newly introduced index, theRigkost, which multiplies the maximum risk of failure by

thelife cycle cost.

Step7: Maintenance planning

This step helps oil and gas pipeline operators devegdppopriatemaintenance scenarios

for the pipelines in their network. The rehabilitation scenados offeredvia the
prediction ofthe deteriorationprofile, and then theequired rehabilitation techniques are
determinedbasedon the deterioratiorprofile. The Life Cycle Costs (LCCs) of the
generated scenarios are calculated using Monte Carlo simulation. Accordingly, the
scenarios withithe lowest LCG indicate the associatedptimum pipeline maintenance

plans.



1.4 Structure of the Thesis

This thesigs comprisedf six chapterssummaisedas follows:

Chapter 1 highlights the problem statement #rmresearch motivation. The research
objectives and the overall model framewark also presented this chapter.

Chapter 2reviews the previous works diilure and risk assessment of oil and gas
pipelines.The literaturereview results are organised ath@ research gapdentified. In
addition, the mossuitabletechniques for this researahe investigated

Chapter 3 presents the research methodology in detalcéimposedf two distinctive
models,a risk assessment model aadnaintenance modeThe risk assessment model
contains three main stepdentification, failure probability assessmeand consequence
evaluation.The maintenance modé$ composeaf inspection planning and rehabilitation
planning submodels.

Chapter 4 explains theistorical data gathered to develop the proposed models. It also
includesan analysis of the historical dataivided into two main categories: (1the
frequency of failure sourcesssociated withdifferent variables and (2nonetary
consequenceclassfication.

Chater 5 elaborates the development of the models based on the proposed methodology
introduced in Chapter 3. It also elaborateshe implementation of the developed model
for a 24inch pipe.This chapter continues with an explanation of the smrtomated
system.

Finally, Chapter 6 highlights the conclusions and the expected contributions of the

research andomerecommendations for future work.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This chapter aims at providingretrospective andomprehensive literature reviesf the

risk assessment, maintenance solutions, and decision support models of oil and gas
pipelines in the operation phase. It starts with an introduction to oil and gas pipelines and
their types (Section 2.2). Then, a coetpensive review of the risk assessnresearches
including the general risk management methods and those related to the oil and gas
pipelinesis presented (Section 2.3). After that, the existing guidelmasarious types of
operations for the maintenanof such pipelines are introduced (Section 2.4). Finally,
selected techniques that have the potenti®detaisedn this research aneviewed and

the advantages and disadvantages of each are demonstrated (Section 2.5). At last, the
limitations of tke previous studiesand overall finding of this revieware presented

(Section 2.6).

2.2 Oil and Gas Pipelines

Statisticsproves that 24% of US energy consumptids providedby natural gas and
another 39% from petroleum products. The pipelines network iblghransport almost

all of the natural gas and around 65% of the hazardous liquid products. Pigeénes
consideredas the most practical and safest way of transporting these products. The
pipeline network in the USonsistsof 2.5 million milesand includes three primary types

according to their function as follows (PHM&2014):



1 Gas transmission and gathering pipelines: Theregmaimately320,000 miles
of onshore and offshore transmission pipelines in the US. Gathering pipelines
gather natural gakom wellheads and transmission pipelines carry products in
large volumes from the processing facilities to the communities, power plants,
and factories over long distances. These pipelines may range from 2 to 42 inches
in diameter (PHMSA2014).

1 Gas distibution pipelines: There were around 2.1 million miles of distribution
pipelines in 2001. They carried products from the processing facilities to the
residential, commercial, and industrial customers. Gas distribution pipeliees
also dividedinto two groups of main and service lines. Main lines are larger in
diameter; while the service lines are from % to 2 inches in diameter (PEHMSA
2014).

1 Hazardous liquid pipelines: These pipelines cover 185,000 miles of the network.
They carry hazardous liquisl from the wellheads to the customers. These

pipelines are ranged from 2 to 42 inches in diameter. (PHMGM)

Figure 2.1 presents a schematic view of the network of oil and gas pipdledfe
cycle ofthesepipeline projectsncludes three main phasesdluding design, construction,

and operation. The main steps of pipeline construction are as followed (Pt205H:

1- SitePreparation

2

PipeStringing

3- Trenching

4

Bending

5

Welding
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2.3 Risk Assessment

2.3.1 Definition of Risk Assessment

Failures have happened over the life of oil and gas pipelines; althouglaréhagsumed

the safest and morecoromic than the othemethodsof transporting the petroleum
products. Risk assessment is a tool that can facilitate maintedanisgormaking by
forecasting the failures of oil and gas pipelin€8sk assessment guidelines have
provided a definition of ris from various perspectives (Infraguide 2006, Dey 2009, and
Dey 2010).Infraguide (2006) defined risk as a combination of the probability and the
consequences of the scenarios that redwere effects on the operation of different
infrastructure types. Consequently, risk management aims to decreaisk thfefailure

and details this process in three main phases: Identification, Evaluation, and Mitigation

planning of the risks.

DNV (2010) pultished a reporaboutthe recommended praction risk assessment of

third party sources of failures. The report defined sources of failure of pipelines as
accidental events that can lead to the failure of the pipes, which was titled: tbeesnd

Then, it defined risk assessment as the evaluation of the frequency and consequences of
the endevent. DNV (2009) developed recommendations on the integrity management of
subsea pipelines. This study suggested selecting the activities in the operation phase of
pipelines based on the risk assessment. Then, it specified the steps of the risk assessment

process as are followed:

1 Identify risks and types of failures
1 Evaluate failure probabilities (PoF)

1 Evaluate failure consequences (CoF)



{1 Estimaterisk of failure leve (# | &0 1 )&

2.3.2 RiskBased Decision SupporModelsfor Oil and Gas Pipelines

There has been an extensive effort in the previous studies to analyze and assess the risks
of oil and gas pipelineand develop rislbased decision support systems for oil aad g
pipes (Han & Weng 2010, Han & Weng 2011, Dey 2003, Dey 2004, Dey et al. 2004)
guantitative method was proposed by Han & Weng (2@16yaluate the individual risks

of natural gas pipeline network¥his method combined the probability of failuresian

their internal and external consequences. External effects included those of individual and
societalwhile internal effects evaluated the monetaopnsequences’ he model applied

an overall rate of failure to calculate the probability of failure and iphied it by a
function of variables. Then, pipelines were classified into external and internal ones. For
the former group, the individual and social consequences were computed. This part of the
model focused on the safety related consequences and ceddidems of a failure on

gas pipelines. The coefficient of the pressure of the pipeline with the expected economic
losswas multipliedby the pressure of the node that was vulnerable toofadlculate the
economic consequences. The failure rate wasaarage rate of incidents that was
computed based on the historical data thas recordedhrough the historical data of
failures on European gas pipeline network (EGIG 199B& failure rate of all pipelines

was considered equal unless the correctictofavas applied; however, no function was

developed to calculate this factor.

Han and Weng (2011) developed a model to compare the risk of failure of urban gas
pipelines in a network. This model considered the causes of failures of such pipelines and

calculated their weights based on the historical data. Frequency of the failures was

1C



obtained to calculate the weight of importance of the causes of failure applying reliability
engineering theory. Then, the probability of happening of each cause of fatisre w
computed and multiplied by its related weight. The metivad implementedn two
pipelines and was compared with the results of a quantitative method proposed by Han

and Weng (2010) to prove the validity of the developed model.

Dey (2003) evaluated thresk of failure of different segments of a crassuntry pipeline

and developed strategies for the selection of the inspection techniques for such pipelines.
Risk-baseddecisionmakingsupport system was developed by Dey (2004) using Analytic
Hierarchy Pocess (AHP) technique. This model applied expert opinion to obtain the
weight of variables that were identified to contribute to the failure of pipelines. Variables
were categorizeds risk factors that included external and internal corrosion, constructio

and material defectas well asacts of God.

Later,Dey et al. (2004) developed a riblased maintenance model for offshore pipelines.
After introducing likelihood and consequence loops of riskpertopinion was obtained

to calculate the relative wghts of each factor of the loops applying AHP. Ranges of
effect values from 1 to 1Qvere consideredor assessing each factor. The model
calculated the risk score of each pipeline by summing up the effect values multiplied by
associated weights of the facs. Finally, one of the results was prioritizing assets of a
network of pipelines. Most of the factors such as corrosion were evaluated subjectively;
although, the research tried to minimize the subjectivity ofddmsionmaking process

in this problem The model did not recognize the severity of different risks of failures.
Consequently, inspection tools were proposed through an expebaseé process,

which was builtupon a set of primary factors. Consequently, the research did not develop

11



a comprebnsive model and needdtle expertiseto analyze and propose the best

technique.

2.3.3 Sources of Failure

The first step in the risk assessment of infrastructures is to identify the risks associated
with their failure (Infraguide 2006; DNV 2009 &010). There are different
classifications of infrastructure riskSources of failures and defects that result in the
failures of oil and gas pipelines have been the subject of grouping risks of failures
(Shahriar et al. 2012, Dawotola et al. 2009, Yu&uaatao 2005, and Muhlbauer 2004)

This section details how previous works categorized the failures of oil and gas pipelines.

Muhlbauer (2004) defined the risk ofl and gas pipelines as the loss of integrity and
product. He also extended the risk deiom to the failure of executing the intended
functions by blockage, contamination or equipment failurealk mentionethat leakage

in most urban pipelines such as water, sewer, and urban gas distributtolerate some
amount of leakagand would ot be considered failed. However, the case was different
for the transmissiopipelines and any amount of leakages defineds failure. Failures
cause interruptions in the function of transmission pipelines. This research classified
failures from the wewpoint of the sources in four categories: third party, corrosion,
design, and incorrect operations. Parvizsedghy and Zayed (2013) classified risks of oil
and gas pipelines based on their sources of failure. Falgnesrecognizeds happening
because ophysical, external or operational sources. Although, there may seem different
categorization of the failures of oil and gas pipelines, most of the identified risk factors or

failure types are similar. TableR2presents the types of failures each studyithentified.
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Theidentificationwas basedn the frequency of the failures of oil and gas pipelines with

respect to their sources.

Table 2- 1: Failure types in six various sources

Sources
. Yuhua
Failure Types Sr:t‘r;'ar Dawotola & Muhlbauer PHMSA, EGIG
2012' etal. 2009 Datao 2004 2014 2004
2005
External . . . . . .
Corrosion
Internal . . . . . .
Corrosion
Construction and . . . . .
Material Defects
Incorrect . . . . . .
Operation
Bad Design * * * * NA NA
Third Party * NA * * * *
Natural Hazards | * NA * * * *

2.3.4 Probability of Failure

Failure probability is one of the required parameters to assess the risk of failure in
infrastructures Different guidelines tried to provide a definition of tpeobability of
failure and a scale of evaluation for infrastructures (Infraguide 2006, and DNV 2010).
Infraguide (2006) defined probability as the frequency of happening of a hazard. The
study proposed Table-2 to assess thprobability of failure of infrastructuresThe
probability of failure assessment for oil and gas pipelines has been the sulgeced
researchs The probability of failure scale shoulde adaptedo the nature of the

infrastructure type. Some types of infrastructures are more dangerdwes harhan and

13



environment. DNV (2009) developed failure probability scale for offshore gas pipelines.

Table 23 presents categories of probability assessment and their description.

Table 2- 2: Probability Assessmen$cale (Infraguide 2006)

Probability level Likelihood
10 Will occur more thar times over next 2 to 5 years Frequent

8 Will occur 2 to 4 times over next 2 to 5 years Likely

6 Will occur once over next 2 to 5 years Occasional
3 May occur once over next 2 to 5 years Seldom

1 Unlikely to occur over next 2 to 5 years Unlikely

Table 2- 3: Failure Probability Scale of Assessment (DNV 2ID)

Category Annual Frequency Description

1 <10° So low frequency that event considered negligible.
2 10° to 10% Event rarely expected to occur.

Event individually not expected to happen, but when
3 10*to 10° summarized over a large number of pipelines have thi

credibility to happen once a year.

4 10°%to 102 Event individually may be expected to occur during th:
lifetime of the pipeline. (Typically00-yean
5 5102 Event individually may be expected to occur more tha

once duringhelifetime.

Inline inspection data was widelysedby previousresearches to develop a model to
estimate the POF (Caleyo et al. 2009, Sinha 2002, and Ahammedé&t@bSinha and
Pandey 200R Caleyo et al. (2009) developed probability distributifmctions of
corrosion depth and rate of growth applying Monte Carlo simulabfferent curves
were proposedbr underground pipelines considering the properties of various soil types.

Sinha (2002) and Ahammed (1998) developed probabilistic models due to the
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uncertainties of pipeline parameters. Both obtained data from Inline timspéaols to

predict the failure probability of oil and gas pipelines under corrosion. These tools were

used to gather data on the conditioroibfand gas pipelines. The models required data on
defectsd depth and | en ¢inh antl Panday (2002) applied i ns p
ANN to develop a model to predict the probability of failure of oil and gas pipelines. This

model usedhe metalloss to forecast the burst pressure of such pipelines based on the
model developed by Kiefner et al. (1973). Théneated pressure was usedftoecast

the remaining strength of the pipelinddoor et al. (2011) proposed a probabilistic

method tdforecasthe remaining strength of offshore pipelines obitey data from inline

inspection tools. This method was develbpebased on the assessmer
Recommended Practice for Corroded Pipelines (Veritas 2010) considering the standard

deviation of inspectiotoolsin determining theizeof defects.

Qualitativeresearchesn POF evaluation model applied expertnign to develop a POF
assessment model (&lhalil et al. 2005Zeng andVa 2009 Dawotola et al. 2009, Dey

2003, and Dey 2004Al-Khalil et al. (2005), ranked a group of crassuntry pipelines

applying AHP. They classified risks of failure in seven gsouporrosion, mid wall

defects, external interference, structural defects, operation problems, and loss of ground
support. Then, experts scored the probability and cost of failure for each pipeline against

the identified risk factors to calculate the oVemxpected cost of failure for each

pipeline. These scores were later used to prioritize pipeluitbsrespect tahe budget.

This Research tried-bbacsedf hippraadbgst emati c
pipelines; although, it lacked the objrity and did not develop a comprehensive model.

Zeng and Ma (2009) developed a risk model for underground pipelines. The model
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applied two sets of variables, general, and inspection and correlatedvitiesix major

types of failure titled: shape, seaand structural failures, pipe alignment, and blockage.
Then, it considered the consequences of failure, cost, performance, interruption, and
safety, and finally offerech maxaveragemethod to maximize the effect of severe
consequences in assessing the risk le&slthe author described, this model did not
develop any rating index to calculate the probability of faildreonly proposes an
ordinal table of scales for different cogsences; the absence of objectivity was apparent

in this model.

Dey (2003) evaluated the risk of failurewadrioussegments of a crogountry pipeline.

The probabilityof failure of segments of a pipeline wassessd based on the judgment

of experts comparing various sources of failure in each segment against the other sources.
The calculated weights for each source of faiwere considerea@s the likelihood of
failure for each segment. These weights were then used to prioritize different segment to
be inspectedAlso, the inspection tool was selected based on the relative likelihood of
failure of segments versus each other. Dey (2004) applsahitar method to calculate

the probability of failure on oil and gas pipelines. Several experts judgechploetance

of different sources of pipeline failures applying AHP. The relative importance of the
identified sources of failurevas evaluated based on the calculated weights. Finally, the
expert opinion was applied to rate the probability of failure oélpes against each type

of failure. This score multiplied by the calculated weights resulted in the calculation of

failure probability.

Dawotola et al. (2009) proposed a model to calculate the failure probability of different

causes of pipeline incidenitThe modeWas designeavith the combination of AHP and
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Fault Tree Analysis (FTA). In fact, the model aimed to rank the causes responsible for
pipeline failures based on the expert opinion. The model did not consider properties of

the pipelines and onlgvaluated the relative importance of each failure cause.

Some of the previoustudiesused the artificial neural networks to develop a model on
the probability of failure of pipes due to corrosion or third party activiBessani et al.

(2010) proposed aodel to predict thgrobability of failureswith respect tadifferent
causes, applying Artificial Neural Networks. For each cause of failure, a set of factors
was proposed as independent variables. Preliminary results were presented to predict the
third party failures; however, results did not prove the importance of the proposed factors
and neither the soundness of the modeh et al. (2012) applied back propagation neural
networks in a model to predict the maximum corrosion rate of natural gas egédtiput
variables included pipeline lengttie differenceof elevation between different sections,

pipe inclination, and pressure. The model also considered the Reynolds number as an
important factor in predicting the corrosioate of various sectionsof gas pipelines.
Menon (2005) defined the Reynolds number as an important factor in classifying the flow
of natural gas pipelines. The study developed a function of average gas velocity, inside
diameter ofpipe gas density and velocity as input paransetercompute the Reynolds

number.

An extensive effort has been performed over the past years to model the reliability of the
pipes subject to corrosiofreng et al. (2011) developed a physical model for oil and gas
pipelines. This research studied theefte of several factors on p
was obtained hr ough Afi el d measurement and physic

analysis proved the importance of the effect of Yield Strength, internal pressure and wall
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thickness of the pipeies. Teixeira et al. (2008) developed a model to assess the
reliability of pipelines with corrosion defects. The model computed the probability of
pipelinesdé failure based on the calculatio
computations ofeliability of the pipes. Sensitivity analysis proved the importance of
corrosion depth andhternal operationapressure on the burst failure of pipelines. The

model was developed based on limited data from Jaaiuketests.

Forecasting the cause f#ilure for oil and gas pipes has beie subjectof study for

many researches. Bertolini et al. (2006) developed a decision support system (DSS) to
forecast the spillage class in the crossintry oil and gas pipelines. Classification and
Regression témique was applied to develop a decision treewlaataimedt forecasting

the cause of leakage in such pipelines. The objective of the research was to select the
most appropriate inspection tool of oil and gas pipelines. Regression technique was
appliedto develop this model. Developed model was aimed to recognize pipelines with
potential third party failures from those prone to the natural hazards failures. The model
used variables such as pipe diameter, service type, locationttgmege of failure, he
environmentand the equipment uséar detecting the leakage. Data was collected from

ConcawgDavis et al. 201)0to forecast the cause of failure.

Senouci et al. (201Bpredicted possible failure sourdes oil and gas pipelines applying
regressionand ANN models. The models considered forecasting failure types besides
corrosion, such as mechanical, third party, natural hazard, and operational failures. The
models obtained historicalata on the failures of pipelines in Europe that was prepared
by Concawe (Davis et al. 2010)he accuracy of the model was acceptable; however, it

applied only five variables for all failure types. These variables includedype of
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product, pipe location, pipe age, land ,used pipe diameter. Except the age, variables
remained constant over the life of a pipeline and consequently did not represent the
changes that may happen in the environment and pipe i&ksld, as the author
mentioned, the model applied a limited numioérfactors that can be developed to
forecast the failure rate of other types.

relianceonthe Concawe database.

Most of the developed models were either subjective and were dependent on the expert
judgment(Dey et al. 2004 and Dey 2008) only addressed one source of failure of
pipelines such as corrosion (Liao et al. 2012; Ren et al. 2012; Sinha and Pandey 2002;
and Ahammed 1998 onsequentlythey were notomprehensiveThey also lacked the

objectivityin estimating various sources of failures in oil and gas pipelines.

Several researchers tried to develop models to cover these limitationsatidraped to

develop models that could predict other sources of failures besides cor®msnmuci et

al. (2013) applied fuzzy logic technique to develop a model in order to predict the failure
type of oil and gas pipelines and compared the results with those of Senouci et al.
(2013). The comparison results proved that the developed fbasgd model
outperbrmed the regression and ANN models with respect to the model vaéispite

the attempts made to predict the failure type of oil pipelines considering causes other than
corrosiondeveloped pipeline condition assessment models dicamaly other factos

besides corrosion. In other words, they mainly addressed factors that cause failures due to
corrosion or third party damages only. In addition to tila¢ important issues of
finterdependendy bet ween different fact orctdborrsedl at

severity weights were not addressed simultaneously. Consequenif\gbasy et al.
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(2014, developed a model to evaluate the condition of oil and gas pipelines applying
number offactors comprising corrosion. The model applied Analytic Networlcéa®
(ANP) and Monte Carlo simulation. Interdependency of faci@s considerethrough

ANP, and the suggested decisions took the uncertainty into consideration (using
simulation). The implementation of the model on an existing offshore gas pipeline in
Qaar was successful. The results of the madete comparedvith the actual pipeline

condition.

The simulation model built by EAbbasyet al. (2014 was considered as a first phase to
evaluate or assess tbenditionof offshore oil and gas pipelingsl-Abbasyet al. (2014)
developed the seconpha® of the model the objective of which was to predict the
current and future condition of offshore oil and gas pipelilbe model was developed
based on the historical inspection dttatwas collectedn Qatar.The developed model

used the regression analysis technique to predict the pipeline condition and when
compared with the actual condition yielded an average validity percentage above 96%.
El-Abbasyet al. (2014) applied ANN technique to develop dher model with the same
objective. The ANN model outperformed the regression model with respect to the
validity results. These models applied several factors in predicting the condition of
pipelines with considerably high accuracy. However, they couldieatlop a model to
predict the sources of failures or their consequences. Also, the niedglsed in these
studies were dependent on inline inspection data, which is expensive to gather frequently.

They did not consider the specification of the locatibpipes in developing the models.

Shabhriar et al. (2012) developec@mprehensivenodel to assess the risk of failure on

oil and gas pipelines applying Betre analysis. Bowie analysis is a new approach that
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takes advantage of graphical techniquesnalyze different scenarios of pipeline failures.
This technique combines Fault Tramalysis(FTA) with Event TreeAnalysis (ETA).

The model used the fault tree developed by Dawotola et al. (2009) and Yuhua and Datao
(2005) with some modifications. Figes 22, 2-3 and 24 present the FT thatas applied

in this model The Bow-tie diagram fothe naturalgas pipelinavas centeredver the gas
release of the pipeline that was the top event for the fault tree. Sources of failure such as
third party activities, corrosion, incorrect operation, unreasonable design, and geological
hazards were the first level of expanding the causdailofe. In the lower levels, the
variables that were in charge of different failure types were identified and considered as
the basic events. Expert opinion was used to assess the fuzzy likelihbagiofisk

events.

An 1ll-grade fuzzy scale was usedto assessthe probability of failure, which was
developed by Sadig et al. (200%yiangular fuzzy membership functions were applied to
developthe granular scale to evaluate the likelihood of failure. The scale translated the
linguistic terms into fuzzy nubrersevaluatingthe probability of failure from absolutely

low to absolutely high level. Therobability of the occurrence of final event was
calculated by multiplying the probabilities attributed to the basic events. Finally,
sensitivity analysis provedh¢ importance of bad installation and construction defects. As
mentioned before, the expert opinion was used to analyze the failure probability of gas
pipelines. However, it was very hard for the experts to analyze the effect of 40 basic
events on the faire probability of the final event (Shahriar et al. 2012). The limitations

of the model can be minimized by applying the historical data in developing the model.
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Some resarchas tried to develop models to forecast the probability of failure as
mentionedbefore (Shahriar et al. 2012; Dawotola et al. 2009; Yuhua & Datao 2005;
Muhlbauer 2004; Kiefner 1997). In Tables52 26 and 27, the variables thatvere
consideredwhen developing theaforementioned model® estimate the probability of

failure are summazedfor each type of failure.
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Table 2- 4: Summary of the variables affecting the probability of corrosion failures

Failure Types | Sources Variables

Failure of CP
Failure of Coating
Soil corrosion (High temperature, low resistan
high water ratio, high salt, bacteria, low p
electrical interference)
Failed CP
Soil corrosion
Failure of coating
Failure of CP
Yuhua &Datao Failure of Coating
2005 Soil Corrosion
Anti-corrosion
External Subsurfacenvironment
Corrosion soil corrosivity (resistivity, pH, moisture,
carbonates)
Mechanical corrosion (stress level, stress cycling
temperature, coating, CpH)
CP effectiveness
Interference potential (DC & AC related, shielding
potential)
Coating (type, age, visual inspection age, other
inspection age)
Pipe wall thickness

Shabhriar et al.
2012

Dawotola et al.
2009

Muhlbauer 2004

Kiefner 1997 CP- efficiency
Soil factor
Experience factor
Shahriaret al. EZ::E:S 8; Lnoh;gﬁor
2012 )

Debonding
Failure of inhibitor
Dawotola et al.  Failure of coating

2009 Interfacialdebonding
Corrosivemedium
Internal Anti-corrosion
Corrosion Yuhua &Datao Failure of inhibitor

Failure of coating

Bad clear pipe

Medium (with water or acid)

Flow characteristics

Product corrosivity

Flow stream characteristics (solid and water relat
Preventions

2005

Muhlbauer 2004
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Table 2= 5: Summary of the variables affecting theprobability of operational

failur es

Failure Types

Sources

Variables

Shabhriar et al.
2012

The same as Yuhua Ratao2005

Construction defect

Yuhua & Material defect
Datao2005 Operationdefect (lad installation, weld, groove
Mechanical damage)
Inspection
Construction Materials
and Material Muhlbauer  Joining
Defects 2004 Backfill
Handling
Coating
MAOP
Hydrostatic test pressure
Kiefner1997 Age factor
Seam factor
Girth weld factor
Shabhriar et al.
2012 The same as Yuhua Ratao2005
Yuhua & Quality of worker, SCADA, Ejuipmentmaintenace,
Datao2005 Apparatus maintenance
Procedures
oo
P Muhlbauer Drug-testing
2004 Safety program
Survey
Training
Mechanicakrror preventers
ggig riar et al. The same as Yuhua Ratao2005
Yuhua & Unreasonable strength
Bad Design Datao2005 Unsuitable material
Safety factor (MOP, OP, rterial strength, th., externe
Muhlbauer Loading, OD., strength of fitting, valves, component
2004 Fatigue

Integrity verifications
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Table 2- 6: Summary of the variables affectingthe probability of external failures

Failure

Sources Variables
Types
Parties ignore signage
Shabhriar et al. Implicit signage
2012 Sabotage
Overload
Partiesignore signage
Yuhua & Datao Implicit signage
2005 Sabotage
Overload
Minimum depth of cover (soil cover, type of soil,
pavement type, warning tape or mesh, water dep
; Activity level (population density, stability of the
Third Party area, oneall, other burieditilities, anchoring)
Aboveground facilities (vulnerability, threats such
as traffic)
Muhlbauer 2004 Onecall system (mandated, response by owner,
well-known and user)
Public evacuation (methods such as door to door
mail, advertisement, frequency)
Right of way conditior(signs, markers, overgrowtfr
undergrowth)
Patrol (Ground and air patrol frequency, Ground :
air patrol effectiveness)
Earthquake
Shabhriar et al. Flood
2012 Subsidence
Natural [ETaztehsirgfeaS’uhua & Dataq2009)]
Hazards Yuhua &Datao A q
2005 ood
Subsidence

Muhlbauer 2004

Land movements (seismic shaking, fautivement
subsidencglandslide, water bank erosion)

CP: Cathodic ProtectionMAOP: M aximum allowable pressuréjTTP: H ydrostatic
test pressuré)D. Pipe outside diameter, OP: Operating Pressure
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2.3.5 Consequencesf Failure

There has been an extensive effort during the past decades to manteisbgquencesf

thefailure of oil and gas pipelineSome of the guidelines providedjualitativescale of
assessment for this parameter of risk assessment from various points oDX&w.

(2010) considered the consequences of failures of oil and gas pipeline with respect to
safety (personal), environmental and economic hazards. Econoamsequences
accounted for the possible pipelinesdéd prod
were proposed tde measuredvith respect to the personnel. The cost of repairing
damages to the pipelingas ignoredn evaluating the economic consequences as it was
deemed negligible. The proposed methas based n t he expertsdé judgr
was subjective. Table-2 presents the scores thaere definedin different levels of

safety consequences.

Table 2- 7. Safetyconsequencescak (Adapted from: DNV 2010)

Category Description

1(low) No person(s) are injured.

2 (not used)

3(medium) Serious injury, one fatality (working accider
4 (not used)

5(high) More than one fatality (gas cloud ignition)

DNV (2010) defined the environmental consequences as the effects of the product release
with respect to the eesystem. As a result, the amount of the product spillage was used to
rank the environmental consequences of a pipeline failure as shown in Z8ble
Different levels of economic consequences and their attributed delay of prodaieion

shownin Table 210. The method developed in this guideline is a subjective method and
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needs expertsodéd opinion. However ,h lahdhgas exper

pipelines that are mostly undergrouncaoe laidoffshore.

Table 2- 8: Environmental consequencescale (Adapted from: DNV 201Q)

Amount of
Category Description release
1(low) None, small or insignificant on tlevironment. Either dueto
no release of internal medium or only insignificant release.
> Minor release of polluting media. The released media will <1 000 tones

decompose doe neutralizedapidly.

Moderatereleaseof the polluting medium. The released media
3(medium)  will use some time to decompose or neutralize, or can easily <10,000 tones
removed.

Largerelease ofhe polluting medium which can be removed, ' <100000 tones

4 : ) :
will after some time decompose or be neutralized.

Largerelease ohigh polluting medium which cannot be > 10Q000 tones

5(high) removed and will use Iong_; time to decomposbeneutralized

Table 2- 9: Economic consequences scale (Adapted from: DNV 2Q)0

Production
Category Description delay/
Downtime

1(low) Insignificant effect on operation, small or insignificant cost of repai 0 days

Repair carbe deferredintil scheduled shutdown, some repair costs

2 . <1 month
will occur.
Failure causes extended unschedided of facility or system and

(medium) significant repair costs. Rectification requires unscheduled underv 1-3 months

operation with prequalified repair system before further productior
Failure causemdefinite shutdown and significant facility or system
failure costsRectification requires unscheduled underwater operat

4 without prequalified repair system before further production. 312
Or months

Failures resulting in shorter periodsstfutdownof major parts of (or
all of) the hydrocarbon productidar the field.

Total loss of pipeline and possible alessof other structural parts of
the platformLargecost of repair including long time shutdown of
5(high)  production. 1-3 years
Or Failuresresulting inshutdownof the total hydrocarbon productior
for a Ionger period.
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Some researchers tried to develop numerical models to estimate the consequences of the
pipelinesdo failure. Resterpo et al. (2009)
the monéeary consequences of pipeline failures. The models obtained data from the office
of pipeline safety (OPS) a section of the US Department of Transportation (DOT). Data
on the incidents of théazardousliquid pipelines from 2002005 was obtained to
developthis model. First, the probability of occurrence of tm@mo consequences was
assessed through logistic regression models. The models were trained embedding data on
several parameters from the databd$e parameters included the system part involved

in the accident, location of the pipeline (offshore versus onshore), occurrence in a high
consequence area (HCA versus #t@A), as well as the binary factors representing the
occurrence of ignition, explosion and/or product loB®r nonzero consequence
incidents, other models were developetihe inputs of these models included
characteristics of the incidents such as the occurrence of ignition and/or explosion, the
amount of the product loss, the location specifications (i.e., offshore versus onshore, and
HCA versus nofHCA), the system part involved, and the cause of the acciflbase

models could be used to analyze different scenarios of accidents on such pipelines.
However, there were some limitations in their application to predict the consequence of
failures. First, the amount of the product loss and the paheafysteminvolved in the

incident is very hard to predict and is not known before the happening of an accident.
Besides, the models were natlidated and their accuracy in the predictionrabnetary

consequences was not tested.

Simonoff et al. (2010) developed models to evaluate different scenarios of pipeline

failures. This study obtained historical data recorded from-2008 and 2002009 on
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the failures of transmission and distributioipelines respectively. Similar to Resterpo et

al. (2009) this study developedwo-stepmodel. In the first step, the probability of the
occurrence of a nemero cost consequence was evaluated through logistic regression
models. These models includednéiy variables on the incident characteristics of
pipelines failure. In the second step, the magnitude of a cost consequence was measured
applying least square regression models. These models used variables presenting the
causes of incidents and incidenpés. Results of the models were the scenarios of
pipelinesd6 failure. One of the scenarios
pipeline as a result of internal corrosion in a4t@A with rupture. This scenario was
assumed not tbe involvedwith anignition or explosion. The computed cost of failure

was predicted to be in the interval of 17,093 to 281,815 the average of whgh
calculatedas 71,093 US$. The analyzed scenarios did not consider the characteristics of
the pipeline such as diameteralwthickness or age. As a result, the models developed in
this study cannot be applied to assess the consequences of failure rigdpedifec

pipeline.

Event Tree (ET) was used by some of the researchers to model the conseaxfuence
failures of oil and gas pipesBrito et al. (2009) developed an event tteeanalyze the

accidental failures of natural gas pipelines. The main factorswbed consideredn

developing this event tree were failure mode (rupture versus puncture), delay in the
possi bl e ignition, as wel | as t he Nndegr ee
Consequences of the product releasze identifiedas: detonation, Jet fire, Confined

Vapor Cloud Explosion (CVCE), Flash Fire and gas dispersion. An additive function of

human environmental, and financial consequences was considered to calculate the
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consequence probabilities. Each pipelwas dividedinto sections covering tens of

meters. Theprobability of consequence®r each section was computed obtaining the

e X p e r nios througlp probabilistic judgments. However, it had been very hard for the
experts to estimate the probability distri
As a result, the average pipeline failure rate was used as the failure probabilitpshat w
calculated based on the EGIG reports (2009). alkeragevalue was useds the basic

failure probability in gas pipelines that was equal to 0.00041/ken.year. Some

adjusting factors including land use and soil, third party activities, distance from
residentialareaswere used. The experts estimated the value of the adjusting factors in
different sections of the pipeline. Consequently, the sections were ranked according to
their risk of failure. Although, the model benefited from the historical dataas
subjective and depended on the expertsd op

experienced as the model needed detailed data on the estimation of the adjusting factors.

As mentioned before, Shmi ar et al . ( 2 0tli2 ¢ alysismmodelitatp e d a
considered the posailure events of gas pipelines to estimate the consequences of
failure. Figure 25 depicts the event tree developed by this model. This model adapted the

ET developed by Sklavounos and Rigas (2006). The main fabtdravere considered in
developing the Ewere mentione@dsthe delay in the ignition of the released gag to

the pipe failure and the degree of space confinement. The events after a gaswetease
identified as Detonation, Fireball, Confined Vapor Gld (CVC) explosion, Flash Fire,

and material loss. The probability of the occurrence of eachfabst eventwas
assesselly multiplying theprobability of gas release by thgrobability of happening of

the two primary factors {.e. ignition delay and gace confinement). The calculation
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resulted in analyzing the probability of happening of each scenario of failure. Then the
triple bottom line sustainability criteria were used to evaluate the social, environmental,
and economic consequences of failurexi& consequences included the assessment of
casualty, society response and evacuation requirement. Environmental consequences
required theevaluationof consequencewith respect to theair, endangered habitats,
vegetation, soil, and water. Finally, ecomic evaluation of the consequences included
the effects of failure on supply interruption, repair, material loss, and property and third
party damagesthe ganularfuzzy scale was applied to assess the consequences of each
fail ure s cenainidandShahnar eeat. 2@)2ApEying exgert elicitation
decreased the objectivity of the model and made it difficult for the experts to judge the
probability of occurrence of each scenario and estimating several factors to estimate the

consequences ofmpeline failure.

Pre-Event Side: FT development Post-Event Side: ET development
Critical event Delayed
(CE) Ignition Ignition Space confinement ~ Output events
- . .
g Detonation/Deflagration
(o]
g Yes N-28 (OE)
3 |-
Z 1 Fircball/Jet Fire (OEs)
&
3; Natural gas | N-26 Confined Vapour Cloud
release (N-25) Explosion (OE3)
N-29
.3‘ Flash fire (OE4)
o)  J
e L
L No
) N-27
)
A .
~ Material loss (OEs)

Figure 2- 5: Event Tree Diagram of Natural Gas Pipelines (Shahriar et akR012)
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Operation phase adil and gas pipeliness comprisedof different activities including
inspection and maintenance. Parvizsedghy et al. (2014) classifieattiligies of the
operation phase of such pipelines in five categories as shown in FablerReresearch
classified activities in regular maintenaec inspection, remedial actionsgpair, and
replacement, as the majoategoriesof the operation. According to this research, these

activities were defined as follows:

1) Regular maintenance: This operation type includes the activities that should
regularly be repeatedwvhich contains the office setup, monitoring systems, annual
corrosion inspection and cathodic protection survey as well as the Right of Way
Extension

2) Due to the fact thatarious failure types are threatening oil and gas pipelines, they
should regularly be inspectedrhere is not any specific recommendation for the
selection of inspection technique. The research by Parvizsedghy2214) has
considered an Inline inspection waliegularfrequency of seven years.

3) Remedial action isnvisagedto repair the coating of the pipes.

4) Repair types have been extensively studied in the study by Parvizsedghy et al.
(2014)to find the most suitable and generic types of repair as it is not possible to
forecast various defect typeBable 212 presats different repairtypes thatare
recommendedbr different defect types.

5) Replacement: Replacing the pipe is usually possible; although, it may not be the

most economical solution.
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Table 2- 10: Different operation elements(Parvizsedghy et al. 2014)

No. Operation Type Detalls

1 Regular Maintenance Including office cost and regular annual operatio

2 Inspection Inline Inspection (ILI) Hydrostatic Testing
3 Remedial Actions Recoat

4  Repair Sleeve Type BBolt-on Clamps

5 Replace Hot Tapping (Small sizeslReplace Pipe

2.4.1 Inspection Methods

Different types of Inspections are developed to monitor the condition of the pipelines and
assess their risks of failure. Each inspection is suitable for detecting a type of failure and
would not be efficient tde usedor the other purposes. Moreovernning the Inline
inspections frequently could be toexpensive and the risks of failure should be
considered while selecting the inline inspection asdrequency to run. Hopkins etl.

(2013) recommended assessing tis& of failure and selecting thmspection method

that suits the purpose. Tablel2 summarizes various inspection types that are suitable
for different sources of failures. For example, aerial/ ground patrols are recommended for

the failures the sources of which are the third partyities.
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Table 2- 11: Recommended Types of Rehabilitation for Different Types of Defec{®Parvizsedghy et al. 202)

Type of
Rehab. . . Bolt-on )
Grinding Type A sleeve Compression Type B Composite Wel.d. Clamp Hot Tapping (1) Epoxy-filled
Sleeve Sleeve Sleeve Deposition ) Sleeve
with Seals
Type of
Defect
1. Leak NA NA NA PE;:\/I BP(temp) NA BP PRM NA
- Leaks N AP (<0.8t) PRM
BP BP PRM(<0.8t)
ZC'OErX;eTQa' BP PRM(<0.8t) | PRM(<0.8t) PRM PRMB(F;O gy | AP! (min. PiF:w ';'E'}" BP
rosion API (<0.8t) API ' wall>0.8t)
3. Internal BP
. BP(Temporary) BP(temp) BP BP
Corrosion NA PRM PRM PRM PRM NA PRM API (temporary)
(2 API
PRM (Only on
BP smoothdents)
PRM(No PRM BP(<12.5%t)
4. Dents smooth dents) API PRM PRM PRM NA PRM API (If dent can BP
API be removed
completely.)
5. Crack BP BP PRM(<0.8t) PRMB(EO 8t) ;ﬁﬁﬁgg PRM (<0.8t) PRM PRM (<0.8t) BP
PRM(<0.4t) | PRM (<0.8t) AP| PRM (<0.81) (<0.81)
6. Seam BP BP
Weld Defect PRM (3) PRM (3) PRM PRM PRM (3) NA PRM PRM (3) BP
. PRM
7. Girth BP NA NA API (After NA PRM (After | 5oy NA NA
Weld Defect PRM grinding) grinding)

(1) Hot tapping can be applied only to defects that are small enough to be removed by the hot tap.
(2) For internal defect or corrosion masére that it does not continue to grow beyond acceptable limits.

(3) Not proper for defects in or near ERW seam.

BP = British Petroleum Guidelin®P, 2006)
PRM = Pipelines Repair Manual prepared by USA Pipeline Research CQasgi et al. 2006)
API = American Petroleum Institute the recommendations of which on the rehabilitation techniques are sumnfaalmerbgnes et al. (2005).
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Table 2- 12 Major categories of inspection to monitor various failue types
(Hopkins et al. 2M0)

Monitoring/ Inspection Method
(P=Proactive Methods, R= Reactive Methods)
%
g n [&]
Defects / Ssw E TN - 5o > > =
=~ w ]
Damages TS5 59 éz 59 ng R®ED 7
t2% Ta ©5 85 &8 3s5 8
<pa £ o " g OCSh 8
= o 3 T
[}
O
rd
3" Party p R R
Damage
Ext. Corrosion R P R
Int. Corrosion R P R
Fatigue/
Cracks R R
Coating P
Materials/
Construction R R
Defects
Ground R
Movement
Leakage R P R R
Sabotage/
: P
Pilferage

Thompson (2000) divided major inspection methods other than patrolling into three main
items. Table 214 presents the classification that include@e inspection hydrostatic
testing, and direct assessment. Each inspection method has flaws that shtakdrb

into consideration while choosing the inspection methddo, the piggability of the
pipeline should be evaluated as some of the pipelines in the US and other countries

especially the older ones cannot accommodate the intelligent pigs.
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Table 2- 13 Major Assessment Methods (Adaptedrom: Thompson 2®0)

Method Strength

Weakness

: : Measures anthapsthe
Inline Inspection

remaining wall thickness.

Single run does not identify active
corrosion and the accuracy of
multiple run predictions is uncertain.
Resolution of tools varies.

Causes a controlled
Hydrostatic Testing hydrostaticupture of
neaccritical flaws.

Does not identify the presence or

severity of flaws other than critical
axial flaws that fail at the pressure
testal.

Identifies areas of high

Direct Assessment probability of active

Verifies accuracy througtigging
does not provide 100% direct

corrosion. assessment ofie pipeline

There are different techniques for the inline inspections (ILI) the characteristics of each
shouldbe studiedfor an efficient selection. Thompson (2000) stated that there are two
main types of ILItools: magnetic flux leakage (MFL) tools and ultrasonialdqUT).

The resolution level of various types of these two main ILI types makes them different in
their capability to detect defecéspeciallyto distinguish between external and internal
corrosion. Hopkins et al. (2013) mentioned MFL as the most comynuised method of

ILI. MFL is not able to detect the axial defects and cracks; however, they are suitable for
the circumferentiatlefects

The ost of operation of different ILI toolsraries according to their capabilities. The
preparation cost of the mpnes for an inline inspection shoule estimatedor the
pipelines that cannot receive the Inline inspection tools. Cost elements of pipe
preparationare presenteth Table 215. Cost datas gatheredrom Thompson (2000).

The costsare discountedvith historical inflation rates of the USo be convertednto

2013 US dollars.
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Table 2= 14: Cost elements of Pipeline Preparation for ILI (Adapted from:
Thompson 2000)

Cost elements Function Min. Max. Unit

Cost Cost

Launchers and

. . . : .
receivers Modify capabiity to receive and launch pigs 150,000 190,000 US$ (One time)

Identify the restrictions and bend the radius of pipe 4

Caliper tools ensure pipe is free from defects to stuck the pigs

1,200 1,500 US$ per Km.

Clearing bend & Digging and exchanging the valves or sections of pif USS$ per pipe
other restrictions  |that reduce opeaning of the pipe section or valve

Required before running MFL and UT whie Ut Gas 585 US$ per km.
requires a cleaner pipe Oil 2,923] US$ per km.

94,000 470,000

Cleaning the pipelind

The overall cost of converting a pipeline to be able to accommodate ILI tools is estimated
to be 8,000 to 17,000 US$ per kilometer (2013 dollarsg ®stof preparation for gas
pipelines with multiple defects and bends can be over 35,000 US$ per kilomete
(Thompson 2000). Different inspection tools da@ appliedfor detection of various
failure sources. Table-26 summarizethe applicationof variousinspection tools and the

sources from which this daiggathered

2.4.2 Life Cycle Cost Assessment

Life cycle cost (LCC) assessment models are applied to analyaguitialent economic

value of the service life of infrastructures. LCC is used to compare different alternatives
from an economic point of view. The method considers the cost of maintenance for
various alternatives of operations during the whole life of the projects. Life cycle cost
analysis models have been developed to analyze different scenarios of repair and
replacement ofvarious infrastructure types. Frangopol et al. (2001) estimated ¢te n
present worth of the life cycle operations of bridges based on the reliability assessment.
Hegazy et al. (2004) developed a condiimsed life cycle cost model for the

maintenance optimization of bridge decksgeneticalgorithm was applied to develo
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the model and optimize the required budget of this infrastructure type in the project and
network level. The research applied Markovian approach to predict the condition of
bridge decks. A scale assessment was developed to help in the selection afis&pprop
repair type. Ammar et al. (2013) proposed a fulzaged model to estimate the life cycle
cost of different scenarios. A fixed intervaketween different operation typesas

considered to develop the scenarios.

Table 2- 15: Summary of application of inspection tools (INGAA 2007; NACE 2002)

Inspection tool Threat to be assessed Source

MFL Standard Internal & External CorrosiofNo internal or external 12

Resolution diameter discrimination) ’

MEL High Resolution Internal & External Corrosion, Circumferential 1,2
Cracking

UT (Compression Internal & External Corrosion, Narrow Axial Externe 12

wave) Corrosion, Crackd_amination '
Internal & External Corrosion, Narrow Axial Externe

UT (Shear wave) Corrosion, Cracks, Circutarential CrackingDents, 1,2

Sharp Dents, Wrinkle Bends, Buckle, Lamination

Internal & External Corrosion, Narrow Axial Externe
Transverse Flux Corrosion, CracksDents, Sharp Dents, Wrinkle 1,2
Bends, Buckle

Dents, Sharp Dents, Wrinkends, Buckle, Bends,

Caliper Tools Ovalities 2

Mapping Tools Dent;_, Sha.rp De_nts, Wrir_lkle Bends, Buqkle, Bends 5
Ovalities(Sizing is not reliable through this tool)

Deformation or Excavation Damage, Outside Fodamage 1

Geometry Construction

Pressure Testing Internal &_ External Corrosion, Manufacturing, 1
Construction, SCC, Excavation Damage

ECDA External Corrosion 1

ICDA Internal Corrosion 1

SCCDA SCC 1

1: INGAA (2007),2: NACE (2002)
Several models were suggested to analyze the LCC of water pipelines. Shahata and

Zayed (2012) developed a simulatbased model to evaluate the LCC of various
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scenarios. The scenarios were developed based on the prediction of the time of the five
first breaks of pipelines according to the historical data of the pipe failures. The
maintenance actionwere estimateaccording to theb r e ae&timdied time and their
order. The model optimized the maintenance LCC based on the annual worth of the
developed sceamios. Conditiorbased LCC assessment model was developed by
Parvizsedghy et al. (2014) to analyze various scenarios of repair/replacement considering
the uncertainty of the economic parameters. The method developed a defect size scale
that is used to estiate the condition of the pipeline after rehabilitation. The condition
scale that was developed byAdbbasyet al. (2014) was applied to estimate the required

action of intervention based on the condition of the pipeline.

Average deterioration rate wasstimated based on the deterioration profile that was
developed by ERAbbasyet al. (2014) according to the historical inspection data of
pipelines in Qatar. The research also gathered some cost data on various sizes and types
of interventions that wereseémated tobe performedduring the service life of the
pipelines. The research has developed a robust methite LCC assessment of oil and

gas pipelines. However, it did not propose any specific method to select the inspection
method. It suggested twmain plans namely; risky and conservative ctinosethe
intervention action based on the condition estimation of the pipdliveemodel does not

offer a method tselect between these tvpbans It needs an assessment of the risk of

failure to distinguistbetweerthe pipelinesvith high, medium, and lowisk of failure.
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2.5 Selected Research Techniques

In this researcha variety of techniques will be utilized to achieve its main objectives.
Such techniques include bate not limitedto BowTie analysis, Probability Theory,
Artificial Neural Networks (ANN), Regression Analysis (RA), Nedfozzy technique,

Adaptive NeureFuzzy Inference System (ANFIS), and Monte Carlo Simulation (MCS).

2.5.1 BowTie analysis

Risk analysis of oil andas pipelines is a difficult task as a result of the complexity of the
factors leading to the failure. The uncertainty of the behavior of these products in case of
failure of the pipeline adds to the complexity of risk models of such infrastructures. Bow
tie analysis is a new technigfor the risk assessment of industrial systems especially the
safety analysis of the industrial processdss techniqgue combines the Fault Tree (FT)
with Event Tree (ET) models, which allows the analysis of different scenand the
estimation of the probability and consequence of failures. Top event of the FT becomes

the starting event of an ET.

Figure 26 presents a schematic view of the Boevdiagrams. The technique has been
proved to be advantageous as it simplifiase tomplicated mechanism of industrial
process failuresCombinationof Bow-tie with the other techniques such fagzy set
theory or statistical analysis (Parvizsedghy and Zayed 2@hsl Shahriar et al. 2012)
can lead to the estimation of the probapibf failure and may provide an image of the

possible scenarios of failure.
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Figure 2- 6: Generic Bow-tie Model (adapted from Dianous& Fievez2006)

The FT explores th@aotential causes of the top event or the risk factor of a system.
Causes of the top eveate expandedt different levels based on the existence of data.
Basic events are the lowest level of the causes that can lead to the failure of the system
and their estimatio is possible according to the existing data. Detailed causes are
connectedwith logical relationships (i.eAND/OR) (Mokhtari et al. 2011). ET models

the major hazards, which are controlled by the safety barriers. balngers are
demonstratedon the bow-ties and their performance indicates the probability of
happening of each major hazard (Dianous and Fievez 2006). As a result, different
scenarios of a failure are identified and analyzed. Different scenarios indicate the success
or failure of each safetlyarrier. The probability of the success or failigenultiplied by

the probability of the occurrence of the top eventompute the occurrence frequency of
each scenario of failure. Boethes are graphical diagrams of presenting the logical

relationships between various factors responsible for the failure and the major
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consequences of a failure. Figure&r epicts the key symbols of a fault tree each of

which indicates a logical relationship.

Post-events side: ET development

Pre-events side: FT development Critical °E E Outcome
Event (CE) ! 2 events (OE)
Success
o e \ — OE,
= N
E {2 HcE
o
®_ OEZ
> — L /
— Z AN .
o Failure

Figure 2- 7: Elements of aBow-tie model (adapted from Ferdous et al. 2IP)
BE-Basic EventlE-Intermediate Event$E- Critical Event; OEOutcome Eents

ARAMIS project developed structure of risk assessment thrdBigh-tie analysis;
however, in the implementation phase they encountered several problems. One of the
problemswas mentionea@s defining the frequency of occurrence of dangerous events, as
well as the leading causes. In the previous works, a generic form of pitgbab
distributions wasused and the safety systemgere not identifiedrery clearly (Dianous

and Fi'evez 2006). The shapes of various components of thdi®aagrams follow a
standard set of rules. A summary description of the components of faulindethe
defined shapesre depictedn Table 217. Traditional Faultree models analyzed the

probability of failure of the top event of the fault tree by assigning crisp values to the
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basic events. Then, in the analysis phase, the logical relation lbasieevents with the
top event wasonsideregdand the computation of the failure probabilitgs performed

Table 2- 16: Description and shapes of Graphical symbols used in Fault tree models
(adapted from Ferdous 2006)

Graphical symbol Shape name Representing Event
Applied for representing Intermediate event
] Rectangle top.evert.
o , :
= ’ Circle Represents the basic event
)
® Diamond Undeveloped Event
2 <>
=4 Conditionaleventusefor representing any
< - Oval
g conditions
o
¢ ‘ House External Events
AND gatescombine the input events, all of
. AND Gate which has to occur simultaneously for the
o output event to occur.
[
o R mbine th nt th
= ‘ OR Gate O gatesombine t g output event that occu
g if at least one of the input events occurs.
&
@ Input event produces output event wigen
2| @ INHABIT Gate | il SVEnt P P
3 conditionalevent occurs.
o
o
7y A Transferring gate information or event
TRANSFER Gate information under a sutvee.

Yuhua and Datao (2005) described the process of quantitative analysis as follows:
1) Probability of occurrence of each basic event shbeldbtainedrom experts or
the historical data;

2) All of the minimal cutsets of the diagram shoube identified
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3) Finally, the probabilities are calculated multiplying probabilities of occurrence of
all included basic events in each minimal-sat.
The computation would be performed in a reasonable time if the fault tree were not huge;
however, the problems would arisehk tree is=normousand the number of cut sets is
too much. In that case, Equation22might be used to calculate the probability of

occurrence of the top event.
PT=Pz{ Kj=B'-RKi-B jRKi KjBf'.; RKj Kj KKk
; n-1 . . .
+é+-1 PK1K2éRK|j=bgFit (2-1)
Where
K1, K2,..Kn: the minimumcutsets
N: the total number of ctdets
Fi(t): the probability of the basic event Xi.

2.5.2 Artificial Neural Networks (ANN)

There are several predictive supervised learning approaches, which can be employed to
recognizethe existing pattern among the input and output variables. Neural network
points to several learning techniques; the most popular one is theptopagation

approach, which is very useful in the construction managemsaarchChristodoulou

(2004) appked neural networks for optimum markup calculation, Hegazy (1993) applied
neural network for bid preparation, Siqueira (1999) for cost estima#itiglla and

Hegazy (2003ppplied ANNf or A Predi cting Cost Deviati on

and AlBargawi and Zayed (2006) in condition rating of water mains and Zayed &
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Halpin (2005) to develop a model to estimate the productivity of pile construgtbm
et al. (2007) predictedhe remaininglife of water pipes, applying neural networks.
Parvizsedghy and Zayed (2013) applied ANN to develop a nfodiie prediction of the

consequences dtefailure of oil and gas pipes.

The neural network trains itself through data entries amidsfthe relationship between
the input and output data. ANN imitates the function of a hubram, and it is very
Af aul t abdatliseableatogengralize; hence, these properties make it suitable for
construction management issues. This techniqoeiges a suitable platform forisk
managementesearchsince construction problems camyuch uncertainty Zayed and
Halpin (2005) mentioned that ANk composedof two phases namely: learning or
training and recalling. The function to find the relatioipsbetween variables througje
neuralnetwork is called the learning phasehichis controlled based on the error of the
produced networkThe fcondfunction is called recalling that inserts the inputs to the
trained network and creates predictivepsses. Moreover, thethe outputis available
within the entrydataof the training phaset is calledsupervisedtherwiseit is entitled

unsupervised.

Artificial neural networks have differedayers there are several processing elements
(PE) in each layer, which mimic the actr&furonsand thusit is calledfineural networ& .
Figure 28 shows da ypical Artificial Neural Networkthat includes one hidden layéris

very importanto design the arctecture of the network and define the learning elements
including the transfer function, the learning rate, and the number of epochs. The simplest
network would have one input, one hidden and one output layer, the number of hidden

layers may increase acdumg to the complexity of the problem. Neurons of each layer
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are connectetb the neurons of the next layer through the connection lines each of which

has a weight that is used to be multiplied by the inputs transferred from the previous
layers. Intheend t hey are summed up with bias val
(Moselhi et al. 1991)The transfer or activation function is used to create-limaar
relationships between inputs and outputs. Sigmoid (logistic), hyperbolic tarigeht (

the sine orcosine and linear function are the most frequently used transfer fundtians.

sigmoid function is the most commonly appliecconstruction problems.

Input Layer Hidden Layer
Input 1 ﬁ Output Layer
Input 2 —ﬂ 7@4 Output 1
' ' BC}% Output m
Input n w \Ql/

Figure 2- 8: Typical Artificial Neural Network (Parvizsedghy and Zayed 2013)

The performanceof a networkwill be enhanced if the learning processtoppedooner.
Therefore, the network checks the pattern at the stopping points called epostiop,
training at the point that the error starts torgase. Hegazy et al. (1994) reviewed the
literature on backpropagatiorANN and identified their problems. A summary of the

challengs havebeen introduceds followed:

1) The representation of the knowledge and the structure of the problemwelhkot

defined;
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2)

3)

4)

5)

Speed of the training slow, and the performance is highly sensitive to the initial
weights of the components;

Optimum design is not very wedjuided; and

The black box nature of the method prohibits interpretation of the weights of the
produced network.

Hegazy et al. (1994) tried to find some solutions and developed guidance
address these problems. For the fpstblem in caseof having more than one
output the study suggests to construct and design smaller networks as it needs less
computing time. However, it is mentioned thataseof having only one network

the efficiency of the network would be higher due &@olarge numberof
interconnections and PEs. This research also defined the parameters of the
network that should be detemeid by the user. These parametaes depictedn

Table2-18.

Table 2- 17: Parameters of backpropagation method (Hegazy et al. 1994)

© © N o g & w N PF

Type of inputs and outputs
Transfer function

Number of hiddeayers
Number of PEs imidden layers
Connectivity

Learning algorithm

Learning rat€d)

Momentum coefficient(()

Number of training cycles

10. Halting conditions (acceptable error)
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Zhang et al. (1998) proposed to standardize data of each set trafioiey since non
linear transfer functions restrict data to a limited rargereover, for the number of
neurons in two hidden layer networks, Khaw et al. (1995) proposed to have (2n+1)

neurons in the first hidden layer and (2n+1)/3 in the second one.

2.5.3 Fuzzy Set Theory

Historical data on the failures of different infrastructure is imperfect. Sources of
imperfection are uncertainty and imprecision. Uncertainty arises where the confidence
associated with data is less than one and imprecision is related teaghe and
ambiguous data (Smets 1997). Quighe approaches to deal with the vagueness of data
is fuzzy setsZadeh (1965) introduced the fuzzy set theory that assigns a membership
function to the imprecise componemtsdeal with their vagueness. The tlions define

the degreeof membership of each object to a set of pairs. Different type of membership
functions can be assigned to the set of objects such as triangular, trapezoidal, Gaussian
and Sigmoid (Ammar et al. 2013). Triangular membership functiare the most
commonly used functions on account of the absence of enough information. Fuzzification
and defuzzification are the twarimary parts of the fuzzy models. Fuzzification is the
process of transforming linguistic terms or numerical values ingayf membership
functions. Fuzzy inference systeis) composedf a set of fuzzy rules that maps the
inputs to the outputs. Rules are all defined by fuzzy membership functions. This process

includes five main steps as described below (Mathworks 2013):
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Step 1: Fuzzification of inputs

The first step is to obtain the inputs and transform into a set of fuzzy numbers. These
fuzzy numbers determine the degree of membership of the input to the appropriate fuzzy
sets (Mathworks 2013).

Step 2: Apply fuzzy operabr

In this step, the membership functions attributed to the input paranresetditionto the

related fuzzy operations define a set of fuzzyhen rules (Mathworks 2013).

Step 3: Weighting the rules

In this step, the proper weights are assigned to each rule. Weaightdefinedas a
number between zero and one (Mathworks 2013).

Step 4: Aggregation of the Outputs

In step four, all pralefined rules are aggregatedprovide thefinal fuzzy set. The inpt

of this step is the result of implication applicationiasdefinedin the previous step
(Mathworks 2013).

Step 5: Defuzzification

The input of this soupyandthe outhueis aacgsp vakigthat i o n
is computedhrough differen defuzzification methods. These methods inclodetroid,
bisector, middle of maximum (the average of theximumvalue of the output set),
largest of maximum, and smallest of maxim§Mathworks 2013).The e@ntroid is
considered to be thenost prevailingand naturally attractivemethod used in the

defuzzification process of fuzzy inference systeReppis and Siettdz005).
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2.7.3General Theory of Uncertainty

Uncertainty is an unavoidable character of information. Uncertastyraditionally
noticedas the probability in scienc@he GeneralTheory ofUncertainty (GTU) broke

this notion with viewing the uncertainty in a broader context (Zadeh 2005). This theory
combined the probability and fuzzy logic in a platform to overcome the limitations of
each In fact, this method helped summarizehe probability distribution functions in
granular intervals. Figure-2 presents an application of the granular theory to a
distribution function (Zadeh 2008The probability distribution functioms dividedinto

eqgualintervals and attributed probabilities are assigned to each interval.

30 1
251
20 1

151

-0.02 §
-0.01

Figure 2- 9: Application of granular theory to a distribution function

P, is granular value gfy, i=1,.., n
(Pi, Mi), i:]_,.., n
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2.5.4 Neuro-fuzzy

ANN and fuzzy logic are two powerful techniques each of which has advantages and
disadvantages. Disadvantages of ANN barcoveredy fuzzy logic and the vice versa.

The combinatiorof two methods results ithhe neurefuzzy technique, whiclwas usedn
resolving different research problems in construction management. Parvizsedghy and
Zayed (201p applied NeureFuzzy to develop a Consequence of Failure prediction
model for oil and gas pipes. Zayed and Mahmoud (2014) emplineNeurcFuzzy
technique for productivity estimation of horizontal drilling activities. Hsiao et al. (2012)
developed a neurfuzzy model to estimate the cost of mseonductor hookup
construction. Jin (2011) developed a model to allocate the risk between various parties of
public-privatepartnerships applyinthe neurefuzzytechnique Sinha and Fieguth (2006)

developed ameurofuzzy model to classify the defects of the pipes.

In the training process of Neufuzzy, the membership functions of variables are-fine
tunedto obtain better results. A version of neufiezzy was titled ANFIS that was first
introduced by Jang (1993). ANFIS aimed at developing a method that can best transform
human knowledge or experience into a set of furales while finetuning the
membership dnctions of fuzzy setsANFIS appliesTakagi and Sugeno method in the
fuzzy modeling stepuk to the advantages of this systdiang (1996) illustrated ANFIS
function in a graphically presented examplasagresentedn Figure 210 and Figure 2

11. The example demonstrates the most simple inference mechanism in a first order

Sugeno type that contains two fuzzy rules namely; rulel and rule 2.

1 Rule 1:If Xis Mpand Y is N then (f=px+aquy+r1)

1 Rule 2:1f Xis Myand Y is N then (b=px+0py+r2)
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Figure 210 presents the inference systémmcompute output as a result of two inputs

(i.e, x and y) to the system. ANFIS facilitates the process of inference system shown in

Figure 211.
Layer 1 XY
Tammt Vi
I | —
| M I ]”I Vl .
X : M N— _ > Vi fi
|
1 | \
: 1 L: Ls L4 Ls |——m9 f
|
1 — |— |
Il N | T Vo fo
Yo N | I 2
|
| |
N
Figure 2- 10: First Order Sugeno fuzzy model
rF 3
Ml Nl
/_-\ /_\ v, Rulel:
pl 4------v - »1 fi=px+qv+n
X y = f=V1f1‘|‘V2f2
1 Rule 2: i+
M2 __________ N2 ___________ =V1fl+V2f2
/_\ /’:\ -------- Vo fo=pax+qay + 13
X * y Y

Figure 2- 11. ANFIS architecture

ANFIS has five layers and the nodes of each layer implement similar functiare as

describedelow:
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Layerl: The nodes in this layer obtain the linguistic terms as the inputs and produce the
coresponding membership grades. Jang (1993) suggested applying tishapeld
membership function in the range of zero to one. Equatidrst2ows the result of this

layer (Jang 1996)
0 @ (2-2)

Where 0 is the membership funcin of linguistic input,0 is the linguistic term to the

model and x represents the input to the ith node of the nfdaley 1996).

Layer2: Nodes in this layer specify thiirings t r engt h 6 o f Edudtien2-r ul e s

3 (Jang 1996)

5 & ‘6 o,i=1,2 (2-3)

Layer3: In this layer, the ratio of the firing strength gfrule is computed with respect to

total firing strengths as shown in Equaticd Rlang 1996).

O 0'Q——,i=1,2 (2-4)

Layer4: Contribuion of iy rule toward thdinal outputis calculatedn this layerin node
fi". Equation2-5 describes the computation components of eacte in this layefJang

1996)
6 0 @) Q n R QG (2-5)

Where;the 0 "G the output of previous layer and fi represents the function applied on a

set of parameters {pg, ri}.
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Layer5: In this rule the results ofthe previous layer araummed up in a single node
order tocompue the final output of the modélang1993) Equation2-6 presents the

output and inputs of this layer.
6 BioOd — (2-6)

Data is loadednto a neurefuzzy machine in three sets including training, testing, and
checkingdatasetsTraining dataset is part of datf@at is used to recognize the existing
pattern among the inputs and outputs. Generalization capability of the model is checked
using the testing datasdthe deckingdataset is used to look for the oviting in the
training process. The trained rule atilized in the checking process to compute the
predicted outputs. Forecasted outparts comparedvith the actuabutputs and the error

is computed via this comparisohhe error of the model should be decreased during the
training process. However, after certain points the error starts increasing. Consequently,
continuing the training process results in efiting in the points called epochs

(Mathworks 2013).

2.5.5Monte Carlo Simulation

Monte Carlo simulation is a very powerful technique that can considemtertainties

that exist in construction management problems. Considering the uncertainty of
economic data and cost of operations traditional methods are not eiocajbulate the

life cycle cost of operations. The situation becomes clearer when it is about forecasting
the future of infrastructures6 |ife cycle.
relationship between input variable with known uncertailitgtead of assuming a crisp

value for the variables, a range of valseconsideredThe target or output variable is
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defined and the model becomes iterated for a certain number of times. The mutput
computedfor the specifiedimes and the probabilit distribution function is calculated.
Consequently, the mean, maximum, and minimum values of outpetlardaed This
technique was applied in the life cycle cost assessment models to support the

maintenance decision process of water mains (Shahataged 2008; 2012; and 2013).

2.6 Findings, Limitations, and Research Gap

There has beeextensiveeffort to addresshe risk, and failure assessment of oil and gas
pipelines and someesearches have tried to develop riskased inspection planning
models However, literature review attests that the existing research works neither
developed an integrated objective model for the risk assessment of such pipes nor a
comprehensive maintenance planning method. Mo#iegfreviousstudies concentrated

on one ofthe aspects of the risk assessment of such pipes. Some considered one of the
failure types of oil and gas pipelines such as corrosion. The others have concentrated on
only the probability of failure. The existing comprehensive models lacked objectivity or
developed physical models. Whitee models that obtain expert opinion are criticized by

the subjectivity implementation of the physical models is tiwswsuming and
expensive. Modeling the consequences of failures was the subject of somstuadhesy
Similarly, the existing models on the consequences of failweze either subjective,

which needed the expert opinion, or needed data on thdgloseé events such as the
amount of product thas releasedo the environment. Consequently, current ni®de
were limited in their applications and could not predict the financial consequences of the

pipe failures.
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Moreover, physical models obtained data from inline inspectomts that is very
expensive and is not possibleltefrequentlyperformed Besides, at the beginning of the
project or even before construction when there is a need for a model to assess the risk of
failure in such pipelines none of the previous studiéelpful. Some of the pipes are not
piggable and it is not possible to apply iné inspection toolso measure the metal loss

or deterioration growth. As a result, there is a certain need for an integrated risk
assessment model that applies statistical analysis methods obtaining the available

historical data on oil and gas pipelin@perties and the surrounding environment.

In the literature review, several powerful techniques were found that can well suit the risk
assessment of such pipes. For example, it was foundBtvattie analysis is a strong
graphical method that cdre appied for the failure probability assessment. This method
would be more powerful when is combinedwith another analytical method. The
historical data of the failures of oil and gas pipelines can be used to develop an objective
model of the failure probaliity assessment. Also, Neufeuzzy was found an effective
pattern recognition method that da@ appliedo evaluatethe failure consequences. This
technique carbe usedin recognizing the existing pattern among the input and output
variables and generatesles to forecast the failures of similar pipelines in analogous

situations.
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CHAPTER 3: RESEARCH METHODOLOGY

3.10verall Research Methodology

The overall flow of the esearch process for this stutlyshownin Figure 3.1.The
researclstartswith a comprehensive literature review on the available studidise risk
and failure models of oil and gas pipelinds.continues with an overview of the
maintenance and inspection options tlatesuggested for different situations and under
specific circumstancesThe appropriateechniquedor the development ahe proposed
modelarethen identified andtudied.Upon the completion of the literature review, the
required Istorical datais gathered to be usedfor the development of the models
propcsed in this study.The Riskbased maintenangalanning model for oil and gas
pipelines developed in this researtsh designedto overcome the shortcomings and
limitations of the previous studiegdditionally, it is organizedto build a structured

platform for the maintenance planning of oil and gas pipelines.

This researcltompriseghe development afeveral subnodels eachaddresig specific

research subbjectives, as explained in the first chapférst, different types of failures

andthe contributoryvariablesare identified andthe main hazards and consequences of

failures are detected Separatenodek are then developedfor the assessment of failure
probability and the pr edi cAnintegrated fuzzyeriskc h f a i
index evaluates thesk of failure based on the calculated probability and consequence of

failure for such pipeslT'heavailable inspection tookhatcanbe used tanspectpipelines

for different sources of failuregreidentified The tools are selected based on the risk of

failure. Their accuracy and detection capability indices are then used to introduce a new
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index called the risk reduction index. The flsksed inspection plans are developed and

ranked based on their Rislosti ndi ce s . Finally, the deterio
service life is predicted and developed based on a risk growth profile. This profile is used

to forecast the required rehabilitation a
rehabilitaion scenarios are developed and ranked based on their life cycle cost,

calculated using a Mont€arlo simulation.

Risk Management —

Data Mining
Qil and Gas Pipelines Literature Review
Risk Assessment I Decision Making

A 4

~ - -
~._Validation -
~ _~
Ry

Techniques
Maintenance and ]
Inspection Tools
Historical Data on Failures N Data Collection | Cost of Various
of Pipelines " D Rehabilitation Types

e A
! Model Development

I

B e et ittt bt betale” 1
i [Identification of risk and Identify Inspection Tools & 0 3
E affecting variables . Prioritize Based on Cost i
! - P Risk . i
i | Evaluation of probability Maintenance ;
! . » Assessment i
: of failure Model Model ;
| Evaluation of fai Classify LCC Maintenance || |
: valuation ot fallure | | Plans Based on Risk Level || !
E consequences ,l, |
5 Risk-Based
| Maintenance Model 3
i T NO
5 " Model _ |

Conclusions and Results

Figure 3- 1: Overall Model Flowchart
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3.2 Risk Assessment Model

The development ahe risk assessment model lndes several stages. It stamvith the
identification ofthe mainfailure sourcesand thecontributingvariables. Inthis stepthe
sources of failureare categorizedso that their assessment helpsthe inspection and
maintenance planning of oil andggaipelines.Postfailure eventsare identified and a
model is developed to assess the probability of faillvased onthe identified
contributingfactors. The mdel also estimatethe probability of postfailure eventsand
evaluats their probability of occurrenceAnother modelis developed to assess the
consequences of the risk¥his model take into account thepreliminary identified

factors and optimizthembased on the analysis results.

3.2.1 Identification of Failure Sources and Contributing Variables
Figure 3.2 shows the overall flow of this sectidhe methodology developed to identify
therisk factorsand related variableas well as the hazards associated with the failure of

oil and gas pipelinearedescribedn this section.

1. Identification

N
/ R

[ Literature Review J

Identify Risk Factors

/ [\ Pareto Analysis
| .| (Select the most

‘ important risk
\ \ / factors)
\ \/ I

Probability of failure Conseq_uences of
failure

A4

> Idennfy primary Monetary S_afety &
variables environmental

Figure 3- 2: Overall Flow of Identification Phase
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In the literature revieywarious studiethatdevelogda model to forecast theCF in oil

and gas pipelinewere summarized iseverakables in Section2.3.4 The risk factors or
failure types that were used most frequently in the literature are identified in this section.
The frequency of failures due to the identified types is checked using the historical data.
The historical data on the failuresoil and g& pipesn the US is applied to perform this

analysis

The most frequentbgited risk factors, as shown in Tables522-7, are external
corrosion, internal corrosion, aterial and construction defect third party actions,
incorrect operation, natural hadarand poor design. All of the abenentioned factors
have been reported as the causes of failure, although there have been occasional

variations in the applied terminologies and categorizations by different researchers.

This research considers the smeg of failures as an important factor ther
classification as different sources of failure affect oil and gas pipelines in different ways.
Overall, theprobability of postfailure events varies with respect to different identified
failure sources. Fally, the vulnerability to different sources of failure should be taken
into account when planning the maintenance and inspection of such pipelines. With this
background and based on the study of the most important and most frequently reported
sources of dilures, a flowchart is developed, as shown in Figure 3.3. Risk factors are
classified into physical and environmental categories, where the former refers to the
sources of failure whose probability of occurrence increase with time, and the latter
comprisa those sources of failure whose probability of occurrence is not dependent on

time or on a pipelineds age, but rather
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operational condition. The physical factors include three major sources of failigteds

below:

Risk Factors

1. Physical 2. Environmental
1.1 External Corrosion 2.1 Mechanical Damages
1.2 Internal Corrosion 2.2 Incorrect Operation
1.3 Material and weld 2.3 Natural Forces
defects

Figure 3- 3: Classificationsof Identified Risk Factors

1. External corrosion: This type of risk is due to the oxidization of irons when the
external surface of a pipeline is exposed to the environment, and can eventually
lead to structural disintegration. Cathodic protection and pipeline coating are
protective measures that camluee the probability of this type of rigRHMSA,

2014.

2. Internal corrosion: Internal corrosioroccurs as aesult ofthe chemicalreaction
ofa pi pe 0 withro@roseve proaldcts, wiiger water or other chemicals,
leadng to the loss of pipematerial from the inside Thereare a number of
mitigation actions that can be taken to prevent this type of risk, such as the
injection of inhibitors and the application of internal coati(fjJdMSA,2014).

3. Material and weld defecs: Although modern steel production hamde many
advancessome impurities remain in pipes and may lead to pipe defects that could

lead to failure. Consequently, the younger the pipeline, the more reliable it should
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be. Nevertheless, inconsistencies pérgisthe materials and welds applied to

connect pipes together.

The second group of risks covers the environmental sources of failure. These risks may
happen as a result ekcavationjncorrect operation, or natural forces, and consists of the

following risks:

1. Mechanical damages:Failures caused by excavation vehicles or motor vehicle
accidentsare groupedinder the category of mechanical damage in this research.
These damages may occur as a result of the activities of a third party or on the

partoftheper at or s6 empl oyees.

2. Incorrect operation: Improper operations and activities by thygeratod sr the
contractor 6s ptea failore thatid categarigeduhder andorrect
operation.

3. Natural hazards: Heavy rains, floodinglightning, extreme terperatures,and
high winds fall within this classification as causes of environmental failure.

After defining the risks, the variables that contribute to the occurrence of each failure
type are identified. Similar to the identification of risks, the masqdent parameters in

the literatureare studiedThen, they are checked with the historical data to find the exact
or similar factors that can help build a model to forecast the probability of failure of such
pipes. Table & shows the variables identifiécbm the reviewed studies. For example,
cathodic protection effectiveness, coating type, and soil corrosivity are identified as
factors that contribute to external corrosion failures. Soil corrosion itself is affected by

soil resistivity, pH, and redox pential. For internal corrosion failures, the application of
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an inhibitor, the productdés corrosivity,

contribute to the failure probability.

Table 3- 1. Common variablesidentified in previous studies

Failure type Variables

CP effectiveness, Coating (type, age, visual inspectiol
Soil corrosion(solil resistivity, pHredox potentiglpipe
wall thickness

External Corrosion

Internal Corrosion Inhibitor application, Poductcomrosivity, Inspection

Maximum operating pressure, Hydrostatic testing

Material and weld defect :
pressure, pipe age, seam factor, weld

Depth of cover, activity level, one call system, Right o

Third party Way, Patrol frequency

SCADA effectiveness, Drug testing, safety program,

Incorrect operation : .
equipment malfunction

Natural hazards Earthquake, Flood, Subsidence

In the next step, the historical data of pipeline failures is studied to (1) identify the similar
and measurable facto@nd (2) evalate the effects of these factors on the probability of
occurrence of each failure typEigure 34 illustrates the selected factors based on the
study of the historical data of pipeline failures. External corrosion is affected by the soil
properties inclding the acidity (pH), resistivity, and the Redox potentidhe
effectiveness of the cathodic protection usereduce the impact of soil corrosion on the
pipe ha a direct implication on the external corrosidine coating type and its efficiency

also tas an influence on the failures in this group.
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Pipeline Failure

1.1 External 1.2 Internal 1.3 Construction 2.1 Mechanical 2.2 Incorrect 2.3 Natural
Corrosion Corrosion and Material Damage operation Forces
Sail pH Product Fatigue or vibration  Third party (Location  Inspection Earthquake
Soil teperature  characteristics (mechanically Class, ROW, Depth of ~ frequency
Sail corrosivity (corrosivity, water/ induced, vibration, Cover, Crossings) Heavy rains
Redox potential acid drop out) pressure, thermal) SCADA
Operator (Depth of effectiveness Extreme

CPeffectiveness ~ Protection (inhibitor, ~ Pipe defects (der, Cover, safety temperatures
(annual & close cleaning pigs, gouge, bend, Arc procedures) CPM leak detection
interval survey) corosion coupons)  urn, crack, lack of system High wind

fusion, lamination,
Coating (typeand  Inline inspection (type ~ Winkle, misalignmen, Drug use
efficiency) andyearstofailure)  bumt steel)

Inline inspection (type

and year to failure)

Figure 3- 4: Identified factors affecting each failure type
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3.2.2Probability of Failure Model

The pobability of failure is one of the two main parameters of risk assessment. Figure 3

5 depicts the process of developing the failure probability model in this reséarch.
shown in the figurethe development of this model includes three main steps: (1)
Building theBow-tie model, (2) Data analyswf the fault tree, and (3) Data analysis

the event treeDue to the complexity of the behavior of oil and gas products and the
existence of different pipeline failure scenarios, the Biewmodel is recognized a
suitabk tool for the development of a failure probability model. Bmvmodels are the
graphical representations of the possible scenarios of failure that start from the basic
events leading to different causes of failures. The failure causes in this regeatich a
sources of failures, such as external corrosion. The failure sources are then connected to

the top event of the Bowe model or the product release.

The releasés classifiedinto different types based on the size of the hole that is formed
a fgpe. Next, the top event is connected to the-faikire events. The Bowe model can
be presenteth two parts: the Fault Tree (FT) and the Event Tree (ET). The-tfaalt
model includes all of the basic causes, the failure sources and the top etrentret.

The event tree starts from the failure of the pipe and ends in théapost events.

Phase 1.The Bowtie model is constructed based on the literature review results. All the
factors and the failure sources identified in the previous seatmmised. The identified
factors and failure sourcese comparedtb the existing historical data from the Pipeline

and Hazardous Materials Safety Administration of the RISMSA, 2014 database.
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2: Probabilistic Failure Bow-Tie model (PoF)

2-1: Build Bow-tie model
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Figure 3- 5: Flowchart to develop the probability of failure model
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The objective of this part of the study was to study the availability of historical data on

the identified variables. First, a statistical analysis is performed to igehgf most

important failure sources. The variables associated various sources with the available
historical data are selected. The fault tree part of the model is developed based on the
results of this study. The Botie model connects the identified \arles that have an

effect on different sources of pipeline failure, to their respective sources. In addition, the
major afterfailure eventsare identifiedd r om t he hi story of the pi
events constitute the major elements of the etreet The central point is the top event

of the fault tree, which can be the failure of a pipeline or the release of the product that is
being transported by the pipeline. The major-faikire eventsare connectedo the

central point, or, in other wordi the pipeline failure.

This research proposes some modifications in the fault tree as presented in fadgaore 3
extract the existingatterrs and knowledg®n the failure probabilities frorthe historical

data. The changewe implementedt the basi events level, as well as on an additional,
new level, which tracks the effect of the basic parameters of pipelines on the probability
of failure. At the basic level, the basic varialédee clustered based on the available.data
These clusters include éhspecific properties of the pipelines with respect to related
variables. In the new layer, this study proposes an investigation of the effect of the
general properties of the pipelines on the failure probability. The result will be the

calculation of theorobability of failure with respect to each failure source.

Phase 2:The second phase of the model development analyzes the historical data on the
failures of oil and gas pifiees in order to provide a comprehensive index for the

assessment of tleprobability of failure. The analysis phase on the fault tyest is
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categorizednto two main steps: 1) develop an index to calculate the relative probability

of failure; and 2) obtain the conversion factors to compute the absolute probability of

failure.
Critical Event
Absolute PoF Failure source St Failure source Sn
Relative PoF — | -
considering the effect Pipeline Properties
of basic properties | D. | |Inst. Year |

/

Relative PoF Q
\

¢
|

L ve JleJ[ v |} ) [ wi [fe]][ wm |

Index of Relative POF (S1) Index of Relative POF (S2)

Figure 3- 6: Modified sample fault tree

Step llayer one:In the first step, the identified variables are divided into a number of
categories. For quantitative variables, first the historical datheffailed pipes is fitted

to the best probability distribution function, which is then divided into equal distances.
For the qualitative variables, a study is performed to categorize them based on the

available classifications. For some of these varigbles h e pnstallaioniperiedé s
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used to identify the classification of the categories. After classifying the ranges of data
for each variablethe numberof pipesthatfailed in each year of the reporting period is
calculated. In each category @fah variable, the proportion of the failed pipes to the total
number of failed pipes under each failure source is computed. Then, the distribution
function thatbest fits the calculated data is determined for each category of the basic
events with respedb each failure source.dia is preprocessdikfore the analysidn

this process, the incomplete data points, i.e. data points with missing data on the required
variables, areemoved and the accuracy of daginvestigated The distribution function

that best fits the remaining data is then determined. @RISK 6 (Palisade 2013) is applied
to determine the function that best fits the historical data. In each of the categories, the
number of failed pipes in each year of the reporting periotbisited and a table is
formed based on these values. Equation 3.1 is applied to calculate the contribution of the

basic causes to the failure of a pipe:

6 — (3.1)

where e  cis the contributionotheii 6 t h cat ego’Yoy ionf ybeaasri cfijc

the failure of pi pes Wi, th ries ptehcet ntuombfeari |0
reporting period applied for analysis, and m is the number of categories determined for

the classificationofbasc cause fko.

The software reports the results through gwodnesf-fit statistical tests, the Akaike
Information Criterion (AIC), Bayesian Information Criterion (BJCChiSquared,

KolmogorovSmirnov (KS), Andersoiarling (AD), and RootMean Squarederror
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(RMSETrT) Eachof these statistical fit tests indicathow well a distributioriunctionfits

the data. The smaller thealue of these statisticthe betterthe fit is. Some of theefit

testsare appliedo limited types of dataRMSErris only usedor cumulative and density

datg AD and KS are only applicabk® continuousdatg and the others cabe usedor

both continuous and discrete daka.this research, the selection of the best fit for most of

the selected functions is based on the first rank of the sorted distributions based on the
AndersonDarling (AD) test. This test does not need to specify the number of bins, as
opposed tSag utahre dioChiest . Al so, it considers
data, whereas the KS test concentrates on the middle point of the inputs. As a result, the

AD test can consider the effects of the maximum and minimum data on the best fit.

The sekction of thebestfit distribution function igperformedthrough the comparison of

the results of the AD test. If there are distributions with close fit results thiedrestfit

with the most commonly used distributions is selected. The 99% range adrtfidence
interval is found in the reported results of the selected distribution function. The
confidence level determines the maximum and minimum of the range within which the
data is selectedfor future analysis. This methodology is developed basedthen
application of thegranular theory to a distribution functioasexplainedin the literature

review.

Step llayer two: In the secondayer of this step, the effect of the main gengrigke
properties that can be effectian estimatng the failure probability are analyzed. A
process tdhat oflayer oneis repeatedAll of the indices thaare calculatedhrough this
stepserve tobuild the stochastic indewith which to assess the relative probability of

failure uniquetoa pi p e 6 s The speific @roperiies efeachpipe are takeninto
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account, i.e.diametey locationand the installation year, in order to develop the indices

to forecast theiniqueprobability of failure.

The existing categories in the mileage reports are tsazhlculatethe effecs of the

p i p diainster and installation yeafhe contribution of each category of diameter in

each year of the reporting periaicalculatedaccording to Equation 3.2. The calculated

values are appliedto determine the PDF befitted to the corresponding diameter
category. The unit of the calculated values is the number of failureshyearThe
contribution of the installation year of the pipes in each category of the installatias year
calculatedfrom Equation 3.3. The coefficient of dacategory of the installation year is
computed from Equation 3.4. The second equation assigns a value of one to the minimum
calculated amount of the contribution, and computes the remaining amount compared to

t he actual val ue odn. Acdordirigtodhe tepogsdfar yadssisstoo nt r i

gas pipelines from 2062009, the pipeline diameters are clustered into five categories.

(@ e (3.2)

whereO is the cont i bduitacreetteegrbr yhenfyear 0]

with respect tiwo fisthemieage of theralated diametkra@ategory in

year #@Ajo, and And is the number of years i
W B—Té (3.3)
Ow =T (34)
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where;ty is the cont Poi bduitainoent eorf ctahtee giioiry i n vye
with respect t o0 f ais theumileagesob the related Gategory of

installation decade in year #Aj o0, and Ano
‘Ow is the coefficient determining the contribution of thei 6 t h category

installation year of the pipe witespect to failure souréek o .

Step 2:This step determines the conversion factors for each category that convert the
relative probability of failure to the absolute probability of failure. All the possible pipes
are simulated and their relative probabilitof failure indices are computed calculate
these conversion factors. The calculated amoargscompareavith the maximum and
average annual probability of failure values each diameter category. The coefficient

of conversionis calculatedvia this comparison and this factonis recordedfor each
diameter category.

Phase 3:This is the data analysis paftthe event tree. First, various potential hole sizes
and posfailure events are identified. Applying the probability and the Bayesian
inferencetheory, an indexis developedfor each of the failure sources. This index
provides the contribution of each failure source to thedpefsed hole sizes. Then,
another index is used to calculate dmatributionof each hole size to the occurrerafe
postfailure events such dagnition. Three hole sizes are forecasted to develop after the
pipeline failure, small, medium, and large. Small hole sizes are the equivalent of
pinholes, medium holes result in the puncture of a pipeline, andderg@ hdes produce
ruptures. The most determinant factor in the risk of different types of ignitiorppuest
failure is identified as the hole size and the failure source. An index is developed to

calculate the probability of occurrence of different hole siZes @ach type of failure
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source, as shown in Equation 3.5. Equation 3.6 is then applied to develop an index that

determines the probability of each ignition type in the case of happening of each type of

hole size. Equation 3.7 is applied to calculategheobabi I i ty of each f
occurrence.
('
0(e3 — (3.5
whered OY i s the probability of hole size #jo

sour cé i8 ke number of pipes failed under failure souiick © wi t h hol e

cat egor y Ooifs fitjhbe taomtda | number of pipes fail
0 00 —— (3.6
0 g =0 0 0°Y 0 0Q0 (3.7)
whered) 0°Q% i s the probability of ignition typ

Aj 6 occurs wit@ (fisahe humbeeof mpesfailed @ndér faiure source

Ako with a hole size cat elyoisthe totafinundberafnd i g1
pipes failed within failure source fAko wit
Once all of the indices ardevelopedand the related coefficients are computed, the
equationsdevelopedn this section can be used to calculate the POF of eachTmpe.
computethe POFwith respect toeach failure source,dtiations3.8~3.11 are applied.

Equation3.8 computes the contribution of the basic events under an intermediate event

with respect to each failure sourdetwo intermediate evenexist under a sigle failure
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source, uation3.9 determines the maximum value and obtaingsithe relativePOF
without applying the effect of thgeneralproperties of the pipe. Equati@l0is used to
calculate the effect of the installation year aidhe pipe diameer on the relativePOF

Equation3.11 calculates the absoluROFby applying an adjustment factdrhe unit of

the absolute POF is the number of failures/yrade.

YO B 0 (3.9
YO, O®o YO HYO (3.9
YO Y0 O 6 (3.10
0 0QaO¥d 6'Q (3.19)

where;'Y 0 is the distribution function of theelative probability of failure with respect
to an intermediate evertdt i s t he distribution function o
with respect to the intermediate eveM0 ; determines the maximum distribution

function correlated withwo intermediate events under a failure source determined by

comparing the mean values of the P00 is the distribution function of the relative
probability of failure with respect to the external corrosion is the distribution

function of he contribution of the diameter category on the failure probability under a

failure source’O® is the coefficient determining the contribution of fhé 6t h cat ego
of the installation year of the pipe with respect to the failure soéréed , is the

distribution function of the absolute probability of failure with respect to the external
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corrosion failure sour¢gandd "Q s the adjustment factor with respect to the external

corrosion in the correlated diameter category of the.pip

3.2.3 Consequence of Failure Model

The other parameter that is required for risk assessment is the consequence of failure,
which can be estimatedfrom various perspectives including individual, social,
environmental, and physical damages to properties. All damages result in financial
consequences that are difficult to esti mat
to their type and souec The lack of data about underground pipelinesaihere adds to

the complexity of the estimation. This research develops a failure consequence estimation
model that can forecast the consequence level without the application of inspection or
subjectivedata. The model development processhownin Figure 37. According to

this figure, the major consequences of a failure, as well as the primary variables that

af fect the failuresd -slentfiedrfailureysourceseandipase nt i f |

failure events are used to define the failure scenarios.

The components of failure scenarios (i.e. BR&) extractedrom the Bowtie model, and
includethe failure sources, releasge, and posfailure events. Theomponent®f the
failures are combined thugh the application of Equatid12to compute the value af

failure scenario thas composeaf 63 different scenarios.

oY Y & O (3.12)

where O"Ys the failure scenario for dappo i n tY isfihe elease tyofdatap oi nt Ai 0,
0 is the cause of failure of dappo i nt "Bis the posdailude event, including the

ignition type of the datpoint.
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The locationrelated variables are those tlaa¢ relatedo the location of the pipe and its
surrounding environment, which can affect the severity of the failures. This variable
group includes three variables: its onshore/ offshore locationcléisslocation of the

pipe, and whether the pipelocatedn ahigh consequence area or not. The combination

of all these variables is used to form a new variable called the location category (i.e. LC).
Equation 3.13 is applied to build this variable and calculate the associated values for the

historicaldatapoints

06 00 60 060 (3.13)

where 0 0 is the location category of the pipe or dpt® i nt0 Ofiiso,t he pi pe

onshore/offshore locatio 0 is the class location of the pipes at éata i n t ni"o,
"00 Ois a variable that indicates whether the pipe is located in an onshore or offshore

location.

The location category and failure scenario are considered as fixed variables and are
required for the final model; while the combinations of different pipe propatetested

to optimize the model error. Various combinations, including two to vauable sets

are built to compare their prediction capability. Different ndumzy networks for each
combination of the variablesre producedFor each combinatiorg various number of

and different types of membership functions are tes&wce there is no previous
knowledge about the properties of the inputs and outputs, either of the two methods of
clustering, namelysubtractive clusteringr grid partitioning ca be used. Subtractive
clustering is arapid algorithm for clustering data that initiates clusters based on the

initially-recognizedfuzzy clustersThe fuzzy membership functions ateenoptimized
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based on thelataproperties during the training phaseddhe best modés embedded

into the final model. This method uses the same number of membership functions, as well
as the same types of membership functions, for all of the variables. However, some of the
variables in this research do not require a large number of membershiporigncti
Consequently, in this research another method, the-flexible grid partitioning is used.

The results of this method are more accurate than thaaédtrhctive clustering

The grid partitioning method of clustering, whishusedn this researchgonsiders all of

the possible combinations of the clusters of input variables to generate ftizey iules.

The number oflatapointsis limited in the historical database, and the missing data adds
to this shortage. Equation 3.14 presents the numberodifiable parameters for each
neurefuzzy network, which is applied to find the starting number of the membership
functions. A large number of parameters shduédmodifiedin this method, and this
number must be smaller than the number of data p@wtssequently, a large number of
membership functions cannot be used in this method due to the limitations in the number

of datapoints in the historical database.
0 € QQQODD WG QoI d B 00 (3.14)

wherewis the number of membership functions for each of the input variables, n is the
number of the input variables abd'Ois the number of parameters for the selected type

of membership functions for each of the input variables, which is three for traangul

membership functions and four for trapezoidal membership functions.

In order tostart the learning phase with an optimized number of membership functions,

the starting number of the membership functions and their types are determined to
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develop the moel. The error produced in all of the datasets is recorded, and the surface
view in the generated network is checkd&the average error of each netwoisk

calculatedrom Equation 3.15.

80 B 0 © (3.15)

whered Oistheaver age err or U iatheperceatdge of datalnaatasdi i o ,

Aj 0,0 asmndt he error produced in dataset #fj o0

After determining the starting number of membership functions,iterical data on
failures of pipelines are divided into three sets of training, chechkimdytesting datasets.
The taining dataseis obtained to train thmodeland produce theeurofuzzy network.

The error of the produced netwaekcheckedrersus the checkindatagt in steps called
epochsand if the errostars to increasethe learning phase stops. The testing dataset is
used to measure the error of the final network and test the validity of the rmoties
research, 15% of data is allocated to each oftebngand checkinglatasetsand the

remainingis obtainedor training.

The surface view checks the relationship of one or two of the input variables versus the
output variable. If the produced output is negative in athost ofthe surface view ohie
produced network, the produced network is deemed ineffective. The sensitivity of the
output variable versus all of the input variabkesiso checkedlhe networks that result

in a constant output value versus the changes of one variable in its whgéare also
removedfrom the consideration of the final model. Models with the use of various
membership functions and different combinations of variabhkesgeneratedand the

produced results are recorded. The best network is selected based orortled dre
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networks in all the datasets and in the surface view checks. T@bkuimarizes the

variables thaare usedin the numerical models found in the literature. These studies aim

to develop a model for pipeline failure consequences. However, asoneehbefore,

given that the geometric properties of the pipelines are not considered, the analysis of the
failuresdéd consequence in the |iterature i s
known for specific pipelines beforfailure and could be ore suitable for scenario

analyss.

Table 3- 2: Variables used in the numerical models developed for the failure
consequenc@rediction models

Reference Variables

Occurrencef ignition and/or explosioramountof product loss, the

Resterpo et location specifications (i.e. offshore versus onshore, and HCA versL

al. (2009) nonHCA), the systenpartinvolved, and the cause of the accident.
Simonoff et o .
al. (2010) Cause of the incidents and incident types.

In this research, someariables from previous studies by Resterpo et al. (2009) and
Simonoff et al. (2010) are applied. These include the occurrence of ignition and/or
explosion and the accident causes. However, the amount of product loss is not used, as it
is not predictablat this stage before a failure occurs. Some other variatdesuggested

as the primary variables, such as the geometric properties of pipelines, which include the
pipe diameter and wall thickness. Also, the importance of the Specified Minimum Yield
Strergth (SMYS) of a pipe and its maximum operating pressure (MAOP) are studied in

the model. The other failure mode that wié examinedn anal yzi ng the m
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efficiency is the existence of rupture, puncture or leakage. For this failure mode, only the

probability is calculated in the event tree of the Bogvmodel.

The age of the pipeline is considered in the input variables, as it may affect the failure
consequences. The failure consequences model forecasts the severity of the failures of oil
and gas piplines. Various failure consequence typesre discussedh the literature
review. Theyare classifiednto three groups of safety, environmental, and economic
consequenced.he amount of property damage includes the economic damages and can

representthe ever ity of a pipelinebds failure.

The primary variables that are used in this researetshowrin Table 33. As indicated,

the variables are categorizedo three groups. Group one includes the variablesateat
directly relatedto the properties of thpipe. These properties include the pipe diameter
(DI), pipe wall thickness (WT), the Maximum Allowable Operating Pressure (MAOP)
and the Specified Minimum Yield Strength (SMYS). Various combinations of these
variables are tested to optimize the resuftshe model. Group two of the variables
includes those that amelatedto the scenarios of failure, obtained from the Biev
model. In addition, databases report values on the parameters including those that
indicate the location of the pipe with respéatthe number of buildings and people
around the pipe and the existence of ecololyiesgnsitiveenvironments such as rivers
and lakesThe formeris recognizedy a variable known as clakscation and the latter

is identified with a variable that d=inines if the pipeline is located in a high

consequence area or not. All the possible failure soareesxtractefom this model.
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Table 3 3: Primary input variables

V?rr;/?)téle Variable : Value :
Min. Max. Unit
Pipe Diameter 1 48 Inch
Pipe gipe _\p/a(;l Th'iﬂc_kness e s | 0.02 1.25 Inch
. pecifie inimum ie trengt mpa
Properties (SMYS) 16,000 70,000
Maximum Operating Pressure (MAOP) 60 7,100 psig
Failure Release type 1 4 -
Scenario  Failure cause 1 7 -
(FS) Ignition or leakage 0 1 -
. Onshore or offshore 0 1 -
Location .
Class location 1 4 -
Category Pipe located in high consequence a -
(LC) b 9 9 0 1

(HCA) or not

A new variabldas constructedwhich indicates the failure scenariddie new variable is

built by assigning 10004,00s, and 10s cod&s order tobe able to differentiate between

various scenarios with onariable Presenting the failure scenarios with one valile

help to greatly decreaséhe number of input variableswhich will redue the

computatiomal time for the neurefuzzy system.F o r

t his

purpose,

allocated to each of the failure sources offered in TaldleThe ignition variable obtains

a hundredsodé6 value of 100

none. Release types are given augabf 10 to 30 based on the possible sizes of the

leakage, ranging from a small hole to a large rupture.

3.2.3.1 Neurefuzzy model training

t

(0]

300

based

a

on

After the variable selection, the second step of the model development is training,

optimization and validationThe ANFIS is applied to the development of the model, as it

is a very powerful pattern recognition technique that also considers the uncertainties of
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the accuracy of the historical data. ANFIS is a Mamdani fuzzy infersystem that

maps a set of inputse &a set of membership functions and maps the membership functions

to the rulesThe rulesare first mappetb a set of output membership functipndich are

later transformeahto a crisp output using eeizzification techniguegMathworks 2013)

The higorical data on the failures of oil and gas pipelines in theatédSusedo develop

the model. This database includes enough parameters to develop this model. The database
is preprocessedand the related variables are obtained. It is randomly divided into
training and checkinglatasetsThe checking dataset shoudé carefully selectedas it

should contain enough features of the whole database. If it does not contain the natural
features of the historical data, the validation may result in an unacceptablet of

error.

After dividing data into training and checkintatasetsthe training data idivided into

two sets; training and testing, and the Fuzzy Inference Structure (FIS) is built. There are
three methods in ANFIS for generating an FIS. Firs,uker can build the membership
functions by using the previous knowledge from the existing data. However, if there is
not enough knowledge regarding the database and its properties, either of the two
methods of optimizing the FIS, namely, subtractivetelusg or grid partitioning, can be
used. Asmentionedearlier, subtractive clustering is a fast algorithm for clustering data
andfor recognizing the possible membership functions within input and output data. As a
result, the generated fuzzy membershipctionsare optimized based on the properties

of data during the training phase, and the best mode is embedded into the final model.
This method initiates the construction of the model based on the inrgalbgnized

fuzzy clusters.
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Data points are udgeas the candidates of the cluster centers in subtradtiggering

while in grid partitioningthe grid pointsare considereds the candidate3his makes
subtractive clusteringerform faser in the computation procesban grid partitioning,
althoughgrid partitioning is more accurat&loreover, the grid partitioning method is
more flexible as it can assign a different number of membership functions to various
variables.Equation 316 is applied to measure the density of dataund each point
(Hammoula and Karray 1997 he data point with the highest densgychoseras the

first cluster center. The density value is then revised by applying Equation 3.17. The data
point with the highest revised densisychoseras the next clusterenter and the pocess

continues until a sufficient number of clusters is obtained.

O B Qwn

- (3.16)

A

O 0Q0 Qwn (3.17)
where:
xi: the existing data points

ra: @ positive constant that presents the radius of a neighborhood

rp: a positive constanwhichd ef i nes a neighborhood with @Am

densityo.

Xc1 is the first cluster centewhich isthe data point with the highest densify.{) as

cdculated by Equation-8 (Hammouda and Karray 1997).
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In the training phaseeveraparameters should be determined, such as the training mode,
which can be hybrid or baghkropagation. The hybrid method of training combines the
least squares method withdbgpropagation. These methods are applied to recognize and
optimize the fuzzy inference system parameters based on the training data. Fégure 3
shows the generic Mamdani fuzzy inference system (FIS), the parameters ofavehich
optimizedin the training pase. Figure-3 shows a sample FIS structure with four input
variables. This structure shows the triangular membership funct@ssgnedto the
defined inputgo develop the FISThe efficiency of the training phase then checked
against the testing dataset at several data points called epochs. As mentioned in the
literature review, the error of a model trained by Neural Networks and Nrewzy
systems increases at some points as a resubiverfitting. Thesepoints are called
epochsand the system verifies the trained network in the chedatasett each epoch,

and whenever the error starts increasing, the training is stopped. Continuing the training

would not help the systembs | earning task
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Figure 3- 8: Mamdani Fuzzy Inference System (Mathworks 2013)
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Figure 3- 9: Sample FIS structure with four input variables (Mathworks 2013)

In this research, the number of input variables ismiped based on the error of the
trained model, whicls checkedagainst the validation dataset. For this purpose, different
combinations (i.em of n) of input variables are generated. The maddduilt for each

set and the error of the developed netlwagainst the testing dataset is recordgte

error is obtainedby comparing the neurfuzzy-estimated outputs with the actual data.
The Mean square error (MSE), which applies Equation 3.18, is used to measure the
average of the squares of the errorsanhedataset. Consequently, the models with the
least amount of error are recognized. If the errors are very close, the validation dataset is
used to select the best combination of the variables. The validation datasdiedded

into the trainedsystem and the forecasted consequences are predicted via the model.
Figure 310 shows the inputs, output, and fuzzy rules of a sample fuzzy inference

structure. As shown, different membership functions are assigned to each input and

output. The rules are defineddaused to predict the output.

- 3%-B % ! (3.18)
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where:n is the number of data points in each dataSeis the estimated output, aAdis

the actual output.
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Figure 3- 10: Sample fuzzyinference structure and output rules

(A: Input 1, B: Input 2, C: Input 3, D: Output, E: Rules of the model predicting output)
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3.2.4 Validation of the POF and COF Models

In order tovalidate the probability of failure and the consequence of failure assessment
models, part of the databases separatedand the error measuring methods are used to
evaluate the accuracy of the models. The error measuring methods compare the estimated

values of the output variables with their actual counterparts.

Equations 3.19 and 3.20 are used to calculat&ktta@ Mean Square Error (RMSEhd
the Average Invalidity Percentage (AP), respectively. Equation 3.21 is applied to
measure the Average Validity Percentage (AVP) of the méd@n accurate prediction,
the valueof the AIP should be closer to zenahile the value othe AVP should becloser

to one. The Mean Absolute Error (MAES presentedn Equation3.22 and, as can be
predicted, the closer the value tok MAE is to zerg the more accurate the prediction.
The value of the modifiedbsolute percentage error (ModifiedPE) is calculatedas the

median of the values obtained Bguation3.23(Hyndman & Koehler 2006).

- . _2
RMSE = Bn £ (3.19

B —
AP =——— (3.20
B _
AVP =100 pmiTm ———— (3.21)
AR - BN _GiEi
=—— (3.22)

89



SymmetricAbsolute Percentage Errof period i(SAPE = ———— (3.23)
whereC iis the actual value of the probability of failure,

E iis the estimated value, and n is the number ofpaiats in the testing dataset.

3.2.5 Integrated fuzzy risk evaluation model

There are two main methods for evaluating the level of risk of failure. The most
commonly used method is the multiplication of the probability of failure by the
consequences of failure. However, this method removes the differehties risks of

two pipes: one with a high probability of failure and a loansegence of failure, the
other with a low probability of failure and a high consequence of failure. The risk of
failure for both is evaluated with a single value. Thereforés thethod is not
recommendedor this research. Another method used in many studies is the risk matrix.

A sample risk matrix is shown in Figureld (Milazzo et al. 2015).

Once the probability of failure and consequence of failure is assessed using-the pr
developed models, a scale is needed in this method in order to evaluate the level of risk
assessment. Different guidelines offer various scales with which to evaluate the level of
failure risk. The linguistic terms they attribute to the calculated ars@mfrrobability of

failure and consequences of failure, as well as the risk levels, vary from one set of
guidelines to another. The calculated rates of failure probability and consequences are

compared with this matrix to evaluate the level of risk opalme.

9C



POF 1 9| 10

N
| o |
D
| O |
o
|~ |
o)

1E-03  |Very high

1E-04  |High

1E-05 Medium

1E-06 Low

1E-07  |Very Low

Low  Medium High Very High

Figure 3- 11: A Sample Riskmatrix

Table 35 presents some of the pefined scales of probability of failure evaluation.
Besides the fuzzy nature of the level of risk evaluation, these scales do not consider the

probability of failure of the pipes with respect to different sources afréail

Table 3 4: Probability of failure scale of evaluation

Linguistic term DNV 2010 Milazzo et al. 2015
Very Low <10° <10°

Low 10°to 10* 10°%o 10°

Medium 10*to 10° 10°to 10"

High 10°to 107 10%to 10°

Very High >10° >10°

Due to the fuzziness of the level of risk and complexity of evaluation as a result of the
existence of various values for different failure sources, this research suggests the
application ofa fuzzy expert systenThis fuzzy expertystem would evaluate the risk of

failure with respect to each failure source. First, Equation 3.24 is developed to convert
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the computed probability of failure values to logarithmic grades, as the level of severity

of pipeline failure probabilitys assesgkon a logarithmic scale.

o0 oy 11k (3.24)
where'O0 i s the grade of probability of failur
"0 is the absolute probability of failure w

Developing the fuzzy expert syisdcomposedfhat ev

three steps, as listed below:

1- Fuzzification of the inputs: To fuzzify the inputS;grade fuzzy membership
functions are assigned to evaluate the calculated valu&eoprobability of
failure. Similarly, the computed consequence of failure and the output are
fuzzified. The thresholds of the membership functions are mainly defined based
on the findings from the |iterature rev
2- Defining the rulesThese rules map the relationshigtweenthe inputs, here the
probability and consequence of failure, with the output or the risk index. The rules
are defined based on the available guid
3- Defuzzification: The fuzzy inferexe system developed in this research applies the
Mamdani model, which is intuitive and suitable for human inputs (Mathworks
2013). This model aggregates inputs audpus with the attributed fuzzy rules
and calculates thdefuzzifiedoutput, which is thdevel of risk of failure, using

the centroid method of defuzzification.
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3.3 MaintenanceModel

After the risk assessment and the associ at
a maintenance model is developed. In this model, decisions are raken steps, at

inspection and rehabilitation planning, as described in the following sections.

3.3.1 Inspection Planning

The failure probability and consequence analysis models help identify the level of risk of
the pipelines being evaluated. The pipelin
ri sk of failure. Based on a pimpdellsiggestd s r i ¢
the most suitable tools for itespection andhe frequencyat which they are to be used.

Figure 312 depicts the process of the fuzzy inspection tool selection model development

for such pipes. The inspection tools and techniques weredtidChapter 2. There are

varieties of inspection techniques that can be used for different purposes. However, a
comprehensive structured model to recognize the most suitable inspection techniques and
determine the frequency of running the tools for ecfffr pipeline could not be located

within the existing works.

Choosing an appropriate inspection tool helps to detect the defects and sources of failure
based on their level of risk. This model aims to recognize the most potential sources of
failure for pipelines and proposes the optimum inspection technique accordingly. The
failure probability model analyzes the probability of occurrence of each source of failure
for the pipelines. It can also verify which types of failure sources are more severe. The
level of probability of failure is applied in order to prioritize the most suitable list of

inspection tools for each failure source. Based on the literature review, a list of inspection
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techniques is prepared for each failure source. The recommendedofaimgpection
frequency for each group studiedvia the guidelines and inspection manuals. Tabte 3
presents a sample of the prepared list of inspection tools, their recommended inspection
frequency and the cost of running each one. The differentitpe® of each list are

ranked based on their average running or operating cost.

C Fuzzy Inspection Tool Selection Expert System )

/
Fuzzy integrated risk model
ScalaT Oft.CDF Identify the most common inspection tools
evaluation and related cost of operation
Scale of POF \ | \
evaluation | | /- v = v :
R “ || Rankinspection equency o
| tools based on cost Inspecting
(Guidelines)
and GOF Define rules of . .
. Fuzzfy Inspection tool
tool selection and < .
selection & frequency
Expert opinion frequ‘ency
Tools selection .
< Frequency of Inspection > De-fuzzify outputs
\_

Figure 3- 12: Inspection planning model

Table 3 5: Sample list of inspection techniquesnd their cost and recommended
range of operation frequency

Inspection techniques Frequency of operation Cost of operation
No. 1 é . -by Cs
NO n é . aq'bn Cn
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To be most effectiyeeach inspection technique shobllusedn a range of frequencies.
This ranges identifiedfrom the literature. The range is developed to address the various
levels of failure probability. Consequently, pipelines with a higher probability of failure
are inspected more frequently. Consider m®@ample inspection technique No.1 from
Table 36. This inspection is recommended to be conducted eyéoyla units of time.

This range will be dividedhto five equal intervals using Equation 3.25.

l=————— (3.25)

wherel;: thecalculated interval frequency

b;: the upper bound of the recommended frequeacsg

a,: is the lower bound of the recommended frequency

A table is then developed for each inspection type to determine the frequency of
inspection with respect to differer@vels of the probability of failure. TableZ3depicts a
sample index that will be developed. Next, the calculated frequency number is fuzzified
to incorporate the uncertainty involved with the accuracy of decisions and the computed
failure risk.

Table 3 6: Sample index of inspection frequency based on the level &ilure
probability

. Frequency of operation with respect to the level of failur
Inspection babili
techniques probability
VH H M L VL
No. 1 é . ity it a+3l g+l at+511
No. n € . & +ln ant2iln a+3iln ant4iln ant5iln
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The inspection tool is selected based on the list of the identified inspection techniques.
These tools argrioritized based on theipelinefailure consequence# pipeline with a
higher consequence of failure is recommendefednspectedvith a more expensive
inspection technique such as a hrgsolution Inline inspection. The consequence level

of a pipeline failuras estimatedn the range of 1 to 10, which d8videdinto five levels

of severity. The severity levels are titled: Very Low, Low, Medium, High and Very High.

For the low consequence failures, the lowest inspections, such as low resolution
inline inspections and further distances of digging foead assessment are assigned. The
high resolution inspection techniques and ekigh resolution techniquese prescribed
for the high and very high failure consequent®benthe list ofthe available inspection
techniquesis generatedthe next stepsi to developthe inspection scenariosyhich

constitutes the second part of inspection planning

After developing the general rules for selecting inspection techniques, thieaseil
inspection maintenance expert system is developed. The methodolatpvéboping this
modelis shownin Figure 313. This model is developed based on the growth of the
pipeline risk, and it considers the costs of various inspection scenarios over the life cycle
of a pipeline. The capability of the detection of the seleategection tools and their
accuracy of detectiors identified By combining these two values, the risk reduction
index of each inspection technique is calculated. After the inspection tools have been
selected and their optimal run frequency determinegskagrowth profile is developed.

This profile should forecast how the rigienerallygrows during the service life of a
pipeline.In order todevelop the cumulative risk growth profile, the individual probability

of pipeline failure in each year of itsdifspan is calculated using Equation 3.26. The
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individual probabilities of failure for previous years are then summed to achieve the

cumulative probability of failure for one year, as indicated in Equation 3.27. The

cumulative probability of failure growtla t year Ai 0 represents

pipeline failure before that age.

4-2: Risk-based Maintenance Expert System
(Identification)
4 N
. I

Identify defect types and Identify accuracy
calculate Ave. probability | | & capabilities of detection

\ %
4-2-1: Risk-based Maintenance Expert System

(Model Development)
4 ! )

Calculate risk reduction index of

inspection techniques

l

Useful life of
pipeline

Develop risk-based | Risk profile of
scenarios of inspection pipeline

Economic
parameters

—» NPV of scenarios life

-

!

Calculate Max. risk and

cycle
l

Calculate Life Gycle Risk-
Cost indices

L

Rank Scenarios

/

Figure 3- 13: Risk-based inspection model development

CC

(3.26
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Cumulative PORj1y = POF 41y + Cumulative PoF* (3.27

whereiii " represents the year ibecachldedh t he pr

, An afterinspection risk profile is developed for each scenario. The maximum failure

risk, which isin the last year of the service life, is then determined from the rafitepr

The pipelinebs i nspect isadevelopaabften enfbedding thé or e &
cost data of the inspection operations. The net present value of the developed &enario
calculatedafter defining the economic parameters, including the isterate(s) and
inflati on. Net present value 1is more comn
economic equivalency; however, it cannot be used for alternatives with different service

lives. Monte Carlo simulation is applied to consider the uncemairitiat exist in the

cost ofrunning the inspection toolnd the economic parameters. The annual worth of

each scenario is computed from Equations 3.28~(B.&fvizsedghy et al. 2014)

00wBy googls B 6&— (3.29

0YdH0 0 w Lo i (3.29)
) Gp o

po Fhi ~—p (3.30)

where() 0 ds the probability distribution function of the net present value of the cash

flow under evaluation:;

0 0The probability distribution function of total cost elementgeart,

! AssumingCumulative Pol= PoF;
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n: The service life of the pipeline in years,

p The probability distribution function of the forecasted interest rate for the planning

horizon of the pipelinebs service |ife, an

/W0 Hg : Theprobability distribution function ofonversion factor fronpresentworth

to equivalent uniform annualorth.

In order toperforma p i p énbpectiom dplanningjts risk profile is developed
considering the effealf inspection on the risk of failure. After selecting the inspection
technique or the combination of inspection techniques for a scenario, thrediskion
index is calculated for those techniqué@$e tisk reduction indexis computedfrom

Equations3.31amd 3.32

06 — (3.31)

YY 06 6 (3.32)

where 0 is the probability off ai | ure with respeco istte t he |

fuzzified capability of detecting he f ai | ur'@06deteominesctiee détgction
capability of io Aithesguorracy iofoth inspectionl toglfand RR:

represerdst he ri sk reduction peri€.entage of inspe

The accuracy percentage of each inspection tool is computed using Equation 3.33. This

variable measures the accuracy of the tool.

g GQM@BE— p (3.33)
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whered i s the accuracy per ¢@©"Ndtlegstributidn functioe pect i
of thedefectsizet hat can be det ect endd usithedistributos pect i «

function of the accuracy of iIinspection too

After calculating the inspection |i®e cycl
the most effective inspection scenarios are proposed based on the@d3iskdex. The
risk-cost index of each scenar®calculatedrom Equation 3.34. Thiewer theindex of

a scenario the better it is.

Risk-Cost index (§ = Max risk S (Mean EUAGS) (3.34)

where $i s Scenario Ai 0 of the inspection pl ar

Max RiskSi s t he Maxi mum risk of scenario dfio f

MeanEUACSi s t he Average uniform annual cost o

3.3.2 Rehabilitation Planning Model

The overall methodology to develop the rehabilitation planning msdddownin Figure
3-14. The model developmestarted with a comprehensiveview of the rehabilitation
and maintenance type¥he rehabilitation techniquesre selectedafter reviewing the
maintenancemanuals and guideline®r the operation ofoil and gas pipelinesThe
maintenance of oil and gas pip&s is categorized based on their type (i.egular
maintenace, inspection, remedial actions, repair, and replacemén¢y are further
categorizedaccordingto their sizes.Based on the assumption that there is a direct

reverse relationship between risk growth a
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risk-based deterioration profile is developed. As a resultritkegrowth profile thatis
developedin the inspection planning model is reversed to forecast the deterioration of
pipes beforeintervention This profile is then used to select the required actions of

rehabilitation during the life cycle of such pipes.

( 1- Literature Review & Previous Modéels >
Study Rehabilitation Inspection Planning
Methods Model

!

Risk-Growth Profile

Identify Common N Define Cost

Operation Types Elements
< 2- Scenario Development >
Condition Define Define Deterioration Rate
Thresholds Operation Types >
‘ ‘ Develop Deterioration
i Profile Before Interventions
3
Develop Sets of Rules Define Required
for Interventions Maintenance Actions
I
Calculate Condition After
Interventions
Develop scenarios (Operationsd
type & size)
C 3- Rehabilitation Planning Model )

Operations Cost Estimation
Interest Rate Forecast (Min., Max. & Mean)

v
Define Operations Cost
and Interest Rates

Define Functions to Compute o Define Probability of
Probabilistic LCC Distribution Functions
I
Monte Carlo Simulation ) Probability Distribution
Parameters Definition Function of LCC
il

Rank Scenarios Based on LCC | Compute Min, Max. and Mean

Amounts of calculated LCCs

Figure 3- 14: Rehabilitation planning model development flowchart
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Theimpactof each rehabilitation type and size on fiyge condition afterinterventionis
studied and a methodology is developed to calculate pipeline condition after
rehabilitation.The related cost data is either gathered from prestudies or alculated
using the available cost estimatesf various repairtypes. Several combinations of
maintenance operation typese consideredn the development of the maintenance
scenarios. A set alilesaredeveloped talefineconditionthreshold for the execution of

maintenance operatidgipes.

Two types of plans, conservative and regular, are speciftesl regulaplans imposea

set of rehabilitation conditionthresholds fordifferent operationtypes (e.g., coating,
repair, replacement) that are lower than those imposelebgonservative oseThus, it

is the conservative planthat shoulde usedor highrisk pipelines.It is worth roting

that the maintenance operations in a conservative plan start soan#rose in a regular

one. Each planis composedf three groups of scenarios. Each group of scenasios
composedf certain types of maintenance operations (i.e., repair andtjeaovarious

sizes. The condition thresholds specify the time and the type of the necessary
maintenance operatisnThree groups of maintenance scenados considereth each

plan. Each scenario group consists of several maintenance scenarios bnsedizm of

the defect. Each maintenance scenario is defined by the following parameters: 1) scenario

group; 2) size of the defect; and 3) repair type (i.e., sleeves or clamps).

The requiredmaintenanceactions are forecastedby considering the conditiof a
pipeline beforethe rehabilitation actiomnd the set of rules for each scenario group. A
methodis developed to calculate the pipelc@nditionafter each rehabilitation type. The

size of the repair areplacemennot only affects the cost of the meenance technique
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but also the increment of tle®ndition which is the improvemenn the overall pipeline
condition due to a maintenance action. Equations-33 estimate theondition

increment of every size of recoat, repair, and replacemeapictvely.

Clrecoa=0 . 51 @C o (3.39
Cl repair = 0. 71 @ C — (3.3@
Cl replacemen= 1 O C  — (3.39

wherefi C 1 oonditioni ncr ement for the maintenance op
conditonof a pi peline section, aopedation Bhe term= s i Z €
AR1OOCO represents the diff er cmndtia antd thé we e n
maximum condition of a pipeling namel vy, i dofdidion ¢f ia. newly, t he

constructed pipeline).

Determining the maintenance operations and their execution time over the life cycle of

the pipeline requires the developmentdaterioration profile after the rehabilitation
interventions for each scenari@onsequentlya profile defines a maintenance scenario
anddetermins the time and type of the maintenance operations that ndex darried

out each year. The <col |l ect geastaeeastafowa ns 6 c

the pipelineds maintenance over its |ife ¢

Finally, the cash flowsof the maintenance scenarios eadculated usinglicrosoft Excel
(Microsoft Group2010. A Monte Carlo simulation is used to compute the Net Present

Value (NP\) distribution function of each maintenanseenario The probability
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distribution functions of the maintenance operation coststadterest ratearedefined
using @Risk 6 (PALISADE 2013). The probability distribution functi@me used to
address theuincertainties in the estimation of the maintenance operation costs and the
future interest rates. The distribution functicare definedas triangular functions. The
standard parameters ofamgular distribution functions are the minimum, maximum, and
most likely values, whichare definedin the model.After defining the distribution
functions of the maintenanaperation costs and interest rates, N/ of each scenario

is calculated. For each scenario, the computations on the simulated armitilated for
1,000 times. The distribution function that best fits the calcul&tB®¥ amountsis
determined, and the minimum, maximum, and mean valieach scenariarereported.
This processs repeatedor each scenario. The obtainBifPV mean valuesre used to
rank the scenarios. Finally, the scenarios with the loN&3t values areselectedas the

optimum maintenance scenarios during the service life of the pipeline.
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CHAPTER 4: DATA COLLECTION

Several countriebave recorded data of the failuresoil and gaspipelines and a few

have published data. Some have reported processed data on the causes and consequences
of failures periodically and some have published raw data on each failure. Among
published databases, authors found the datababe pipeline and hazardous materials

safety administrationRHMSA, 2014 of the US Departmeniof transportatiorthe most
completeone. It contains data on various types of pipelines in different classifications.

This database has divided data according to the classification of pipelines (i.e. gas
transmission and gathering, gas distribution and hazardous liquid pipelindgs
recordedgeneral data okach failed pipelinelocationrelated dateof incidents, and
information related to the operators. Furthermore, it provides detailed data about each
failure: the cause of the failure, the cost and the environmental consequences of the
incident, and the overall inspections that hbeen donel ur i ng t he pipeline
Installation year of pipelines, date of failure, maximum allowable operating pressure,
SMYS have been recorded exactly as a numevedakewhile there are some linguis or

binary values for some inspectioglatedparameters

Rules of defining failures haveeen changethrough the time. Also, the recorded data

has beemodified over the years. Consequentliye databasés dividedinto several date
periods each of wich reports different parameters of failures and pipeliizsta
includes date ranges from 1970 to 1984, 1986 to 2001, 2002 to 2009 and 2010 to 2013.
Each dataset includes different categoaéhe failed pipelines. &t example dataset of

gas pipelinesvhich has recorded failures from 197084 has data on soil properties.

This data will be helpful in detmining the effect of soil properties on the failures of oll
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and gas pipeline€onsequentlyin each part of the model the parameters that are needed
are studied to select the most appropriate ones. Tablshdws sample data existed in
the dataset of the gas transmission and gathering pipeis teabrded on the failure of

2010 to 2014. Appendix A shows all existing data variables in the sametdatas

Table 4 1. Sample data excel sheet (PHMS#£014)

OPERAT Operator NAME IYEA LATITUILONGITU COMMODITY RELEA FATAINJUFIGNITE EXPLOD®N_OFF DEPTH_(CROSSI
18516  SOUTHERN NATURAL GAS CO 2010 33.11  -89.15 NATURAL GA&L176 0 0 NO NO ONSHORED NO
31711  SOUTHERN STAR CENTRAL GAS P 2010 37.94  -98.26 NATURAL GAg1089 0 0 NO NO ONSHORED NO
32341  SOUTHEAST SUPPLY HEADER, LLC2010 31.86  -90.33 NATURAL GAZ39 0 0 NO NO ONSHORHES8 NO
1007 KM INTERSTATE GAS TRANSMISSIQ0LC@0.49  -98.55 NATURAL GAZE35 0 0 NO NO ONSHOREL NO
12696  CYPRESS GAS PIPELINE COMPANY2010 29.00  -91.00 NATURAL GA&I01 0 0 NO NO ONSHORE NO
31286  ONEOK GAS TRANSPORTATION, LI2D10 35.68  -96.95 NATURAL GA&2800 0 0 YES NO ONSHORE NO
4070 EAST TENNESSEE NATURAL GAS (2010 36.48  -82.55 NATURAL GAS00 0 0 NO NO ONSHOREBD NO
4280 EL PASO NATURAL GAS CO 2010 31.92  -104.43 NATURAL GAS 0 0 NO NO ONSHORBD NO
26330 ENOGEXLLC 2010 35.12  -96.20 NATURAL GAG& 0 0 NO NO ONSHORE NO
19570  WILLIAMS GAS PIPELINE - TRANSCZD10 27.51  -97.98 NATURAL GAS 0 0 NO NO ONSHOR& NO
3 ACADIAN GAS PIPELINE SYSTEM 2010 29.92 -91.12 NATURAL GAG838 0 0 NO NO ONSHORBB YES
13750  NORTHERN NATURAL GAS CO 2010 44.49  -93.22 NATURAL GAS000 0 0 NO NO ONSHOR# NO
31728  GULF SOUTH PIPELINE COMPANY, P@10 29.80  -91.33 NATURAL GA$88 0 0 NO NO ONSHORR2 NO
405 ANR PIPELINE CO 2010 29.84 -93.05 NATURAL GAGO01 0 0 NO NO ONSHORBB NO
32099 ENERGY TRANSFER COMPANY 2010 29.86  -97.22 NATURAL GAZ08458 0 0 NO NO ONSHORE NO
13120  NATURAL GAS PIPELINE CO OF AN2010 37.00  -100.48 NATURAL GAS 0 0 NO NO ONSHOR® NO
4070 EAST TENNESSEE NATURAL GAS (X010 35.09 -85.21 NATURAL GASD 0 0 NO NO ONSHOR® NO
4070 EAST TENNESSEE NATURAL GAS (X010 35.11  -85.17 NATURAL GASD 0 0 NO NO ONSHOR® NO
32513  AMEREN ILLINOIS COMPANY 2010 39.56  -90.65 NATURAL GA&8299 0 0 NO NO ONSHORE NO
31728  GULF SOUTH PIPELINE COMPANY, P@10 30.98  -89.22 NATURAL GA34320 0 0 NO NO ONSHOR®6 NO
405 ANR PIPELINE CO 2010 29.86  -93.07 NATURAL GAS000 0 0 NO NO ONSHOR®6 NO
22655  WILLISTON BASIN INTERSTATE PIF2010 48.52  -102.88 NATURAL GAS230 1 0 NO NO ONSHORED NO
2564 COLORADO INTERSTATE GAS CO 2010 38.73  -102.93 NATURAL GAS13870 0 0 NO NO ONSHORED NO
19160 TENNESSEE GAS PIPELINE CO (EL FASBQP.53  -96.14 NATURAL GAGB908 0 0 NO NO ONSHORB NO
DIAMETE THICKNESMYS  PIPE_SP SEAM_T PIPE_MACOATIN(C RELEASE(A:\_II:lAOS’\IS*LO HCA I(ngg\g\gE MOP_PSIGCAUSE

24 0.25 52000 API5L O DSAW 1952 COAL TARUPTURELASS 2 L(INO 399798 750 CORROSION FAILURE

26 0.281 60000  API-5LXLONGITL 1967 COAL TARUPTURELASS 1 L(NO 974110.3 900 MATERIAL FAILURE OF PIPE OR
42 1 70000  API5L GIDSAW 2007 FUSION LEAK  CLASS 1L(NO 599603.7 1200 MATERIAL FAILURE OF PIPE OR
16 0.25 35000 APIS5L-(OTHER 1929 COAL TARUPTURELASS 1 L(NO 57002.02 720 MATERIAL FAILURE OF PIPE OR
16 0.344 42000 API5LX LONGITL1952 OTHER RUPTURELASS 1 L(NO 586480.6 903 CORROSION FAILURE

26 0.25 52000  X-52 FLASH W 1950 COAL TARUPTURELASS 1 L(NO 808915.8 600 CORROSION FAILURE

12.75 0.25 42000  API-5L  LONGITL 1953 COAL TABEAK  CLASS 2L(NO 127563.5 706 EXCAVATION DAMAGE

26 0.303 52000 API5L O DSAW 1947 COAL TAREAK  CLASS 1L(NO 114330.1 825 CORROSION FAILURE

8.625 0.188 42000 APISL LONGITL1981 COALTAREAK  CLASS1L(NO 12332.68 827 CORROSION FAILURE

24 0.281 52000 TGTC-1ADSAW 1950 COAL TAREAK  CLASS 1L(NO 60967.76 878 CORROSION FAILURE

12.75 0.25 42000  APISLX LONGITL1964 OTHER LEAK CLASS1L(NO 378268.3 909 OTHER INCIDENT CAUSE

30 0.375 75000  API5L  SINGLE 2008 FUSION LEAK  CLASS1L(NO 138410 1000 INCORRECT OPERATION

30 0.5 52000 API5L  FLASHW1951 ASPHALTEAK  CLASS 1L(NO 365946.5 936 MATERIAL FAILURE OF PIPE OR
6.625 0.28 35000 API OTHER 1955 COAL TAREAK  CLASS 1L(NO 54329.23 1090 CORROSION FAILURE

36 0.438 60000 APISL DSAW 1969 ASPHALIRUPTURELASS 1 L(NO 1866432 1050 OTHER INCIDENT CAUSE

26 0.25 52000 AO SMITOTHER 1948 COAL TAREAK  CLASS 1L(NO 158534.5 712 MATERIAL FAILURE OF PIPE OR
12.75 0.25 42000  API-5L X LONGITL 1950 COMPOSLEAK  CLASS 3L(NO 62167.54 823 MATERIAL FAILURE OF PIPE OR
12.75 0.25 42000  API-5L X LONGITL 1950 COMPOSLEAK  CLASS 1L(NO 64837.72 823 MATERIAL FAILURE OF PIPE OR
8 0.188 35000 GRADE BLONGITL 1966 COAL TARECHANCLASS 1 L(NO 321151.9 400 EXCAVATION DAMAGE

20 0.25 46000  API-5L  LONGITL 1949 COAL TARUPTURELASS 1 L(NO 178704.9 550 MATERIAL FAILURE OF PIPE OR
8.625 0.25 35000 API OTHER 1956 COAL TAREAK  CLASS 1L(NO 73340.06 1090 CORROSION FAILURE

8.625 0.188 42000 APISL LONGITL1961 COAL TARECHANCLASS 1 L(NO 42717.19 700 EXCAVATION DAMAGE

20 0.312 41000  API5L O LONGITL 1947 COAL TARUPTURELASS 1 L(NO 169221.6 920 MATERIAL FAILURE OF PIPE OR
24 0.5 40000 APIS5L O OTHER 1947 COAL TARUPTURELASS 1 L(NO 678168.2 750 CORROSION FAILURE
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Figure 41 presents distribution of the failure sources in hazardous liquid pipelines
during 19862013. Failures due to the external corrosion have received the first rank of
the failuresby frequency.Third-party failures stand in the secomdhacefollowed by the
failures due to the material and weld defect. Alsoonsiderable number of failes have

been due to the internal corrosion, while equipment falbee/e caused the pipeline
failure by 11%. Incorrect operations and natural forces stand after equipment failures.
Natural forces, third partmonexcavation and operator excavaticare tte least likely

causes of failure

Third party Equipment failure
excavation 355

654 11%

19%

Incorrect
Operation
320
9%
/ Natural Force:!
Other é‘j/j
Material and Weld 276
546 8% Third party non
16% excavation, 2%
\ Operator
Excavation
50
Int. Corrosion Ex. Corrosion 1%
463 768
14% 23%

Figure 4- 1: Distribution of Failure Sources (19862013)

The risk assessment model in this research is developady based on the historical
data collected on the failures of pipes frtdme Pipeline and Hazardous Materials Safety
Administration (PHMSA 2014). Historical data is gathered from 197l now; the

criteria of recording data changedver thistime. Data on Hazardous Liquid (HL)
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pipelines is reported in four main reportingipds: 1) from 1970 to 1986, 2) from 1986

to 2001, 3) from 2002 to 2009, and 4) from 2010 until nData on gas pipelines is
classified based on the type of the pipes first including gas transmission and gathering in
one classification and distribution pi® in another classification. Data on the
Transmission and gathering pipes is reported in similar reporting periods as HL pipes
exceptthe first period that expands from 1970 to 1984. Reported data in each of the
reporting periods idifferent but all ircludes the basic properties of pipes such as
diameter and wall thickness. PHM$®014) defines an incident on the failed pipes as an

event that resulted ithe gas leakage and met one or more of the following criteria:

1 ) A ddath,or personal injury nessitating inpatienthospitalizationp r 0

2) AProperty damage, including the prod
3) AAn event that is significant even t
(PHMSA, 2014).

The £condset of datas collectedon the mileage reports of the pipes in the US that
reportmileage of data in each year of the reporting period (PH)VERA4). Mileagedata

of pipes was reported in each year within different categories of pipe diameter,
installation year and préefined classification of HL and transmission and gathering, as
well as the distribution pipes. Failure sourese studiedn this research and the ones
with the highest contribution to the incidents are identifie@ihe identified sources
included ExternaCorrosion (EC), Internal Corrosion (IC), Material and Weld defects
(MW), Mechanical Damages (MD), Incorrect Operations (I0) and Natural Forces (NF).
Historical environment data on the NF sources of failarescollectedrom the National

Oceanic and Atmspheric Administration of the US Department of Commerce (NOAA
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2015). Data on the surface temperature, soil moisture and the wind speed in the locations
that have been subject to the natural hazard faiame®xtractedrFigure 42 shows the
extracted meatemperature map for North America in the month of January Z0%l.
average temperature in the month that pipe has failedllectedfor all of the pipes that

have failed due to the extreme temperature calXated datas locatedfrom similar

figures.

NCEP North American Regional Reanalysis

Air Termperature at Surfoce (degK) Composite Mean
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Figure 4- 2: Air temperature map of North America in January 2011 (NOAA 2015)

There is a possibility to zoom into the states of the US and locate the exact location of the
incidents in the month of failure happening. The temperature data on the failure locations
are obtainedas a sample map is shown in Figur8 #hat illustrates th map of Texas

State in the month afanuary 2010Figure 44 shows a sample data collection map of
Texas State in the month of December 2@M4de to the importance of soil moisture on

the failures after heavy precipitatigris factor is considered itmé development of the
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indices for natural forces failure souré®elated datas collectedfor every pipe that has

failed due to high precipitation.
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Figure 4- 3: Mean air temperature of Texas State in January 2010 (NOAA 2015)
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Figure 4- 4: Mean soil moisture content values for Texas State in December 2014
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A sample wind speed map for the Texas State in the month of Decembeis Zbibdvn
in Figure 45. Wind damage failures are the third sourc@aiiral force failuresData on

the actual wind spead gatheredn each failure location.
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Figure 4- 5: Wind speed map for Texas State in December 2014

4.1 Frequency of Failure Sources versus Various Variables

In this sectionthe trend of frequencies for several variables will be studied against
failure sources. Some variables have been selected as they may affect the failures of
pipelines. These variables include age, pipe diameter, wall thickness, Maximum

Operating (MOP) Prsure, Specified Minimum Yield Strength (SMYS) and coating
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type. Figure 46 shows how the frequency of failure souradgmngs in different age
classesFrom this figureit is clear that frequency of failures due to external corrosion

has increased by thege of pipelinesA similar trend happens to the failures due to
internal corrosion in the first three deca
class, the number of failures due to the material and weld defects has been increased.
However the case is different for the failures with incorrect operation and equipment
failure sourcesThe ncreasingrend for the first four decades of the failures due to third

party excavation is also cleaom the graph.

Frequency of Failure Sources versus Age Classes
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E Material and Weld H Incorrect Operation
300 - . . .
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@200 -
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Figure 4- 6: Frequency of Failure Sources versus Age Class@9862013)

Figure 47 depicts the distribution of failure sources in every pipe diameter class. For
almost the entire failure sources, diameter class between five and elelies ia the

most frequent diameter class. After that, pipelines withameterbetween eleven and
seventeen have devoted more failures to themselves. Another remarkable point of this
graph is thathe excavation failures have been meféctivein smalle diameter classes

than the larger ones. Whereasyrosionrelatedfailures havea higher percentage in the

larger diameter classes.
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Frequency of Failure Sources versus Diameter Classes

500 -
m Ex. Corrosion
400 - = Material and Weld
m Int. Corrosion
m Third Party Excavation
>, 300 - y
Q = Natural Forces
g = Operator Excavation
g 200 - m Incorrect Operation
L E Equipment failure
100 -

0-5 5<=d<11 11<=d<1717<=d<2323<=d<2929<=d<3535<=d<41 >=41
Diameter (inches)

Figure 4- 7: Frequency of Failure Sources versuBiameter Classeq19862013)

Figure 48 shavs the number of failure sources in each pipe wall thickness @ass.

shown in the figure, the overall number of failures decreaswith increasing the

thickness of pipelines.

Frequency of Failures Causes versus Pipe Wall Thickness Classes
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Figure 4- 8: Frequency of Failure Sources versuRipe wall ThicknessClasseq1986
2013)
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Figure 49 presents the changes in the number of failure sources with respect to the
Maximum Operating Pressure (MOP) of pipelinEBailures due to external corrosion,
materialandweld defects,andthird party and operator excavation increase significantly

with increasinghe maximum allowable operating pressure of pipelines.

Frequency of Failures Causes versus Pipe MOP Classes

400 -

350 m External Corrosion m [nternal Corrosion
Material and Weld ® Third Party Excavation

300 | wNatural Forces m Incorrect Operation

Operator Excavation = Equipment Failure

Frequency
N
gl
o

MOP<=250 250<MOP<=600 600<MOP<=950 MOP>950
MOP (psig)

Figure 4- 9: Frequency of Failure Sources versuRipe Maximum Operating
Pressure (MOP)Classeq19862013)

Specified minimum yield strengtiiso hasa significanteffect on the failures frequency

as isevidentfrom Figure 410. The rumberof failures due to internal corrosioegularly
reducesas the SM'S of the pipelines goes uphe last class of SMYSwhichis devoted

to the pipelines with SMYS over 55,000as the least number of failures in the entire
failure sources. For the external corrositiere is not a regular trend while most frequent
failures happen in the first class of SMYS. However, material and weld failures are

mostly attributed to theategoryof pipelines with SMYS between 45,000 and 55,000.
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Frequency of Failures Sources versus Pipe SMYS Classes
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Figure 4- 10: Frequency of Failure Sources versuSMY'S Classeg19862013)

Figure 411 depicts the number of failures for each coating type categorized by the failure
sources. Cold tape, coal tand asphalt haveeen assignetie largest number of failures

in almost all of the failure sources. Polyethylemsl epoxy type of coating stand in the
second place by the number of failures. Failurestduie external corrosion decrease

exceptionally in the pipelines with polyet

Frequency of Failure Sources versus Coating Type Class-@Zii3)

50 -

i u Material and Weld m Int. Corrosion
— m External Corrosion ~ mThird Party Excavation
% 30 - Equipment failure m Operator Excavation
= H Incorrect Operation
() 20 7
L

10 -

0 -
Cold Tape, Coal Tar & Polyethylene & Epoxies Paint Other
Asphalt

Figure 4- 11: Frequency of Failure Sources versu€oating Types (201€2013)
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4.2 Frequency of Failures in Monetary Consequence Classes

In this sectiondistributiors of failures in three different monetary consequence classes
are studied against several variablegguFé 412 studies the number difailures in
monetary consequenatasses versus the age of failure of pipelines. Ithmseerthat
older pipelines result in higher monetary consequerides.rumberof failures with less
than 10,000 US dollar consequencksrease for the first five decades of service life
while it is increaseth the last decadef study when the pipelines are older than 50 years
old. However, except the first five years of pipeline service life the number of failures

with consequences ev 10,000and100,000 goes up over time.
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Figure 4- 12 Frequency of Age ClassegersusMonetary Consequence Classes

(1986:2013)
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Figure 413 shows the number déilures in eachmonetary consequenctass of failures
against pi pclassés. Fdri themsmallest diameter pipdge monetary
consequence is not huge. Failures result in similar consequence classes when the
diameter of pipes is between five and eleydowever, the frequency of fares with

higher consequences goes up for larger pipes while the percentage of the failures with
smallamount of consequences decreases in larger pipes. Figdrehdws the frequency

of failures in three prelefined consequence classes versus pipe wakribss classes.
Overall, the number of failures with higher monetary consequences increases in pipes
with thicker walls.The hghestpercentage of failures with consequences over 100,000

US dollar happens in the pipelines watlvall thicknessbetweer0.2and 0.3 inches.

Frequency of Diameter Class versus Monetary Consequences Class
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Figure 4- 13: Frequency ofDiameter ClassesversusMonetary Consequence Classes
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Frequency of Wall Thickness Class versus Monetary Consequence
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Figure 4- 14: Frequency of Wall Thickness ClassesrersusMonetary Consequence
Classegq19862013)

Figure 415 depicts the number of failures with various consequence classes in different
classes othe maximum operating pressure of pipelines. Overall, the consequences of
failures in pipelines witthigherpressures increaskailures with @er 100,000 US dollar
consequences have thagest percentage of failures in pipelines with pressures more
than 950psig This is not true for the pipelines with operating pressure Smitor
example inthe pipelines with pressureless than 250 and betem 250 and 6Q0the
failures with consequences between 10,000 and 100,089tha highest percentage.
Figure 416 studies the effect of the specified minimum yield stremgthihe failure
consequences. The number of failures with less monetary consegjiencess than
100,000 is decreasing when the SMYS of the pipes goes up. However, the failures result

in higher consequences when the SMYS of the pipes are more than 45,000.
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Frequency of MOP Class versus Monetary Consequence Class
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Figure 4- 15. Frequency of MOP ClassesversusMonetary Consequence Classes
(1986:2013)

Frequency SMYS Class versus Monetary Consequence Classe:

800 -
® 10,000<D<=100,000
e m D<=10,000
>
2 = D>100,000
& 400 -
>
(on
o
% 200 -
0 i
&
s
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Studies present the effect of different variables on the number of failures and their
monetary onsequences. In the model developm#m@impact of different variables will

be taken into consideration when the primary variables are needdeddentified

4.3 Rehabilitation Cost Data

An extensivdliterature eview was conducted to gather tiatafor the development of

the life cycle cosimodel of oil and gas pipelinesThe dataincludes the pipeline the
economic factors during the pipeline service life. Life cycle cost modelseajsoea set

of economic factors such as maintenance operatisis andthe interestand inflation

rates. Menon (2005) detailed the mpebbablecost componentduring theconstruction
andoperationphases of gas pipelines. The research also detgjexhl installationcost

of pipelines withvarious diameters. Theannual operatingost were estimatedor a

typical gas pipelineBakeret al.(2008) summarized high and la@stper mile estimates

of inline inspectionfor gas and oil pipelines. The costs were discounted using the
historical inflation data publishedrothe World Bank website (WoHBank, 2013) to

convert to 2013 US dollars. The type of inspection, pipe diameter, wall thickness, and
pipeline accessibilitymay change the cost a@fline inspections. Repair cost datas
gatheredrom a researcltonductedby the US Environmentdrotection Agency (EPA,

2006). The studgomparedherepair andeplacement o st of a Pigelme nat ur a
The EPAOGs research has detailed the repair
defects.The assumptionand c@ t data wused i mwere Used hdfeRPAO s r e
estimate the cost dghe dfferent repair and replacement sizéshbe 4-2 shows the cost

database that is used to implement the developed model.
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Table 4- 2: CostData for Different Types of Rehabilitation Techniques (US $)

Operation Type Minimum Mean Maximum
Regular Maintenance
Regular Maintenance 22,500 | 25000 | 28,750
Inspection
Inline Inspection 3,500 \ 4,000 | 4,600
Remedial Action
Recoating S1 180,000 200,000 230,000
Recoating S2 324,000 360,000 414,000
Recoating S3 576,000 640,000 736,000
Recoating S4 630,000 700,000 805,000
Recoating S5 648,000 720,000 828,000
Recoating S6 720,000 800,000 920,000
Recoating S7 900,000 1,000,000 1,150,000
Repair
Type BSleeve S1 353,116 392,352 451,204
Type B Sleeve S2 369,021 410,023 471,526
Type B Sleeve S3 400,829 445,366 512,171
Type B Sleeve S4 464,447 516,052 593,460
Type B Sleeve S5 575,777 639,753 735,715
Type B Sleeve S6 655,299 728,110 837,327
Type BSleeve S7 973,386 1,081,540 1,243,771
Bolt on Clamp S1 388,428 431,587 496,325
Bolt on Clamp S2 405,923 451,025 518,679
Bolt on Clamp S3 440,912 489,903 563,388
Bolt on Clamp S4 510,891 567,657 652,806
Bolt on Clamp S5 633,355 703,728 809,287
Bolt onClamp S6 720,829 800,921 921,059
Bolt on Clamp S7 1,070,725 1,189,694 1,368,148
Replace
Replace S1 675,000 750,000 862,500
Replace S2 810,000 900,000 1,035,000
Replace S3 1,440,000 1,600,000 1,840,000
Replace S4 1,575,000 1,750,000 2,012,500
Replace S5 1,620,000 1,800,000 2,070,000
Replace S6 1,800,000 2,000,000 2,300,000
Replace S7 2,250,000 2,500,000 2,875,000

The costs collected from tHe#eraturewere discounted usingistorical inflation rates
The uncertainty in the cogistimationwas also considerelderein. The calculatednd

collected costsvere considereth this study as average costs. These average cost values
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were then multiplied, respectively, by 0.9 and 1.15 to obtain the minimumaxidnum
operationcoss f or  @ipelnd dhe mtarsst rate is expressed using a distribution
function based on the interest rates in the USA between the years of 1992 and 2008. The
function follows a trangular probability distribution with theminimum at 3%, the most

likely at 4%, and thenaximumat 6%.

122



CHAPTER 5: MODEL DEVELOPMENT AND IMPLEMENTATION

In this chapter, the methodology proposed in chapter 3 is dpplidevelop the model
Figure 51 shows the overall process thfe model development and implementation
procesdn the parts thaheedextensive data analysis or developmeg shown, first a
Bow-tie model is developed based on the identification of the basic ewantses of
failures and the aftefailure events. Themistorical data is gathered from tRépeline
and Hazardous Materials Safety AdministratiBHMSA, 2014 of the US department of
transportation Data is used to develop thiesk assessmeninodel and verify the
validation of the developed methodolody.the probability of failure predictiomodel

the identified variablesre categorizedthen a comprehensive index is developed that
along withthe developed equations can be used to predicptbbability of failure of

such pipelines.

Forthe consequence of failure assessment model, 1iezay is used to develop several
Fuzzy Inferenc&SystemgqFIS) to minimize the error of the final model in the estimation
of the financial consequencef failures The selection of the final modisl basedn the

error ofthe developed modsland sensitivityanalysis.Risk levelis evaluatedor each
failure source developing a fuzzy integrated risk evaluation mésgection planning
modeluses the results oisk assessment to select the inspection tool and determine the
frequency of runninghem Variousscenariosare developedor each of which an after
inspection risk growth profile is developed. The ftgist index ighe determining factor

in ranking the scenarios of inspection. Rehabilitation planmodelcategorizes various
rehabilitation techniques and develogifferent scenarios of rehabilitation considering

possi bl esized Aftereebabibtaiion @terioration profileis developedfor each
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scenarigand the life cycle cost is estimated using kée@arlo simulation. Top scenarios

are those thareless experge during the service life of the pipes.
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Figure 5- 1: Model development andimplementation overall process
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5.1 BowTie

The identifi@l variables and failure sources in the previous section are used to build the
Bow-tie model.Fault tree is built with modifications on Dawotola et al. (2009), Yuhua
and Datao (2005) and Shahriar et al. (20@8t is made by consulting with higher
expertsof oil and gas pipelineginally, the fault tree is developedhich is presentedn

Figure 5-2. The primary objectivef applying the modifications to thault tree was to
increase the objectivitpf the model by applying thavailable historical data on the

failures of oil and gas pipelines.

The basic events are aimed to be measurable and hence to increase the objectivity of the
model in this research depending on the availability of data in the dat&@msmain
failure sources areonsidered tde evaluatedh this model. Due to the unavailability of
data on some variables in the database of oil pipes, corpaged inspection efficiency,
notification of Onecall system and marking of the pipes are excludech the index of
such ppes According to the Bowie model, the basic causes of the failures are presented
in the lowest level of the tree that lead to six main failure sources, areotonnectetb

the top event of the tree. Exterrarrosionfailures are identified to be fatted by the

soil corrosion and protection measures. Soil corrosion itself is affected bgothe
properties including soil acidity (pH), soil resistivity, and redox potential of the pipe.
Each variable is supposed to haveoatributionto soil corrosim intermediate event that

can lead to the external corrosion of fiee

Protection measureme detailednto cathodic protection effectiveness and pipe coating

types. Types of the product transporting throughpipe, inline inspection and protection
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measures are identified to affect the Internal Corrosion failures. For material and weld
defect sources, the seam type of pipes, Specified Minimum Yield Strength (SMYS) and
the inspection history are identified to haweontributionon the probability ofailure.

The fourthsource of failures identifiedas mechanical damages leading to the failures of
pipes. The identified basic causes are identified as the location class, existence of
computerbased inspection system (SCADA or CPM), existence of highyylated area,
Onecall center being notified before excavation and the accurate marking of the pipes.
For incorrect operations, the identified variables are SCADA or CPM efficiency,

gualification of the operator performing the task, operating pressure, and location of the

pipes.

Natural forces are identified to happen as a resufteal/yrains, extremeemperatures,
and high winds. Consequently, temperature, precipitation and wind speed are identified to
affect such failures. Heavy rain or precipitatisrmeasuredhrough the soil moisture in
the locations that such failures have happened accordihg tugtorical databastn the
next step,the major hazardghat were identifiedin the previous section are used to
develop the event tredhe event tree modés adoptedrom Parvizsedghy and Zayed
(2015). Figure 5-3 presents the event treghich preent the afterfailure eventsThe
center of he treeis the critical event of pipeline failure that leads to the pefilure
events containinghe explosion ignition, and leakage Puncture leakage and rupture
arethreeprefailure eventghat cause the release ofl or gas in pipelinesPuncture is
considered to be a medium size defecttlom pipe, and pinhole represents small size
defects leading to leakageA. rupture is a large size defect when the pipe is not

serviceable anymore.

12¢



Product Release

\
Natural Forces

Soil pH

2
=
1]
0
Q
o
s
()

8
=
c
Q
L
o
a
X
o
S
Q
o

CP*
Pipe Coating

&

* CP: Cathodic protection

** SMYS: Specified Minimum Yield Strength

* HPA: Highly Populated Area

ek CBI: Computer-Based Inspection

Note that for oil pipes under Mechanical Damages D4,
D5 and D6 are not included.

v

SCADAor

Operator
Qelified

Operating

Pressure

Looation of

Figure 5- 2: Bow-Tie model (Fault tree part)

@)

External Corrosion Internal Corrosion Material and Weld Mechanical Damage Incorrect Operation
EC IC MW MD NF
T 1 S5 S5 A N
Soil Protection Product Protecii 5 |3 3 o
corrosion measures Types rotection o % S|y § 8 5 =
e . | 18 & |38 kL 2% 2
() (B 5 2/lg |3 |8 13||5 g :
Inline % ’g. £ §. § & g |2 |2
Inspection S| & - § gl g
o
12 @ g




Pre-failure events Critical event|Post-failure events

(=)
UOISOLIOD
fewspg

oLE
vg_g E

3
Aég S Explosion
éai -

& ipeli -
o E D] [
8&s L
B8 % )

©n
suoressdO
1paLoou|

(4N) ssouo4
eneN

Figure 5- 3: Event tree part of Bowtie model

5.2 Probability of Failure Prediction Model

The analysisstarts after the development of the Boevmodel. First, the identified variables or

basic causes are categorized according to their characteristics. For quantitative variables such as
the causes leading to soil corrosion, fitse tbbest PDF that fits the historical data of the failed
pipes for each vaable is determined. Then, the%®%onfidence interval is divided into various
categories. Different numbers of categomestested to find the bestumber of categoriethat

suits the variableThis is due to the existence of the missing data and errors that exist in the
database and for some of the variables there is not enouglfrigata5-4 shows the probability

distribution function corresponding to the historicatadrelated to the basic causes siil
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corrosion for pipes that have failed due to the external corrdBianr t AAO, ABo, and
figure present the PDF related to the soil acidity (i.e. pH), Soil Resistivity (SR), and Redox
Potential (RP)As show, the 99% range of soil pH falls within zero to twelve, SR within zero to

2,900, and RP zero to 150. The rangesthen classifieth the proper numbers of categories.
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Figure 5- 4. PDFs associated with A: pH, BSR, and C: RP historical data

For coating type and some other basic causes that are qualitative, the installation year of the
pipes that exist in the database is used to determine the categories. Consequently, as shown in

Table 51 ooating type is categmedinto 4 clusters.The first cluster belongs to the pipes with



coal tar, asphalt, and paint coatin@alculated valuefor each category ahe basic causeare

used to determine the best PDF that fits the contribution of that basictodabedailure of the

pipe. This process is performed applying @Raésgoftware. This process repeatedor each
category of the basicausesand the best PDFs are selected to represent the contribution of each
categoryof the variables to the failure gipes. The calculated amounts and PDFs are used to
compute the relative probability of failures for each pipe pagicularenvironment and with

specific properties.

Table 5 1. Coating types categories

Category | Average year binstallation | Coating Types

1 1954 Coal Tar, Asphalt, Paint

2 1970 Cold Applied Tape, Composite

3 1998 Field Applied Epoxy, Fusion Bonded Epox
Extruded Polyethylene

4 1950 None

5.2.1Data Analysis and Model Implementation
The steps of theprobability of failure development modedre followed to produce a

comprehensive index forecast therobabilityof failure of pipes specific to their properties.

Phase 1: Developing Bowie Model
The fault tree and the event tree thats developedh the previous section build the Beve

model that is used to develop the POF prediction index.

Phase 2: Data Analysis of the Faulfree
Data analysis follows the model development process faarthkysisof the fault tree part of the
Bow-tie mode] which resultsin an indexto compute the probability of failure for oil and gas

pipes. First, all of the variables or the basic causes are categ®@etedjories of the variables
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contributing to the identified failure sourceare shownin Table 5-2. As shown, tle soil
resistivity is categorized intbve categoriesSoil acidity is categorized 1o three categories: 1)
Acidic soils that have a pH less than four, 2) Neutral soil that have pH between four and eight,
and 3) Alcaic soils, which have a pH above eight.addition the soil around pipes is
categorized from the point of view of the Redox Potential (RP). Low RP belongs to those soils
which have RP less than ®bmcm, high RPs belong to the soils witlhn RP over 100. As for

the protection measures under external corrosion, there are two basic events, coating types and
cathodic protection. Coating types is categorized in four categoriemasexplainedefore.
Cathodic protection effectiveness categorizednto four categories increasing the efficiency
from one to four. The highest efficiency belongs to the pipes with cathodic protection from
beginning of the installation of the pipes and inspectingfficiency frequently. As for the
internal corrosionthe internal inspection is categorized into three categories representing the
inspection frequency of the pipes. Internal protection is anb#ésccause contributing to such
failures, whichis categorizednto three categories: 1) Nwotection, 2) InHiitor application

only, and 3) Inhibitor application plus applyingwlatering cleaning or liningVaterial and weld
defect failures are affected by thrbasic causes, namely Specified Minimum Yield Strength
(SMYYS) of the pipes, inspection frequency, ardra types. All basic causage clustered into

three categoriesThe seam types include HignequencyElectric Resistance Welddétpes(HF-

ERW), Low Frequenc¥lectric Resistance Weld&lipes(LF-ERW), and other types.

Mechanical damages are affected dby basic causes, Depth of Cover (DOC), locattass,
high-populated area, one call system, and being accurately markeddpth of coveris
categorizednto four categories: 1) less thancéntimetes, 2) between 6 and 36, 3) between 36

and 66, and 4pver 66centimetes. For the locatiorclass there are two categories those pipes
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that are in location class one and two, and thosedtetiocatedn classes three and four.
Being/not being in a high populated area, notifying/not notifying the onesgatem and
being/not being marked accurately are the other affecting factors to measure the POF with
respect to the mechanical damages for gas pifé® mechanical damages for oil pipes are
affected by DOC, location condition, and being in a higidpulated area. The changes of the
basic causes are due to the unavailability of the data on locelss, one call system
notification, and being/not accurately markéithe cepth of Cover is categorized into five
categories the first four of which isnsilar to those of gas pipes plus one for daegoryof

pipes with a cover of over Aentimetes. Operator property and right of way (ROW) are the two
categoriesf the location conditions. Being i highly populated arear not is the last factor

detemining the POF with respect to the mechanical damages for oil pipes.

For the incorrect operations, there are three basic causes to consider: 1) Computer Monitoring
System (CMS) efficiency, 2Qualification of Operator, 3) Qualification of Operator, and 4)
location of pipeCMS is measured from one to three in terms of efficiembyg qualification of

the operatorthat is performing an operation arsite affects the POF as shown. A low operating
pressure versus a high operating pressure is a determiotog ifacomputing the POF. Finally,
being buried underground or abegeund is another cause of the failures with respect to the
incorrect operations. For natural force damagesre are three malmasiccauses that determine
the POF. Precipitatiocauss high soil moisture that leads to the movement of the pipe and
failure. Soil moistures categorizednto three categories including the pipes within the soils with
less than 250 kg/fmbetween 250 and 400 kgfmand over 400 kg/mZExtremetemperatures
especiallyin the coldest months of the year (i.e. December to Februargpnsidered in four

categories, temperatures of less thbelongs to the firstategory
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Table 5 2: Categories defined for the basic causes

Failure Intermedia . Category
Basic Cause
source te Event 1 2 3 4
2900
Soil resistivity 0-967 967-1933 19332900 -
Soll 3867
corrosion Acidity 0-4 4-8 >8 -
External Redox potential 0-50 50-100 >100 -
Corrosion i i
Cold Applied Filed appllled
) Coating types Coal Tar, Tape epoxy, Fusion None
Protection Asphalt, Paint | ~ = bonded epoxy
measures P Polyethylene
Cathodic protection| 1 2 3 4
Product type Crude Oil HVL Non-HVL Gas
Inline Inspection No-inspection 1 year 2-5 years -
Internal Corrosion
Dewatering
Internal protection | No-protection Inhibitor only | cleaning or| -
lining
46,000
SMYS <46,000 65.000 >65,000 -
Material & weld defects Inspection 0-1 year 2-5 years >5 years -
Seam types HF-ERW LF-ERW Other -
Depth of cover <=6 6-36 36-66 >66
Location class 1,2 3,4 - -
_ _Compu_tefbased Yes No ) )
Mechanical damages| inspection
(Gas) Highly  populated Yes No ) )
area
One call Yes No - -
Accurately marked | Yes No - -
Depth of cover <=6 6-36 36-66 gg
. . . Operator
Mechanical damages (Oil) | Location property ROW - -
Highly  populated Yes No ) )
area
CMS efficiency 1 2 3 -
Qualification of Yes No ) )
. Operator
Incorrect Operation Operating pressure | High Low - -
Location of Pipe Underground Above - -
ground
Precipitation _ _ )
(kg/rmP) <=250 250400 >=400
Natural Forces Extreme Less than4 -4 to Zero Zeroto 4 Over
Temper a)tu 4
Wind (m/s) Less than 4 4-5 Over 5 -
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A probability distribution functions assignedo each category of each variable that determines
the contribution of theategoryof that variable to the failure of the pipes. Tabld provides the
parameters of the PDFs selected for tbatibution ofthe identified basic causes the EC
failures. For each category, the function and its parameters are defined in the Tiable.
distribution functions, as well as their parameters, are defined for each category of each basic

cause.

There are two parameters for the distribution functions of Normal, Lognorm, and Laplace,
namely meanvalue, and the standard deviation. The two defined parameters of Gamma,
ExtValug ExtValueMin Weibul, and Logisticfunctionsare alpha and beta. Th@&glLogistic
distribution functionis definedby three parameters, gamma, alpha, and beta. The exponential
distribution function is defined by its bgbarameterwhile the Uniform PDRs definedthrough

the minimum and maximum of the boundary.

There isa meanngful difference between the contributions of the various categofiesach
causewith respect to the mean values of the PDsder theexternal corrosioffiailures forthe

soil resistivity, the highest contribution belongs to the fuategory thaincludes those pipes
buried in soils withless than 967 ohm.cm of resistivity. The failure probability decreases
considerablywhile the resistivityincreasesand it is the lowest when the resistivity is larger than

4,000.

For the acidity of the soil, it is understood that the pipes within soils piithower than four
have the highest probability &ilure while the neutral soils deteriorate with the lowest rake
POF with respect to external corrosion is the highesthose pipes buried in the soils with

redox potential of less than 50, and it is the lowest when the redox potential is ovarhEse.
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are two basic causesmderthe protection measures, coatitypes and cathodic protectio.he

first category of pips with respect to the coating type, that are coated with coal tar, asphalt, or

paint has highest probability of failure, while the pipes witrell fapplied epoxy, fusion bonded

epoxy, or polyethylene have the lowest rate of failure probabilite. POFwith respect to the

external corrosion failures decrease significantly when the cathodic protection efficiency

increases. Similar tables are developed for all of the failure sourees akowrin Tables Al,

A-2 and A3 from the Appendix A.

Table 5 3: Contribution of the identified basic causegdo the EC failures

Basic causes 1 2 3 4 5
Function lognorm Gamma | Exponen LogLogistic | Logistic
Soil parameter #1 0.047 7.358 0.006 (0.005) 0.00
resistivity | parameter #2 0.016 0.002 0.001 0.01 0.00
c parameter #3 (0.002) (0.003) | - 6.31 | -
.% Function lognorm | lognorm | ExtValueMin | NA NA
g . parameter #1 | 0.020338 | 0.014815 | 0.025600 - -
3 Acidity parameter #2 | 0.021296 | 0.009634 | 0.011000 - -
§ parameter #3 | 0.013200 | 0.000357 | - - -
Function Normal Logistic | Logistic NA NA
Redox parameter #1 0.058 0.005 0.002 - -
potential | parameter #2 0.018 0.003 0.002 - -
parameter #3 | - - - - -
n Function Normal Lognorm | Normal Lognorm NA
% Coating | parameter #1 0.095 0.038 0.024 0.040 | -
§ types parameter #2 0.063 0.017 0.019 0.06 | -
S parameter #3 | - (0.008) 0.01 | -
é Function Logistic Normal ExtvalueMin Normal
§ Cathodic | parameter #1 | 0.052934 | 0.030864 | 0.028509 0.0042735
09_ protection | parameter #2 | 0.013759 | 0.01322 | 0.0048658 0.0032051
parameter #3 | - - - -

Similarly, the contribution of the diameter categories of pipes with respect to each failure source

is computedTable 54 demonstrates the contribution of thipe diameter categories to the EC,
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IC and MW failure sourceJ ableA-4 in AppendixA showsthe contribution of diameter classes

to the MD, 10, and NF failure sourceBipe diameteiis categorizedn five distinctive sizes

including, pipes wunder 40, bet ween 4 and 100

| arger t han 2 &maller ol pipess dremavansusceptible teexternal corrosion
failures while thelarger oil pipesare less likly to fail as a result of the external corrosion
failures However, there is not a considerable difference betweencah&ibutionsof the
diameter to thexternalcorrosion for gas pipes. For internal corrosion failuresctribution

of the diametec at egory of | ess t han al#adstthe sachdhe @ipew e e n
bet ween 4 ashikelytb thib Hoavever, the ease is different for the gas pipes. These
pipes are the modsikely to fail as a result of an internal corrosion when their size is between 4
and 10 inches. The rate of failurenstantlydecreaseby increasing the size of the pipes while it

is the lowest for the pipes of larger than 28 incfié® material and weld defefailures are the

mo s t common among the pipes | amrtigeeother hanthen 2 0 0

smallest category of oil pipes are the least likely to fail due to the material and weld defects.

The available data on the Installation year of pywese studiedand it is categorized into four
technologically distinctive eras of installation. The categories of pipe installation years include
those installed before 1950, between 1950 and 1970, &eth@70 and 1990 and after 1990.
Finally, contribution coefficients of thénstallationyear categorie$or all failure sourcesare
computed and shown in Table55 In most of the failure sources, the older pipes show a larger
contribution to the failureHowever, in the oil pipes with respect to the internal corrosion
failures there is not a significant difference between various categories of installation years in the
POF. The material and weld defects for oil pipes between 1950 and 1970 is anotheorexcept

which shows a smaller coefficient compared to the pipes installed before 1950.
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Table 5 4. Contribution of the pipe diameter categories on EC, IC and MW failure sources

Basic causes <=4" 4"-10" 10"-20" 20"-28" Over 28"
g Function Extvalue Extvalue Expon Normal NA
'g Qil parameter #1 | 0.00090378| 0.00010944| 0.00005038| 0.00007228 -
E parameter #2 | 0.00041641| 0.00003680 0.00004868| 0.00005193 -
O Function Logistic Extvalue Weibull Lognorm Logistic
Tg parameter #1 | 0.00001572| 0.00001211| 1.70230000| 0.00007314 | 0.00001170
g Gas parameter #2 | 0.00001748| 0.00001215/ 0.00004652| 0.00003177 | 0.00001074
Ll parameter #3 - - -0.00000404| -0.00003299 -
- Function Normal Lognorm Laplace Lognorm Normal
'% ‘ parameter #1 | 0.00018736| 0.00021320, 0.00013712| 0.00030310 | 0.00010740
g Oil parameter #2 | 0.00011963) 0.00004484| 0.00004276| 0.00018332 | 0.00010291
8 parameter #3 - 0. 00612909 - -0.00010834 -
g Function Normal Logistic Normal Logistic Logistic
% Gas | paramete#l 0.00001007| 0.00001994] 0.00002885| 0.00001379 | 0.00000822
- parameter #2 | 0.00001854| 0.00001096/ 0.00001445| 0.00001159 | 0.00000754
- Function NA Extvalue Normal Normal Normal
o Qil parameter #1 - 0.00004411| 0.00008870| 0.00014256 | 0.00007326
_% parameter #2 - 0.00001730, 0.00005287 | 0.00008560 | 0.00010340
% Function Logistic Logistic Lognorm Normal Uniform
g Gas parameter #1 | 0.00003525| 0.00001007| 0.00003993| 0.00006610 0.00(;00711
IS parameter #2 | 0.00002077| 0.00000685 0.00002761| 0.00004397 | 0.00008533
= parameter #3 - - -0.00000947 - -

Table 5 5: Contribution coefficients of the installation year categories all failure sources

Failure source | Before 1950 19501970 19761990 19902013
EC Oil 5.4577 2.8698 1.8178 1.0000
Gas 9.6251 7.1401 2.1142 1.0000
Ic Oil 1.8603 1.0000 1.7547 1.8267
Gas 6.6121 3.7375 3.8713 1.0000
MW Oil 3.5380 6.3275 1.8464 1.0000
Gas 2.6298 1.8082 1.1449 1.0000
MD Oil 1.4747 1.7553 1.0234 1.0000
Gas 3.0690 1.1025 1.0000 1.1685
10 Oil 1.7935 1.0000 1.2916
Gas 2.1250 1.5000 1.2500 1.0000
NE Oil 8.1778 1.0000 1.3723 7.0405
Gas 6.4697 1.2466 3.8755 1.0000
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The ajustmentfactor for each category of diameter is computed as shown in Tdbl@Hese
factors convert the relative probability of failure to the absolute probability of failure for such
pipes. The calculated factors of adjustmearty betweerapproximately20 and180.The relative
probability of failure that can be computed basedhencontribution of the basic causes Vol
combinedwith the effect of the pipe diameter and installation ye&sing Equations 3.8~3.11,
the absolute probability of failure with respect to each failure source is calcaiaeeg@rovided
indices can beised forthe calculation of the fault tree part of the model. Then, it is required to
computethe probability of happening of each aftailure eventto calculatethe probability of

happening of each failure scenario.

Table 5 6: Diameter-based adjustment factors for all failure sources

Failure source | <=4" | 4"-10" | 10"-20" | 20"-28" | Over 28"
EC Oil 52.820 | 35.013 | 62.825 52.272
Gas | 117.898| 63.874 | 60.163 | 60.325 | 143.380
c oil 114.080| 114.059 | 119.069 | 112.287 | 114.082
Gas | 103.808| 77.979 | 22.950 | 84.664 | 76.165
MW Oil 82.161 82.667 | 82.668 | 82.667
Gas | 94.462 | 111.118| 74.094 | 62.968 | 55.923
MD Oil 67.481 | 67.481 | 67.481 | 111.649 | 137.669
Gas | 186.530| 100.114 | 114.958 | 129.009 | 252.126
o oil 23.803 | 21.423] 21.423 21.423
Gas 46.695
NE Qil 120.951| 9.584 | 20.468 | 24.479
Gas 19.315

Phase 3: Data Analysis of the Event Tree

The process thatas explainedn the research methodologg/applied to develop two indices on
the event tree part of the mod&he index presentghe probability of happening of each hole
size including pinholepuncture and rupturein case any of the failure sources happénalso

demonstrates thprobability of happening of each ignition type case of happening &ach
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type of the hole sz Table5-7 shows the indices for all failure sources thed developed based
on the historical data on oil pipe&s shown, the probability of happening of only a leakage is
much higher than the explosion or ignition for all failure sources and hag. S erallfor oil

pipesthelikelihood of happening of a pinhole greaerthan all other hole sizes.

For external corrosion failurethe probability of happening & puncturesize defectfollows

that of the pinholeize one Thelikelihood of happening of an ignition or explosion increases by
growing the hole size. A similar result cba drawnfor internal corrosion failures, with a higher
probability of happening of a small hole size. For material and weld defectsrotbability of
hapgening of a pinhole is lower than a corrosion defect. Besidegrtibility of happening of

a rupture is higher than that of a puncture. Overall, around five to seven percent of the ruptures
cause an ignition or explosion. For the mechanizahagesthe probability of happening of
puncture growssignificantly while a pinhole is still the most likely hole size to happ&lso,

such failures are more likely ttausean explosion or ignition. The probability of happening of a
pinhole for incorrect operatianis still much higher than a puncture and ruptidtowever, the
punctures are morgely to happen in comparison with ruptures. Also, there is a small higher
likelihood of ignition in such failures Natural forces are different frothe other failure sarces.
Theprobability of happening of a rupture iBgherthan a pinhole for such failures. Punctures are
the least likely hole sizes to happen in the failwtesnmingfrom the natural forceslable A5

shows similar indices for gas pipes. Similar cosidas can be drawn from the developed
indices for gas pipe®verall, the probability of happening of an ignition or explosion is higher
for gas pipes compared to oil pipes and the likelihood of growing a defect to a puncture or

rupture is greater than tb® assigned to gas pipes.



Table 5 7: Indices relatedto probability of after-failure events for oil pipes

Failure source (S)| Hole size (H) P( Hb S | Ignitiontype(lgn) |P( | gn
Leakage only 0.998814

Pinhole 0.800633| Ignition 0.000791

Explosion 0.000395

Leakage only 0.951220

EC Puncture 0.129747| Ignition 0.024390
Explosion 0.024390

Leakage only 0.863636

Rupture 0.069620| Ignition 0.090909

Explosion 0.045455

Leakage only 0.998870

Pinhole 0.844869| Ignition 0.000565

Explosion 0.000565

Leakage only 0.991304

IC Puncture 0.109785| Ignition 0.004348
Explosion 0.004348

Leakage only 0.831579

Rupture 0.045346| Ignition 0.110526

Explosion 0.057895

Leakage only 0.966245

Pinhole 0.722561| Ignition 0.025316

Explosion 0.008439

Leakage only 0.988571

MW Puncture 0.106707| Ignition 0.005714
Explosion 0.005714

Leakage only 0.875000

Rupture 0.170732| Ignition 0.071429

Explosion 0.053571

Leakage only 0.962234

Pinhole 0.540230| Ignition 0.026596

Explosion 0.011170

Leakage only 0.928571

MD Puncture 0.321839] Ignition 0.044643
Explosion 0.026786

Leakage only 0.910417

Rupture 0.137931| Ignition 0.085417

Explosion 0.004167

Leakage only 0.954348

Pinhole 0.676471| Ignition 0.044203

Explosion 0.001449

Leakage only 0.898000

10 Puncture 0.245098| Ignition 0.100000
Explosion 0.002000

Leakage only 0.743750

Rupture 0.078431]| Ignition 0.187500

Explosion 0.068750

Leakage only 0.977966

Pinhole 0.424460| Ignition 0.018644

Explosion 0.003390

Leakage only 0.890000

NF Puncture 0.143885| Ignition 0.055000
Explosion 0.055000

Leakage only 0.948333

Rupture 0.431655| Ignition 0.033333

Explosion 0.018333
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The application of the developed indices to calculate the probability of failure would be through
several steps: I)o find out which category of each basic cause the pipe under study belongs to
according to Table -2, 2) to locate the category of the lsasauses and related distribution
functions for EC failures from Tabled for IC and MW failure from Table A, MD failures

from Table A2, and 10 and NF failures from Talb#e3; 3) to calculate the relative probability

of failure of the pipe without theffect of the pipe diameter and installatigear using Equations

3.8 and 3.9;4) to locate the PDF related to the contribution of pipe diameter category,
installation year and adjustment factor from corresponding tablesc@ng@utethe absolute
probabilty of failure using Equations 3.10 and 3.The probability of happening of each failure
scenario can be calculated through the following steps. To locali&dlleood of happening of
various hole sizes and ignition, as well as the explosmn Table5-7, and A4. Compute the

likelihood of afterfailure events applying Equations 3.5~3.7.

5.2.2Sensitivity Analysis

Sensitivity analysis is performed to study and verify the sensitivity of the probability of failure to
the basic causes and propertieghaf pipes using developed indices. For this purpose, in each
failure source, all except one of the variables are kept,ftkedvalue of one variable is changed
and thisis repeatedor all variables. For exampléy conduct the study on external cormsi a
fixed category is assumed for each wvariabl e.
category eachime, and the probability of failure is computed. The calculated values are plotted
for each variableas shown in Figure-5. The change®f the output are studiedversus the
changesf the categories of the basic causes and the properties of Bapesil resistivity the

pipes buried inthe soils with 0 to 967 olvom are the most likely to failand the failure
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probability decreases by increagithe value of this variable. The failure probability grows again

when the soll resistivity is higher thar®0.
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Figure 5 5: Sensitivity analysis results
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The probability of external corrosion failure is not as sensitive to the changes of soil acidity
compared to soil resistivity; nevertheless, the values are forecasted to be higher for acidic soils
and lower for neutral soils. The amounts for Alcaic soils are lower tiesetof the acidic ones

yet greaer than neutral soil types. The estimated probability of failure for soils with lower than
50 mvolt redox potential is thdighestwhile it reduces by increasing the values of redox
potential. The value of failure probaliy with respect to coating types is the lowest when the
pipe is coated withrield Applied Epoxy, Fusion Bonded Epoxy, and Extruded Polyethylene;
while it is the highest when coated with Coal Tar, Asphattd Paint.Similar values are
calculated when thpipesare not coated~or Cathodic Protection efficiency, it is observed that

the value of failure probability is higher with no/lowgrotectionwhile it is lower with more
efficient protections. The sensitivity of tipeobability of failure with respecto all causes in all

of the failure sources proves the efficiency of the developed model and verifies the soundness of

the model.

5.2.3 Validation of the Developed Model

The historical data oof 2014 andthe first half of 2015 is collectedb validate tke developed

model. The data includes the failure data and mileage reports. Due to the inexistence of a
trackablelD for the pipes, the operators of the pipes tiaterepated pipe failureduring this

period ardracked For each operator, the predicted probability of failure is calculated. Moreover,
the actuabprobability of failure is calculated by dividing the number of failures of each operator

by their reported mileage in this periothe predicted amountsre compeed with the actual

values and the error measuring methods are used to calchkatacturacy indices\ smaller

value ofRMSE proves the efficiency of the developed model that is calculated to #-2.A

closer value to 100%with respect to thewverag validity percentag€AVP) is considered to
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prove the predictiomespectively. AVP is computed to be around 80.1% in this model that is
satisfactory.For further analysis, the forecasted values of probability of failure are plotted
against the actual vads and as shown in Figue6. The calculatedactual and predicted
amounts are verglose and the results are satisfactory. However, in the larger values of failure
probability there is dargerdiscrepancy between tlaetualand forecasted values. Figus€ is

also plotted to show the correlation between #utual and predicted values of failure
probability. As shown, there is a high correlation between the values with a coefficient of

determination of 0.92 that proves the efficiency of the model.

Validation Results
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Figure 5- 6: Validation results
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Actual versus Predicted POF in the testing dataset
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Figure 5- 7: Actual versus Predicted POF in the testing dataset

5.3 Consequences of Failure Prediction Model

In this section, model implementation process and results are explained. Ttz Bovdel that

was developed in the previous model as shown in Figdreabd 52 are used to identify the
possible failure scenarios. Financial consequence of oil and gabne# includes so many
parameters and is very complicated to be estimated. Consequently, the forecast of actual value
would not be possible, while the estimation of its level in the scale of one to eleven will not be
far from expectation. In this researthe financial damages of the failed pipelines are translated

to the levels of the financial consequences as shown in Tahléé&cording to this table, if the
consequencef a pipe is in the range of zero to 10,000 US dollars, its consequence level is
considered as one. The highest level of the consequsntaund for the pipes that have

produced over ten million U.S. dollars, which is coded as the eleventh level.
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As explained beforeseveralparameters should be determined, such as the training mbué,

can be hybrid or baegropagation. The hybrid method of training combines the least squares
method with baclkpropagation.The efficiency of the trainings checkedagainst the checking
datasetn several datpoints called epochs. As mentioned in titberature review, the error of

the model trained by Neural Networks and Nebuzzy systems increases at some points as a
result of oveifitting. The system checks thaccuracy of thdrained network in the checking
datasetat each epoch and whenever teor starts increasing, the training process stops.
Continuing the training may not help the learning task and generalization capability of the
system A sample entry data that is embeddaedhe Neurefuzzy learning machine shownin

Table 59. Location category and failure scenarsocomputedaccording to the instructions and
the values of SMYS, diameter, operating pressure, and wall thickness mppdhie inserted as

their actual values.

Table 5 8: Financial consequence leveldescription

Actual Cost
Min. Max. Consequence
(unit: 1,000 US  (unit: 1,000 Level

9$) US$)

0 10 1
10 25 2
25 50 3
50 100 4
100 250 5
250 500 6

500 1,000 7
1,000 2,500 8
2,500 5,000 9
5,000 10,000 10

10,000 Infinity 11
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Table 5 9: Sample entry data

LC FS  SMYS DI MAOP  WT Confé?/‘le‘fence
1,110 1,110 52,000 26 809 0.28 4
1,110 1,130 45000 14 1000  0.31 8
2,010 1,110 60,000 12 1440 031 5
3,110 1,130 60,000 24 900 0.25 6
1,110 1,330 52,000 16 832 0.22 8
4110 1,110 42,000 12 780 0.31 3
1,110 1,330 60,000 36 800 0.34 10
1,310 1,110 24,000 8 400 0.19 5
1,110 1,130 46,000 16 1002 0.25 3

Due to the limitation of the number of dgiaints, a large number of membership functions
could not be used for developing the model. Consequently, the number of modifiable parameters
was calculated fronEquation 3.3 thais explainedin the research meddology sectionfor a
combination of four input variables with a trapezoidal or triangular membership function type.
There were 650 dafaoints in the whole databgserhich should have been larger than the
number of modifiable parameters. Consequentlyeghis the maximum numbeof the
membership functions foeachvariable. The number of membership functiqéF) in the
optimum model canbe changedwithin the range of three plus/minusne MF for the
combination of the variables. As a result, if one \@daaisesfour MFs, another variablenight

usetwo MFs

Various combinations of the input variablee testedn the system, and results are recorded.
The number of membership functions, as well as their types, is changed in diffilenand
the reslis are recorded as shown in Tabld® The triangular and trapezoidal MFs were the
only ones in this research thiad to acceptable outcome#n each trial, the error in various
datasets and surface view is checkedrface view checking is a prelimigaensitivity analysis

of the produced network.
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Table 5 10: Results of Neurefuzzy tested networks

% a 2 2 £ % 3

) O w > F = 0O = = S S s
Tested Membership I W = = 0 < 3z 9 2 9 g
Network  function = £ F § X 80

7

No. of MembershipFunctions Error

1 Trapezoidal 3 3 3 3 NA 3 161 174 180 1.66 Yes
2 Trapezoidal 3 3 5 3 NA 3 155 6.08 1.71 225 No
3 Trapezoidal 3 3 4 3 NA 3 161 174 172 165 Yes
4 Trapezoidal 3 3 3 3 NA 4 159 178 175 164 No
5 Triangular 3 3 3 3 NA 3 151 182 190 1.62 Yes
6 Triangular 3 3 4 3 NA 3 151 182 194 162 Yes
7 Triangular 3 4 3 3 NA 3 146 176 217 161 No
8 Triangular 3 3 3 4 NA 3 147 183 194 159 No
9 Triangular 3 3 3 3 NA 4 150 181 187 1.60 Yes
10 Triangular 2 3 3 3 NA 3 153 182 173 160 Yes
11 Trapezoidal 3 3 3 3 NA NA 169 175 174 171 No
12 Trapezoidal 3 3 3 4 NA NA 169 173 174 170 Yes
13 Trapezoidal 4 3 3 3 NA NA 169 173 175 171 No
14 Trapezoidal 3 4 3 3 NA NA 167 183 176 171 No
15 Trapezoidal 3 3 4 3 NA NA 169 175 180 1.72 No
16 Trapezoidal 2 3 3 4 NA NA 170 180 1.74 1.72 Yes
17 Triangular 3 3 3 3 NA NA 162 175 6.70 240 Yes
18 Triangular 3 3 3 4 NA NA 162 175 6.80 242 Yes
19 Triangular 3 3 4 3 NA NA 161 174 180 166 No
20 Triangular 3 4 3 3 NA NA 160 186 1.75 166 No
21 Triangular 4 3 3 3 NA NA 162 181 690 244 No
22 Trapezoidal 3 3 3 NA 3 NA 155 158 201 162 Yes
23 Trapezoidal 3 3 4 NA 3 NA 152 160 204 161 Yes
24 Trapezoidal 3 4 3 NA 3 NA 154 163 360 1.86 No
25 Trapezoidal 4 3 3 NA 3 NA 155 161 198 1.62 Yes
26 Trapezoidal 2 3 4 NA 3 NA 152 154 201 1.60 Yes
27 Triangular 3 3 3 NA 3 NA 156 200 220 1.72 No
28 Triangular 3 3 4 NA 3 NA 151 163 196 160 No
29 Triangular 2 3 4 NA 3 NA 156 162 190 162 No
30 Triangular 3 3 3 NA 4 NA 152 400 410 2.28 No
31 Triangular 3 3 3 NA 4 NA 172 170 180 1.73 No
32 Trapezoidal 3 3 3 3 3 NA 164 197 171 170 No
33 Trapezoidal 3 3 4 3 3 NA 163 197 171 169 Yes
34 Trapezoidal 3 3 3 3 4 NA 161 179 168 165 No
35 Triangular 3 3 3 3 3 NA 153 1.86 193 1.64 Yes
36 Triangular 3 3 4 3 3 NA 153 1.87 193 164 Yes
37 Triangular 3 3 3 3 4 NA 153 186 1.89 1.63 No
38 Triangular 3 3 3 4 3 NA 146 2.01 2.08 1.64 Yes
39 Triangular 2 3 4 3 3 NA 158 1.82 176 1.64 Yes
40 Triangular 3 4 3 3 3 NA 149 210 164 160 Yes

14¢



The models that result in negative outcomes or outcomes that are not in the range of one to
eleven that is the range of outcomes in this model, the surface view of that network is deemed
not acceptableAlso, if the change of one or more of the variablessdnot affect the changies

the outcome of the project, the surface view is again deemed not acceptabberformance of

each network is comparedith the othersto select the best combination and optimize the
variable selectionMore than 200 variousietworks aretestedand the ones that resulted in
legitimate outcomes are reporteinally, the neurofuzzy model with the lowest error is
selectedwhich is numbered6. The selected network produces the least average error, and its
surface view is als@acceptable. The model considers the location category, failure scenario,
SMYS, and diameter of the pipe to forecast the failure consequence level of th& pgesor

of each network that is produced in this reseasclealculatedby comparing the estated
outputs with the actual data. Mean square error (MSE) is computed using Equation 3.18. MSE is
used to measure the mean squaresr@irsin each dataset. Comparing the MSE values leads to
the identification of the models with the smallestor. Theerroris measuredby embedding the
testing dataset in the produced modéie architecture of the final modisl presentedn Figure

5-8. The model includes four inputs, onatput and the final model includes 72 fuzzytifen

rules. The output will be in the range of one to eleven.

Deterministic

Input MF. Rules Output MF.
Inputs
LC = Ifinput.1is
FS . mfl,é Deterministic
DI — then output 0
SMYS —_— is mf.1 i
Failure S
Cost = = = If input.1 is Co'\r;lsFtant
‘ / mf2,é '
) ! then output
4 input S is mf.72
variables + N
one output NEANYAN 72 72 MF.
s : rules

Figure 5- 8: Structure of the Model
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The selected model uses two, three, four and three membership functions focaten
category, failure scenario, SMYS and diameter of the pipe variables as shown in Fure 5
Location classs determinedy two trapezoidal membership functions, which mainly indicate
the onshore and offshore pipes. Three membership funciomsllocatedto the failure
scenarios. Pipe diametierpresenteavith three membership functions entitled: small, medium to
large, andvery large Finally, the SMYS of the pipes are fuzzified with four membership
functions showing the strength of the pip€se four membership functions are titlegry weak
material, weak material, medium material and strong material. The lotattursterednto low-
consequence and high consequence locations. The failure sderasio categorizeshto Time

dependent flure sources; Time independent failure sources; and Stable failure sources.

LC-
locations

HC-
locations D TID ST

WM MM SM

- : 2R DE 35 4 SMIYS

Figure 5 9: Membership function generated for input variables
LC- locations: Low onsequencéocations; HGocations: High consequenagchtions
TD: Time-dependentailure sources; TIDTime-independentailure sources; ST: Stable failure sources
S: Small pipes; M.: Medium to large pipes; VLVery largepipes
VWM: Very weakmaterial, WM: Weak material; MM: Medium material; SM: Strong material
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A random selection of the generated outputs versus the input vaimbplesentedn Table 5
11. There isa low difference between the actual and predicted values especially in lower
financial consequences.

Table 5 11. Sampleof predicted data

Actual Predicted

No. Location Category ET class DI SMYS Cost Level Cost Level
1 1,110 2,110 30 60,000 7 6.0
2 1,110 4,130 4 42,000 3 4.5
3 1,110 4,110 2 35,000 4 4.7
4 2,010 2,320 16 52,000 7 5.4
5 1,110 4,110 4 42,000 4 4.5
6 2,010 2,110 10 46,000 5 4.8
7 1,310 4,110 10 49,000 5 4.5
8 1,210 1,110 13 52,000 7 4.9
9 2,010 2,110 12 52,000 4 4.9
10 2,010 4,130 10 42,000 9 7.0
11 1,110 3,110 26 52,000 5 5.4
12 2,010 2,110 2 35,000 5 5.5
13 1,110 1,130 4 24,000 4 3.5
14 1,310 6,130 10 35,000 6 4.1
15 1,110 4,110 8 24,000 3 3.4

Threedimensional surface views present the sensitivity of the output variable based on the
changes of two selected input variables according to the final model as shown in5-igure

These surfaces heip understanding the changes of the output versus the input variables. As
shown, the offshore pipes result in higher consequences of failhik2 the onshore pipes
produce a smaller level dhe consequencef failure. It is also obvious that higher |dicen

classes and high consequence areas result in larger consequences. Input 2 is related to the failure
scenario, and the graph proves that tohependent failures result in lower consequence levels.

Time independerfailuressuch as Material and weld @ets, as well as the mechanical damages,
produce larger consequences. Stable failure sources, such as the damages as a result of natural

forces, have caused more significant consequences than the mechanical damages. The fourth
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graph investigates the chamsgef the consequencef failure with respect to the SMYS of the
pipes. According to this figure, the smallest SMYS values resulted in the highest consequences,
while it drops dramatically when the SMYS reaches to around 30T0@0Ofailure consequences
fluctuate around 5.5 to 6 when the SMYS values are between 30,000 to 60,000. It increases
significantly when the SMYS of the pipés increasedo 70,000. Totally, graphs prove the

higher importance of SMYS in the estimation of the consequence of failure.
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Figure 5- 10: Three dimensional sensitivity arfaces

5.3.1 Consequences of Failure Model Validation
The dataset was divided into training and testing datd$et.error in the testing dataset is

measured to validate the produced model. The ésroneasuredy comparing the estimated
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results of the model against the actual data using Equa&i®8s3.23 The final models tested

by comparing the predicted aradtual outputs to validate the produced modeMSE, MAE,

AIP, AVP and theMedianSymmetricAbsolute Percentage Err@ire. MdsAPE) of the modehre
computed ashownin Table 5-12. The closer value of RMSE and MAE to zero proves
higher efficiency of the models. RMSE and MAE for the model in this research are calculated
equal to 1.503 and 1.250 respectively that showsetfeetivenesf the model is acceptable.

The average validity of the model estimatedas 78 percenttha is satisfactory Finally, the
MdsAPE index is calculated approximately 80 percent that proves the model is capable of

predicting the consequence of failure with a high validity.

Table 5 12: Validation results of the final modd

Measure of error method RMSE MAE AIP AVP MdsAPE
Calculated index 1.5032 1.2504 21.8588 78.1411 79.7752

5.4Integrated Fuzzy Risk Index

In this model the level of risk of failure is assessed with respect to each failure soureeathat
identified in the Bowtie model. The calculated amounts tbé probability of failure and the
corresponding consequences of failure are used to evaluate thedesk A fuzzy inference
systemis definedin this model that assesstw risk of failure of such pipesThe nembership
functions that define the level of risk for the calculaighrithmic grade othe probability of
failure are then assignedhe thresholds ofvhich areextracted from the existing guidelines.
Similarly, the membership functions thhtzzify the calculated consequences of failane

definedin a fuzzyexpert system. Figure Bl shows the defined membership functi¢ht=) for

the inputsand outputof the systemP ar t Afado of t h e s felatgdutottee s h o ws
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probability of failure and bdi demonstrates t he member ship
consequences of failurevhilep arcd dif t he fi gur e s hovassignethite Me mb
the output of the modelThe rules of the fuzzy inference systeme developed based on the

human epertise and literature reviewhe rules are definetd map the inputs to the output of

the systemThis fuzzy inference system applies the Mamdani fuzzy model. Once aggregated the
membership functions of the inputsdaoutput according to the fuzzy rujes fuzzy set is

assigned to the riskindex This fuzzy set isdefuzzified using the centroid defuzzification

method.
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Figure 5- 11: Risk index model fuzzy rules
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Figure 512 shows the risk index surface that is the demonstration of the relatibeshgerthe

inputs and output of the fuzzy inference system. As shown, a higher risk index is assigned when
the consequence of failure [egher while increasing the phmbility of failure with a low
consequence of failure does not result mgh-risk level. Once the risk leve$ assessefbr the

pipe with respect to each failure source, the calculated risk scores can be used separately to
present théevel of risk with respect to each source. Also, they can be averaged or maximized to

show the total risk of the pipe.

Rizk

COF(Sk) o1

POF Sk

Figure 5- 12: Risk Index surface demonstration

5.5 Inspection Planning

Inspection planning iperformedatfter thatthe risk of failure is assessed using the models
developed in the previous sectioffhis model has two main phases: 1) select the tools and

determinethe frequencyand 2) rank the scenarios of inspection and propose the optimum plan.
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For this purpose, tuzzy inspection tool selection model is developed. The triangular MFs that
were used in the fuzzy integrated risk index model to assess the probability of failure and
consequence of failure are applied here to fuzzify the inputs. The outputs of theamotied
frequency of inspection anselection of inspectionools. The probability of failure wilbe
comparedwith the available risk scal® determine the running frequency. The inspection tool

selection willbe basean the consequences of failure.

The comparison wilbe performedor all of the major failure sources that existed in the Biew
model. A tablas developedn this model, which suggests the suitable inspection tools with their
frequency rangesna cost of operating. TableE3 presents proposed categorization of existing
inspection toolsThese inspection techniques dandividedinto threemaincategoriesThe first
categoryof inline inspection tools (ILI) includes those techniques that are used to perform an
inline inspection suchs MFL tools and Transverse flux and4#ith different resolution levels.

The other groufis composeaf direct assessment techniques that inspect the pip&lorashe
external surfaces. In this methodhriousplaces around the pipes are excavateletinspected
visually using tools fronthe exteriorsurface of thepipe This methods categorizedn terms of

its cost based on the distances between digging points. There is another main type of inspection
technique namely hydrostatic testinghat is mainly appliedat the beginning of the life of a
pipeline, which is necessary for all pipes. This method inspects the newly constructed pipelines
against the potential near critical flaws that can exist in the pipeline. It is not common to apply

this techique frequently.

2 This inspection tool is not applicable for gas pipelines but only oil pipelines.
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Table 5 13: Inspection methods applied for external corrosion failures

Type | Inspection tool Ir:arﬁggency Ave. Cost of Running
MFL Standard Resolution 2,300
MFL High Resolution 3,400
ILI Transverse Flux 7-12 years NA
UT (Compression wave) 2,300
UT (Shear wave) 4,700
DA ECDA (Dig every 8 Kilometer of pipe) i 2,200
ECDA (Dig every 3 Kilometer of pipe) 6,700
Mostly used for
HD | Hydrostatic Testing the newly 11,30034,000
pipeline

Another table is developed to demonstrate the frequency of operating the inspection techniques
versus the failure probability level. A tabledsvelopedn this section as shown in Tablels,

which showsthe frequency ofunning d the identifiedinspection tools for external corrosion
versus various failure probability levels. The table suggests inspecting the pipes that are more

prone to failure with a higher frequency.

Table 5 14: Frequency range of Inline inspectionapplication for oil and gas pipelines with
respect to their level of failure probability

PoF Level Mid -Point of Frequency MF (year)
1 Very low 9
2 Low 8
3 Medium 7
4 High 6
5 Very high 5

As mentionedn chapter 3, the primary selection of inspection technique is based on the failure

consequence level that is computed with respect to the consequence model devetbped in



previous section. For this purposa,table is provided for each failure sourattdetermines the
appropriate type of inspection tool with respect to the failure consequence level. T&ble 5
shows the proposed inspection tools selection versus the failure consequence levels. It suggests
the application of direct assessment in londigging distances ankbw-resolutioninspection

tools for those pipes with low and very low consequences of failure. It also proposes to apply
direct assessment in smaller digging distanceshegidresolutiontools for the pipes withhe

high and very high consequence of failufes seen in this table, the decisions regarding the
inspection tool selection such as considering an inspection tool as a high resolution or low
resolutionis fuzzy. Similarly, the decision about distance for digginghe direct assessment
method is also fuzzy. As a result, in this study a fuzzy expert system for the selection of the

inspection tools and determining their frequency of running using these tables is offered.

Table 5 15: Inspection tool selection versus failure consequence level

Consequence of failure Inspection tool selection

1~4 Low and Very Low Direct assessment in long digging distances

Low-resolutioninline inspection

3~7 Low and Medium Direct assessment in mediudigging distances

Standard resolution Inline inspection

7~10 High and Very High Direct assessment in small digging distances

= =4 = A =4

High-resolutioninline inspection

The fuzy membership functions assigned to the input and output varadeshowrnn Figure
5-13. Triangular membership functiorsse usedn this model. The fuzzy rules that map the
inputs to output variables are defined based ordpweloped tables. Figure1d shows the

surface demonstrating the relationship between inputs andtaus shown, the frequency of
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running the inspection tb increases when the POF grade grows. Similarly, a higher resolution

tool is suggested when the financial consequence of the risk of failure increases.
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Figure 5 13: Membership functions of Fuzzy Inspection Tool Selection Model
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Figure 5 14: Surfaces demonstration of the Fuzzy Inspection Tool Selection Model

After selecting the inspection techniques and the frequency of inspection through the inspection
frequency index, the life cycle analysis of various scenarios of inspeistionplemented.
Different combinations of the selected inspection techniques théhcorrespondinfrequency
of applicationare used. The cumulativesk profile of the failed pipgis developedapplying

nonlinear regression and obtainitige historical data ithe US PHMSA, 2014). Figure 515



presents theumulative risk growtlprofile versus the age of failure. As it dear, the risk of
failure increase during the service life of the pipelines with third-degreeequation.The R

squared coefficient of the fitted model is 0.99 that proves the efficiency of the model.

1.0
RG, = 6E-06t2- 0.0001t2+ 0.0117t + 0.0651
R2=0.99
0.8
n 0.6
o
a
(8]
=
< 0.4
>
£
>
@)
0.0
1 6 11 16 21 26 31 36 41 46
Age of failure (year)

Figure 5- 15: Cumulative risk growth profile

Figure 516 shows the membership functions that are defined to assess the capability of
inspection tools. As seen, the membership functionsriaregular and the scale of assessment is

an 11-gradegranular fuzzy scale similar to that of Sadiq et al. (2004). After the calculation of
risk reduction indexthe risk profileafterinspectionis developed for each scenar@nsider an
example of a pipeline th& supposedo be inspected evetgnyears with an inspection totilat

is calculated to reduce the risk of failusg 25% after the inspection. The risk profile of this

scenarids presenteth Figure 517. The risk of the pipeline is increased everaryaccording to
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the cumulative risk profileOnce the inspectionis performed it is assumed thahe risk is
decreased by 25%rhen it continues to increase until the next inspectidms Pprocessis
repeatedor the whole life of the pipeline. In this ample it is assumedhatthe averagdife of
suchpipelinesis equal to 50 years. The maximum risk of the pipemeich happen# the last

year of the service lifes determinedhroughthis profile.

T T
Abso ILter.L WAL WL WL L I H WH WWH WiWWH Absulllteiy.H

1 1 1 1 1 1 1 1 1
1 2 ] E

input variable "Capability™

Figure 5-16: Fuzzyme mber shi p functions of the inspect.i

Inspection cash flow of the pipeling calculatedafter developing this profilembeddinghe cost

of operating the inspection tools. After that, #ggiivalent economiwalue of each secwrio is
calculated. Economic equivalent values of the scenariosoanputed using the EquatioBs22

to 3-24. The probability distribution functions of the inspection cost are assumed triangular due
to the limited rehabilitation costlata The equivalent economicvalue of each scenario is
calculated applying the Monte Carlo simulation in @Réssoftware. Figure A8 presents the
results of the Monte Carlo simulation for the EUAC calculation of the example case study. The
average EUACis computedas 8,284US$. Then the Riskost index of each scenario is

computed applying EquationZs.
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Figure 5- 18 EUAC Result of Monte Carlo simulation
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Figure 5 17: Cumulative after inspection risk profile of an example pipeline
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For the example scenarithe RiskCost index is calculated to be 4,639. This processpeated
for eachscenaripand the results compared. The bestenario ighe scenario withower Risk-
Cost inéx. Application of the MonteCarlo simulation is due to the uncertaititatexissin the

cost elements and interest rate.
5.6 Rehabilitation Planning Model

The size of defects affects the maintenance decision process of oil and gas pipelines, especially
in the rehabilitation ofunderground and offshore pipelines. As mentioned before in the
methodology section, defectsize scalas developed for each maintenarmgerationtype (i.e.,

recoat, repair, and replacement) based on its natabde5-16 lists the sizes of the maintenance
operationtypes used hereiseven defect sizes are used to predict the cost of operations required

to perform orsuchpipes.

Table 5 16: Defects Size Scale for Various Rehabilitation Technigues (meters)

Size No. Recoaing Repair Replacement
S1 1.0 0.1 15
S2 2.0 0.2 2.0
S3 4.0 0.4 4.0
S4 5.0 0.8 5.0
S5 6.0 15 6.0
S6 8.0 2.0 8.0
S7 100 4.0 10.0

The overallpipeline conditionchangedrom excellent (i.,e.ascoreof 1711 00) to extre
(i.e.,scoreo f  ATBe@onditionincrementof a recoated section &ssumeaqual to the 50% of
the difference between the current and thaximum condition of a pipeline. Therelative

condition incrementfor repair and replacement is equal to 70% and 100% of the difference
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between the current and the maximuwunditiors, respectively. The estimated condition
increments are then multiplied by the size of the maintenance operation and divided by the

s e g mdendthvkich is assumeberein equal téen meters

Table5-17 summarizes theconditionincrease for every size of each maintenance operation in a

segment oftenrmetersbased on current overall conditions. For example, letamsiderthe

conditioni

meter pipeline section. Let us also assume that the caorditionof the pipeline at the time of
recoating is equal to eight. Hence, the difference between the maxpipdine condition and

the currentconditioni
(i.e. 0.50; 24 0.10) In other words, if one meter of a tereterpipelinesectionis recoatedhen

theconditionincrement would bequalt o /A O .

ncrement of

S

t wo

t h & which conssts of regatingaohedten in a tdnS 1

(8i 0. Therefore, fihicOndition increment would be 0.10

after recoating will be equal to 8.10.

Table 5 17: Condition Increments for Different Types of Rehabilitation

10.

As a

resul section he

Operation Type
Size of Recoat Repair Replace | Recoat Repair Replace
Defect Primary Primary Primary Primary Primary Primary
Condition | Condition | Condition | Condition | Condition | Condition
=8 =7 =5 =7 =6 =4
S1 0.10 0.02 0.75 0.15 0.03 0.63
S2 0.20 0.04 1.00 0.30 0.06 0.84
S3 0.40 0.08 2.00 0.60 0.11 1.68
S4 0.50 0.17 2.50 0.75 0.22 2.10
S5 0.60 0.32 3.00 0.90 0.42 2.52
S6 0.80 0.42 4.00 1.20 0.56 3.36
S7 1.00 0.84 5.00 1.50 1.12 4.20

Deterioration profile is developed based on the risk growth profile. There is a reverse

relationship betweerthe deteriorationof the pipes and their risk growth. Equatiorl s
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developedto forecast thecondition of the pipes during their service lif@he produced
conditions from this equations show some limitations éinataddressed Equation 52 by some
modifications which changes the starting and ending condition of tlodilp. These limitations
are: 1) the conditioof a newly constructed pipe is calculated to be 9.35 and Z)athaition of
the pipe end of its useful life would be less than zero. The modificatrensppliedo the factor
thatis multiplied by the risk growth index and constamtlueto fix these two problemdsigure
5-19 shows the developed deterioratiqorofile. The developed deterioration profile is drawn
based on Equation B.However, the developed deterioration profile is the beafdervention

profile of the pipes based on an averhgbavior
#o PP T2's pAPTT -@&Hn8nnGpn8nppx O m8meup (51
Fa F < 8 < 8 < (5.2

Where #ais the condition of the pipe at agd x 2 'gis the risk growth index at aget«, t is

the age of the pipe.

Forecasted Deterioraion Profile

8 e
il

y =-5E05)% + 0.0009%- 0.1031x + 10\\
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Figure 5- 19: Risk-based deterioration profile
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Once thedeteriorationof the pipe carbe predictedbefore rehabilitation, there is a need for the
development of the after rehabilitation deterioration profile. Figug® Shows a conceptual
profile that is used to analyze the scenarios of rehabilitation in this res@arghime that a
rehabilitation ationis performedthe condition is supposed to be increased. Also, the thresholds
of the condition are used to decide about the actionsathaequiredor the maintenance of the
pipe. All defect sizesare repeateth tenmeter segments ahe pipeline A 10-centimetersize
defectis repeatedn all segmentsof the pipdine section under analysi¢n a onekilometre
section a tencentimetresize defectis assumed to occur in eadegment. The andition
increment is proportional to the size of the mamaince action on the segment. As a result, the
condition increment of small maintenance sizes is lower compared to those of larger

maintenance sizes.

Conceptual After-Rehabilitation Detrioration Profile
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Figure 5- 20: Conceptual Deterioration Profile With and Without Interventio ns
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5.6.1 Overall Scenarios

As mentioned in the Methodology secti@monservativeandregularplanswere implementedbr
the maintenance of pipelines. Tal#el8 summarized th@ipeline conditionthresholds and their
corresponding maintenanoperationtypes in bothplans It is worth noting that higher pipeline
condition thresholdsare assignedor the conservativegplars. For example it shows thata
recoating action must take place if the pipeline condition is less than or equaintth®&
conservativgplan On the other handhe recoating actionanoccurif the pipeline condition is

less than or equal toiid the regular plan.

Table 5 18 Pipeline Condition Thresholds for Rehabilitation Techniques

Rehabilitation Technique Conservative Plan Regular Plan
Recoating 8 7
Repair 7 6
Replacement 6 5

Several scenariogroups are developedbased on these thresholdsing various types of
operationsas shown in Table-%9. The first three groups (i.e., 1, 2, and 3) are basethen
conservative plan while the second three groups (i.e., 4, 5, and 6) are based on the regular plan.
Group 1 scenarios include tleembinationof remedial actions, repair, and replacement under
conservativethresholds. The conservative plan specifies @ise of recoating, repair, and
replacement when the pipelisenditionfalls below 8, 7, an@, respectivelyln other wordsthe

rules for Group 1 indicate that a etime recoating is needed when the condition falls below 8.
Repair is needed when tleerdition falls below seven, and it is repeated every year. When the
conditiondrops below fiveareplacement isequired In some of the scenariothere is no need

for replacement as the repair increase<tmaitionmore than theleterioratiorrate As aresult



the condition never falls under siXhe inspection is included in all of the scenarios sinc® it
requiredaccording to the existing recommendations. Group 2 scenarios, which do not include
remedial actions, contamepairand replacement witbonservativethresholds. Accordingly, the
rehabilitation starts withrepair at a condition of seven while replacemeitegirs when the
conditionfalls below five. Group 3 refers to the alternatives wtarepairas the major action.
Finally, scenario group 46 that are similar to their counterparts (i.egroups 13), are
implementedunder the regular plan(i.e., with lower condition thresholds)he conservative
plans are proposed to be implemented for high and higtyrisk pipeswhile the regular plans

of rehabilitationare suggesteidr medium and lower risk pipes.

Table 5 19: Overall Scenario Types

Abbreviation of the

Combinations of No. of Scenarios
No. Rehabilitation L Plan Type ( A shbws the size of the
Scenarios .
Types repair or replacement and

changes from one to seven)

Inline  Inspection+H An (sleeveare used to repair)
1 | Recoating +Repai 14 Conservative Plan | Bn (Clamps are used 1

+Replacement repair)

Inline  Inspection+H Cn (sleeve are used to repait
2 | Repair 14 Conservative Plan | Dn  (Clamps are used 1

+Replacement repair)

Inline  Inspection+H Fn (sleeve are used to repair
3 | Recoating+ Repair 14 Regular Plan Gn (Clamps are used

Replacement repair)

Inline  Inspection+ Hn (sleeve are used to repait
4 | Repair+ 14 Regular Plan

In (Clamps are used to repail

Replacement

5.5.2EconomicParameters
The scenariocash flowis determined using a model thiatdeveloped using Microsoft Excel

(Microsoft 2010). It was computed using the cost data previously described in the Data
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Collectionchapter The equivaleneconomicvalue of each scenarie computed using the Net
Present Value (NPV). Monte Carlo simulatisrused to address the uncertainties in the cost of
operations and the interest rates. Equations 5.21-88e2&ed to calculate the probabilistic NPV
values.The costs of the maintenance operatiaresusedin constant2013dollars (i.e., without

considering theffectof inflation) andarediscounted with the forecasted interest rates.

5.7Model Implementation to a Case Study

In this sectionthe developed models are applieda case study of a Zach pipeline in North

America. Table 520 shows the data regarding the ptpatis used taanalye the risk of failure

and maintenance planning of thge The pipeis composesb f t wo di amet er si ze
3 0 & is planned tobe constructedavith High-Strength material.tIwill be coatedwith Field

Applied Epoxy (FBE). The pipe wilbe laidundergroundand the depth of cover will be four

feet. It is ahigh-pressurepipe, which spans oveB23 miles and transfers crude oA highly

accurate leakletection system wilheinstalledon the pipeline.

The models developed in the previous sections are applied to calculate the probability of failure.
First, the categories related to each variable in the-Bewnodelare identified Then, related

PDF is located for eachategoy with respect toeach failure source. Finally, the developed
equations are used to compute the probability of failure for each failure source mpdise
Monte Carlo simulatioms appliedto calculae the mean value for the probability of failungth

respect toeach failure sourgeand determining attributed distribution function. Mceftarlo
simulation is applied to fit the calculated data with the best distribution funéigare 521

shows the result of the calculated probabilities of failure va#ipect to each failure source. The

mean value of the POF with respect to external corrosion is computed to be equalSo0ThOE



overall POF of the pipe that is the summation of the POF with respect to all ssuroagputed
equal to 4.9 failures/mie.year. Considering the whole length of ffipe, the POF comes up

to around 0.16 failures per year.

Table 5 20: Primary data of case study

Variable Value
Location Texas
Diameter 24inchand 3 inch
Material High Strength
Coating type FBE
Depth of Cover 4 feet
MAOP 1,440 psig
Location Belowground
Length 323miles
SMYS 70,000 and0,000
Product transported Crude oil
. Highly accurateCapable of detecting a 5% leak in 90 min; and
Leak detection system 530 leak in 5min
Pipe wall thickness 0.343 inchesand0.375 inches
1.E-05
1.E-04
g
=
8% 1E-03
S 2
%’ £ 1E02
‘.;‘ =)
£ 1.E-01
1.E+00
IC EC MW MD 10 NF Overall
m Case Study1.7E-04 2.9E-05 7.3E-05 6.7E-05 9.5E-05 5.4E-05 4.9E-04

Figure 5- 21. Calculated mean valuesof POF with respect to all
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For the consequences of failure, the developed rAeary model is used to forecast the
consequence values. For the location of the pipe, two different class locations and existence of
HPA andnonHPA is considered. Then the failure consequences are tedhfar both of the
states.Figure 522 shows the calculated amounts for the consequences of failures of the pipe.
The estimated values for a higher class location and high populated aten thid is aVery

High consequenc&Vhile the externatorrosion and internal corrosion for a higlass location

is considered to be very high, the consequences of failure for material and weld damages and
mechanical damages are estimated tatmedium level around five The consequences are
forecasted tdoe higher for class location 1 for material and wedéedts,mechanicadamages

and incorrect operation¥hat could be because of the accessibility limitations of the operators
and the lack of inspection. A potential failure due to the external andahi@orrosion in a low

class location produces lower consequences. A failure stemming from natural forces in a low
class location is expected to result in the lowest consequence level. The calculated consequences
of failure levels are used in the integmtfuzzy risk index evaluation model to assess the risk of

failure of pipe with respect to all failure sources.

Estimated consequences of different failure scenarios

10 -+
m Class Location 4, HCA

8 - m Class Location 1, Non-HCA
6 _

4

2

0 T T T T T 1

EC IC MW MD 10 NF

Failure source

Level of COF

Figure 5- 22: Estimated consequences of failure for all failure sources
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After the computation of the POF and C@if each failure source, the risk index is calculated
with respect to the failure sources using the Integrated Fuzzy Risk Model. The scores of POF and
COFare insertedo the MATLAB FIS and the risk indiceare calculatedTable 521 shows the

risk paramedrs and risk indices for the case study with respect to all of the failure sources. As
shown, the maximum risk index for the pipe belongs to internal corrdsibowed by external

corrosion. Minimum risk index belongs to the failures with natural forceages.

Table 5 21: Risk parameters and Risk indices of the case study

POF Risk Risk

Source Overall POF Level COF1 COF2 Scorel Score?

IC 1.75E04 4.24 7.71 10 3.71 4.54
EC 2.89E05 3.46 7.15 10 3.38 4.5
MW 7.33E05 3.86 5.25 4.5 3.43 3.32
MD 6.66E05 3.82 5.25 4.5 3.37 3.31
10 9.54E05 3.98 4,94 4,52 3.62 3.35
NF 5.45E05 3.74 3.2 4,59 2.71 3.24

Once the risk indices are calculated, tesult isused to select the inspection tools and their
frequency of runningThe calculations arperformedfor dl failure sources as shown irable 5

22. The frequency of running the inspection ®ofudr all sources hover around 6 andThe
inspection tools are selected with respect to the highest COF or internal cotoosiemore
conservative As a result, in thixase all of the selected inline inspection tools are high
resolution.Data on inline inspection toole gatherefrom ROSEN (2015). Rosen is a provider

of inspection operations to the operators of oil and gas companies in North America.-23ble 5
shows the collected data on four selected inspection tools. The selected tools use MFL and UT
technologies. Expert opiom is used to obtain data on the detection capability of each inspection

tool with respect to the sources of failure.
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Table 5 22: Frequency determination and Inspection tool selection for case study

Source POF Level | COF1 COF2 Frequency lgiglz)ectlon
IC 4.24 7.71 10.00 5.51 3.66
EC 3.46 7.15 10.00 6.18 3.64
MW 3.86 5.25 4.50 6.76 2.57
MD 3.82 5.25 4.50 6.82 2.57
10 3.98 4.94 4.52 6.54 2.49
NF 3.74 3.20 4.59 6.95 2.38

Table 5 23 Detection capability level for the selected inspection tools

Inspection ROCOMBO| ROCD ROGEO | ROCORR
Tool MFL-A/XT UT-C XT MFL-A
Failure source
EC 5 6 7 4
IC 5 6 7 4
MW 6 2 6 3
MD 6 2 6 3

The risk reduction indexas well as accuracy percentage indexcomputedfor each tool as

shown inTable 524. These values are then used to develop the risk growth profile of the pipe

using each inspection tool evesix years. The maximum risk is computix each profile as

obtainedat the end of the service lifeThe hghestrisk reduction index belongs ROGEOXT

inspection toolFigure 523 shows the risk growth profile for one of the selected inspection tools

in which the maximum risk is computed to be 0.58 that hapaighs end of the life cycléfter

developing the risk growth profile and computing the maximum risk for each scerio, t

Equivalent Uniform Annual Cost (EUAC) is calculated for each scenario applying Monte Carlo

simulation.
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Table 5 24: Calculated indices for each inspection tool

'”S_?ec“on ROCOMBO ROCD | ROGEO | ROCORR
. ools MFL-A/XT UT-C XT MFL-A
Indices

DC 75 6.5 8.5 5.5
Ac 0.65 0.58 0.47 0.61
ACp 0.90 0.91 0.93 0.90
RRi 0.67 0.59 0.79 0.50

The risk cost index is computed as shown in Tak®® 5As shown, thROGEOXT inspection
tool has the lowest riskost index, although it has a higher life cycle cost. Consequently, this

inspection is ranked first in the preference of the selected inspection tools.

Table 5 25: Maximum risk, EUAC and Risk-Cost indices of the inspection scenarios

'”SpTegglon ROCOMBO| ROCD | ROGEO | ROCORR
. MFL-A/XT | UT-C XT MFL-A
Indices
Max. Risk 0.58 0.73 0.31 0.86
EUAC 1,203 1,133 1,593 1,062
RISK-COST 698 827 489 913

The developed models on rehabilitation plannarg implementecon t he 2406 part
pi peline. The ppelihetsduetodhe availhbility df thehabditationcost data.

To identify the required yearlgehabilitation actionsthe overall condition before intervention is
computed every year fahe wholeservice life of the pipeline. The calculated amounts represent

the riskbased deterioration profile of the pipeline befamgerventionoperations Then, the

calculated condition is checkeafainst the conditiom hr eshol ds i n each sce

forecast theequired maintenanagork over the service life of the pipeline
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Risk Growth Profile (ROCOMBO MK&IXT)

0.4 -

0.3 -
=
=
o
O 0.2 -
X
5
04

0.1 -

O T T T T T T 1
0 7 14 21 28 35 42 49
Age (Year)

Figure 5 23: Risk growth Profile for ROCOMBO MFL -A/XT
If any actionis necessary, the condition aft@terventionis computed according to the
increment tables that amalculaed proportiondly to the size of the rehabilitation work as
previouslyexplained.The deterioration pfiles of the scenarimarethen determined. Finally, the
requiredactionsareplanned and related cash flanarecalculated by summing up the estimated
costs of the planned maintenance wotkseach scenarigroup the seven sizes of defe@se
used todevelop several possible scenari@aie to thehighrisk indices only conservative
rehabilitation plans are selected for this case stAdya result21 scenariosare built based on
the conservativeplars. The scenar® 6ash flows arecalculated based on the estimated costs of
each maintenanceperation type for each siz&ample @éterioration profiles ofGroup C of

scenarios with size one, fqund severre showrin Figure5-24. It is clearthat thecondition of
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the pipelines nevdalls belowsix for GroupC of scenarios.

Deterioration Profile Scenario C1
10
[
2 8
S s NSNS
-~ ~ ~ ~ ~
4
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Deterioration Profile Scenario C4
10
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o
O 6 <
4
2
10 15 20 25 30 35 40 45 50
Deterioration Profile Scenario C7
10
C 8 ‘l\ \
5§ 6
O
4
2
10 15 20 25 30 35 40 45 50
Pipe Age

Figure 5- 24: SampleDeterioration Profiles

For clarification, let us consider an example from the Group 1 scenario. This group includes
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inline inspection, recoating, repair, anglleezement. The condition thresholds that determine the
required maintenance actiomgere obtainedrom Table 524. The table shows that recoating,
repairand replacemerdre needeavhen the condition falls below 8, 7, and 5, respectively. The
conditionof the pipeline before interventions during ay#ar service lifas computedwith the
prementioned assumptions. It is clear that the recoating would be the first actibe to
perfformedon t hi s type of scenari os . sniakestsiaesoftbeons i d
maintenance actions. The first required action according to the thresholds and condition of the
pipeline is identified as recoating in year twenty when the condition starts to fall below 8.
Consequently, it is decided to recoatthe pil i ne wi th fAS10 toompdigoni n yea
of the pipelings calculatedafter this intervention using TableZ3. As a result, theonditionof

the pipelineis increased by 0.1. The deterioration continued until the condidlbmelow 7 at

year 23. As a result, repair stirt year 23.

The conditionafter repairis calculated to be 7.0Zonsidering the deterioration rate and the
repair thresholdsthis operations required for this scenario every year starting from year 23.
The conditionis then calculate@fter each repair for the following years. Finallyreplacement

is required ataige38 because the conditiodls below 5. Repair contingdetween years 38 and

45. In year 45, the replacemestgain required because thenditionof the pipeline &lls below

5. However, the conditiodoesnot increase above the threshold of repair. Consequently, repair
contintesuntil the end of the service life of the pipeline (i.e., 50 yeddjerent scenarios of
repair and replacemerdre generated tdbe usedin the life cycle cost analysiAfter the
development ofthe maintenancecenarios, therobability distributions ofthe rehabilitation
action coss are definedto calculate the probabilistic cash flow of each alternafiahle 4-2

showsthe estimatedminimum, average and maximum costs for the different maintenance



operation typesand sizes. In each scenarjothe probability distribution functions of the

maintenance operation cost and interest rate were defined.

Therequired functonsfor the calculaton of theNPV arethen built Consequently, the odelis
used tosimulateeachscenariofor 1,000iterations and the obtained resultserecorded.The
@Risk 6 application(PALISADE 2013)is usedfor the Monte Carlo simlation. Thesoftware
calculateghe NPV amountdor the speified iterations. Then, it fitthe best distribution function
to the calculated amounts aedtimats the mean minimum and maximum of thelistribution
function After running the simulation for all of th&cenarios, thegresorted inascendingrder
with respect to theiNPV values Table5-26 summarize the simulatiorbased net present value
calculated amountsf all scenariosAs shown in thedble, the lower valuesmremostly generated
by the scenarioghat combine variousoperation types including recoating, repair, and

replacement

Plan C3 that proposes the combination of recoat, repair and replacemeah iit8 Ziae is

ranked first. Figure 5-25 summarize the mean values of eadtenario s NP V. There
significant difference between t he26Bhowtheest an
amounts of NPV for eachcenarioincluding the mostikely, minimum and maximum NPV
values.The medium size rehabilitations produce lowert chging the service life of the pipes.

This finding supports the idea of maintainirsgveraldefectsof the pipelineat the samdime,

however not leaving it to grow and becorast It is tried to develop the model as flexible and
general as possible gohe wusers can change the input data

properties.
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Table 5 26: Scenarios Sorted Based on SimulatieBased NPV (US $)

No. | Title | Rehabilitation Types | Size| Minimum Maximum Most Likely
1 C3 | Recoat+Repair+Replaq S3 1,140,439.82 2,004,766.73  1,743,275.42
2 C6 | Recoat+Repair+Replaq S6 1,187,726.54 2,070,699.01 1,800,607.84
3 Cc2 Recoat+Repair+Replaq S2 1,143,664.4Q 2,072,874.04 1,802,499.17
4 C4 | Recoat+Repair+Replaq S4 1,216,413.99 2,158,030.22 1,876,548.02
5 Cl | Recoat+Repair+Replag S1 1,215,241.39 2,220,380.43  1,930,765.5¢
6 C5 Recoat+Repair+Replaq S5 1,267,745.43 2,263,181.87 1,967,984.23
7 B2 Repair+Replace S2 1,460,293.32 2,721,771.46 2,366,757.8C
8 Bl Repair+Replace S1 1,454,896.1§ 2,729,629.82 2,373,591.1%
9 C7 Recoat+Repair+Replaq S7 1,581,911.37 2,814,484.00 2,447,377.3S
10 | B7 Repair+Replace S7 1,520,628.43 2,927,407.04 2,545,571.34
11 | B6 Repair+Replace S6 1,591,622.43 3,065,704.12 2,665,829.67
12 | Ab Recoat+Repair+Replagq S5 1,708,717.64 3,114,144.7Q  2,707,951.91
13 | A7 Recoat+Repair+Replaq S7 1,722,404.042 3,127,558.0§ 2,719,615.71
14 | A4 | Recoat+Repair+Replaq S4 1,735,152.72 3,172,982.90  2,759,115.57
15 | A6 Recoat+Repair+Replaq S6 1,796,620.7q¢ 3,238,856.74  2,816,397.1€
16 | A2 Recoat+Repair+Replaq S2 1,916,426.427 3,283,492.51] 2,855,210.88
17 | A1 Recoat+Repair+Replaq S1 1,938,594.49 3,316,532.47  2,883,941.28
18 | B5 Repairt+Replace S5 1,726,976.524  3,348,156.45  2,911,440.3¢
19 | A3 Recoat+Repair+Replaq S3 1,930,719.04 3,573,037.51] 3,106,989.14
20 | B4 | Repair+Replace S4 1,898,800.63 3,664,624.8 3,186,630.3C
21 | B3 Repair+Replace S3 1,968,215.64 3,765,274.77  3,274,151.9€

4.E+06 Simulation Based Rehabilitation Scenarios' LCC
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Figure 5 25: Simulation-Based EUAC Amounts (Sorted based on NPV, Most Likely)
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Figure 5- 26. Simulation- BasedNPV Amounts

The scenario with the lowest LCC is titled C3 that uses a combination of recoat, repair, and
replacement ani$ inspectedvery seven years. This scenario is intenddskteehabilitatedvith

S3 sizes of rehabilitation types. Its NPV is calculated to berar 1.7 million USD (2013
constant dollars). In this scenario, the pipe is recoated at year 2Qtvateemditionis below 8.

Then it is not maintained until the condition falls bel&wvhile the repair of the pipe starts.
Three repair actions are parnied until the pipe condition reaches below 6. At that time, part of
the pipe is replaced wittn S3size of replacemenRegular maintenanagperations areepeated

in the whole life cycle of theipe The mainteance scenario of C3 is proposed asapgmum
rehabilitation plan of thepipe and the actions that are required to be perforaredlistedin

Table 527. As shown, the regular maintenance will be performed every year, while the repair

with Sleevess planned to be performed at years 20, 27, 88,3. Afterthat the replacement is
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proposed to be performed instead of repair, which will hagpemars 35 and 43. Inspection
with a high-resolutiontool is planned to be run eveéyyears, which happens at years 6, 12, 18,
24, 30, 36, 42, and 4®irect assessment of the pipe is plannetbéperformedbetween the
Inline inspections with medium distances of diggivghile the suggested plan ihe ideal
rehabilitation plan, there will be a need to inspect the pipe regularly and perform the emergenc

repair actions if necessary.

Table 5 27: Case Study Maintenance Plan

Year | Actionsto be performed Year | Actionsto be performed

1 Regular Maintenance 26 Regular Maintenance

2 Regular Maintenance 27 Regular Maintenance DA (Medium) Repair S3
3 Regular Maintenance DA (Medium) 28 Regular Maintenance

4 Regular Maintenance 29 Regular Maintenance

5 Regular Maintenance 30 Regular Maintenance ILI ROGEOXT) Repair S3
6 Regular Maintenance ILI ROGEXT) 31 Regular Maintenance Repair S3

7 Regular Maintenance 32 Regular Maintenance

8 Regular Maintenance 33 Regular Maintenance DA (Medium)
9 Regular Maintenance DA (Medium) 34 Regular Maintenance

10 Regular Maintenance 35 Regular Maintenance Replace S3
11 Regular Maintenance 36 Regular Maintenance ILI ROGEXT)
12 Regular Maintenance ILI ROGEXT) 37 Regular Maintenance

13 Regular Maintenance 38 Regular Maintenance

14 Regular Maintenance 39 Regular Maintenance DA (Medium)
15 Regular Maintenance DA (Medium) 40 Regular Maintenance

16 Regular Maintenance 41 Regular Maintenance

17 Regular Maintenance 42 Regular Maintenance ILI ROGEXT)
18 Regular Maintenance ILI ROGEXT) 43 Regular Maintenance Replace S3
19 Regular Maintenance 44 Regular Maintenance

20 Regular Maintenance DA (Medium) Recoat S3 45 Regular Maintenance DA (Medium)
21 Regular Maintenance 46 Regular Maintenance

22 Regular Maintenance 47 Regular Maintenance

23 Regular Maintenance 48 Regular Maintenance ILI ROGEXT)
24 Regular Maintenance ILI ROGEXT) 49 Regular Maintenance

25 Regular Maintenance 50 Regular Maintenance
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5.8 Automation of the developed model

The developed risk assessment and maintenance planning model -susamated. The first
part of the model that belongs to the probability of failarautomatedanh Excel 2010. All of the
required probability distribution functions and required equatifor each failure sourcare
definedin the semiautomated program. FigureZy demonstrates a sample excel sheet that is
developed to automate the computation of the R@respect tonternal corrosion of a sample
pipe.To use the modelt is only required to select the category of each variable according to the
properties the pipe and the probability of failure will be computed. The @Risk sofsuased

to apply the Monte Carlsimulation and the shown result is the mean value estiohto be the

POF of the pipe.

e EBl= h12002t2009 -2 s - Microsot Excel
g Home | Inset  Pagelayout  Formulas  Data  Review  View  Developer  Evolver  @RISK
iz:‘pyv Calibri RITRRrN General ?ad Good Neutral [Calculation | : j# j ﬂJ E:“TS”"' 7";? &
F Fomat painter |LBJ £ U~ |- $ - % | explonatory ... (Input Note || Insert Delete Fomat p T :f\j«:ﬁ ;L
Clipboard Font MNumber Styles Cells Editing
c1 - # | category
A C D E F G H
1 | Varaiable Category Case study
2 Crude oil HVL Non-HVL Natural Gas
Product type 1
3 0.046857 0.00118297 0.0068725 0.029671726
4 i No-inspection Inspection less than 5 years Inspection less than 2 years
Inspection 3
5 0.077725 0.0028279 0.002651
6 . No Protection Inhibitor only Dewatering claeaning or lining
Protection 2
7 0.148437 0.060849 0.036972
" " " " " over 20" thru "
) 4" or Less over 4" thru 10 over 10" thru 20 " over 28
8 DI-Qil 28 1
g 0.00018736 0.00008411 0.00013712 0.00019476 | 0.00010745
Before 1950 1950-1970 1970-1990 1990-2013
Ins-Year 4
25 1.860332282 1 1.754702057 1.826661028
" " " " " over 20" thru "
) 4" or Less over 4" thru 10 over 10" thru 20 " over 28
35  Adj.Factor 28 4
36 114.0795743 114.0586804 119.0686985 112.2866642 |114.082228
37 Calculation POF (Internal Corrosion) 2.04E-04
38
39

Figure 5- 27. Sample Excel sheet calculation for Internal CorrosionFailures
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Once the calculation for the probability of failuiee performed it is required to compute the

consequences of falle. The fuzzy inference system for this moaeldefinedin MATLAB

R2010b.Figure 528 shows a sample calculation sheet as demonstrated in MATLAdly

needs the values @dur inputs to calculate the consequence of failure. The four varigclese

the event tree class, location category, and diameter and Specified minimum vyield strength of the

pipe. The value for the location category, diameted SMYS might be fixed if it does not

change the length of th@pe However, for the event tree therdllee more than one valudll

of the possible scenarios of failure including the failure source, the dimdeand ignition

possibility carbe analyzedand related COF can be calculated.
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The risk index can be computed based on the estimated probability of failure and consequence of

Figure 5- 28: Sample COFcalculation sheet

failure. Once the absolutprobability of failure is calculated, and the grade tbk related
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probability of failure is computedthe risk irdex is forecasted. A fuzzy inference system (fS)
definedin MATLAB based on the developed model in the previous sections as shown in Figure
5-29. For the definedrIS, all of the membership functions of the inputsitput and the fuzzy

rules aredefined, and the FIS is developed. The FIS only needs the grade of the probability of
failure and consequence of failuiecalculate the risk index. The index che computedvith
respect to each failure source. The overall risk index can be the maximum aintipeted
values. In the sample shown in the figure, the probability of failure and the consequence of

failure valuesare inserted as 3.86 and 4.15 and the risk index is calculated 3.32.

=10lx
POF(Max.) = 3.86 COF=45 Risk =3.32
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Figure 5- 29: Samplerisk score calculation of the case study
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Another FISis developedor the fuzzy inspection tool selection modal.sample calculation
sheet as demonstrated in MATLA® shownin Figure 530. In this model it is required to
insert the value for the probability of failure and consequence of failure.frequency of
running the inspection tools and the tools resolution and cost level can be selected lthsed on

tool selection variable.
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Figure 5- 30: Fuzzy inspection tool selection model demonstration

18¢



Figure 531 shows a sample calculation sheet in Excel 2010 software that computes the life cycle
cost of rehabilitation scenarios. Once the actiorb@operformedand the yearsni which the
rehabilitation actions should be executed are determined, the calculations of the net present value
(NPV) of the defined scenario can be completed. The developed model estimates the minimum,
maximum, and most likely amounts of the NPV during @ervice life of the pipe. The
deterioration profile determines the times of performing the rehabilitation techniques. Figure 5
32 shows a sample demonstration of the deterioration profile development and determination of
the years of rehabilitation actis. The ®ndition of the pipe before and after rehabilitation is
computedand the condition increment is determined based on the rules developed in the model.

The condition increment is defindésedn the type of the rehabilitation technique and its.siz
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary and Conclusions

The aging infrastructure and the considerable number of failures of oil and gas pipelines,
as well as the significant consequences of their failure® heen a motivation for many
reearchers to study pipeline failurA. comprehensive study of these research efforts
revealed the lack of a comprehensive objective model of failure assessment of oil and gas
pipes. Some studies focused on corrosion or by failures and could not &ss the
probability of other failure sourcedMost studiesthat considermultiple or evenall

failure sources areeither subjective othey develop physical models that are very
expensiveao implement The subjective models are usually qualitative ang aalexpert
opinion that is difficult if not impossible to obtain due to the location of most pipelines,
which are buriedunderground. Apart from the expenses that banimposedon the
operators, the shortage of inspection data on unpiggable pipelings thiedearly stages

of pipeline operation has been a limitation. The existing maintenance planning models
either do not use failure or risk assessment models to plan for pipeline life cycles, or they

are not structured

The lack of effective models motivates this resedochevelop a comprehensive risk
based maintenance planning model for the life cycle of pipeliftes.modeldeveloped
in this researclprovides an overall image throughout the service life of pipelifiles
modelis able topredict the probability anthe level of financial consequenagyipeline
failures. Failure probabilitys calculatedhrough a Bowtie-based quantitative prediction

model The model predicts the probability of failure for six magurces of oil and gas
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pipelinefailure usingthe probability theoryThe comparison of the actual and predicted

probability of failure in a sample of more than one year period throughout the US proves

the model 6s ef fi ci enc yevalditypercentageafcoeeu80%.cy wi

A NeurcFuzzy consequencef failure prediction model is developed to forecast the
financial consequences of possible failure scenafid® model uses the location
category, failure scenario, pipe diameter and the Specified Minimum Yield Strength data
to forecast the failure consequencébe average validity percentage of the model
computedas being approximately 78%troving the accuacy of the modelAn integrated

fuzzy risk assessment model is developed that evaluates the risk of failure of pipes

considering the calculated probability and consequences of failure.

Using the results of the risk assessment model, ebaskd inspectioplanning model is
developed to produce pipe inspection plans. A fuzzy expert system selects the appropriate
inspection tools and determines the frequency of running theseVaoigus inspection
scenarios are developed. The maximum risk of failumalisulated through a regression
based deterioration profile considering the effect of inspection tools in reducing the risk
of failure. The life cycle of the pipelines for each scenario is computed applying Monte
Carlo simulation. An indess introducedthe RiskCost index, which is the multiplication

of the maximum risk by the LCC. The risbst indexis usedto rank the inspection
scenarios. The rehabilitation planning model applies d bbeded deterioration profile

that is used to preditche requiredrehabilitationactions The combinations of the pre

defined maintenanceperationt ypes and possi ble defectsd

S

rehabilitation scenarios over a pipelines?o



to analyze the life cycleost of the scenarios due to the uncertainties of the economic

factors and the maintenance operation costs.

The results of the sensitivity analysis show that soils with a low resistivity, acidic
environment, and low redox potential have a higher contabub the corrosivity of the

soil around pipes. The results also proved that pipes eath tar, asphalt, or paint

coatings are more likely to fail as a result of an external corrosion failure. For internal
corrosion failures, the product type effectnmjor, while inspection efficiency has a
considerable impact on such failures. Mechanical damages are affected mainly by the

pi pes6é depth of cover. Mo s t o f the fail ul

diameter of the pipes and their installatiaied

The results proved the importance of the location category and the specified minimum
yield strength of the pipes on the level of financial consequerntiis.researcttan be

used by the oil and gas pipeline operatorprealictthe risk of failure dsuch pipes. The
results are specific to the location and environment of thelipgseas well as their
geometric properties and installation year. The computed valaesquantitatively
forecast the probabilitgf pipe failure and thievel of monetargonsequences.

Risk evaluation is a crucial aid in the decisioaking process of infrastructure systems.
This modelalso helps in planning the inspection and maintenance of the pipes as
mandated by Canadian and American regulatdrghe petroleum industr while the
required toolswere not existedin addition this model will be useful in assisting the
operators of such facilities in the maintenance and inspection plafriegnodel can

rank the selected tools based on their risk growth and life cgslie Tthe maintenance

planning model can also plan for the maintenance of pipeliness based on their predicted
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deterioration and can propose the | east

service life.

This research develops a novel framework for the development of risk assessment models
completely based on the historical failure data. The methoda@ppliedon the
infrastructure of oil and gas pipelines. However, it can be expanded to be useérin oth
infrastructure types. Thaainvalueof such models is that they reduce the cost of failure
prediction with or without inspection datdhese modelsan produce indices of the
probability assessmeand consequences of failure that can be used to dbksefsslure

risk of different infrastructure types and to plan accordingly for the life cycle of such

infrastructures.

6.2 Research Contributions

The main contributions of this research include the following:

1 A framework to develop risk assessment medet different infrastructure types
using historical data;

1 A probabilistic Bowtie-based model tpredictthe probabilityof failure in oil and
gas pipelines

1 A consequenaof failure model tdorecasthe financial consequences of failure
using a Neup-Fuzzytechnique;

1 An integrated fuzzy risk assessment model to evaluate the risk level of a pipeline;

1 A fuzzy expert system for selecting the most appropriate inspection tools and to

determine the frequency at which to run those tools;
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1 An inspection planing modelto develop variousnspectionscenariosversus a
p i p e Irisk grendhsando rankthem basedn theirRisk-cost indces; and
1 A rehabilitation planning model to develop differenterventionscenarios and

rank them based on the LCC

6.3 Reserch Limitations

The research has some limitations, which can be summarized as follows:

1) The probability of failure prediction model does not consider the interdependency
of basicevents

2) The eventree does not consider the effect of safety bartleats can reduce the
probability of ignition or explosion.

3) The consequence of failure prediction model is only capable of forecasting the
overall financial consequences of potential failures.

4) The inspection planning model only proposes a fixed saalesdlecting the
inspection tools based on the failure consequences.

5) The developed automated tool still requires the user to enter the times of
rehabilitation and replacement for each scenario type, based on the calculation of
the deterioration profile.

6) In the absence of required data on the identified variables, the model could only

be developed for onshore pipes.

6.4 Future Work and Recommendations

The developed model was able to achieve the proposed objectives of the research, but

certain areas amecommended for enhancement in the future.
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6.4.1 Enhancemenireas

1 Develop a Bayesian network to consider the variables that were not available
through the historical data and develop a network of the identified basic events.
The development of the prdisty of failure assessment model was limited to the
availability of historical data, while in the Bayesian network expert opinion can
be fused with other variablesdé contribu

1 Consider the requirements of offshore pipelines for maawtee planning, such as
the extra cost of renting an offshore vessel and the estimated time required for
eachrehabilitation activity.

1 Collect more data in order to consider the interdependency of the failure sources
among each other, especially the effetthinning the wall thickness on time
independent failure sources. The enhancement can help in extending the model to
consider the effect of corrosion on other failure probabilities.

1 Develop a consequence of failure prediction model onfimamcial type of
consequences, for example the amount of product released to the environment
based on a failure scenario. The prediction of the environmental effects of pipe
failure needs more data, including the discharge rate, the hole size, and the
estimation of tk time the leakage might happen.

1 Consider the possible defect types in developing rehabilitation scenarios. This
model might be able to predict the types of defects that can cause the failure of a
pipeline and thus make it possible to plan for the maamea accordingly.

1 Develop a dynamic age of failure prediction model and consider it in the

rehabilitation planning model. Considering the actual metal loss can help in
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estimating the age at failure, which in turn can estimate the -t&rort

requirements forehabilitation.

6.4.2 ExtensionAreas

9 Although inspection data is expensiitds required to inspect pitiresevery few
years aftera p i p starti oh apéraionConsequently, it is recommended to
extend the application of this model to infuse theracted historical data on

pipeline failures with data gathered from the inline inspection tools.

I The developed model applies the historical data on the failures of oil and gas
pipelines in the USWhile this database is very comprehensive, and many
opemtors worldwide use this database to forecast the failure probability of their
pipes, there is a need to compare the forecasted rates with those of other countries.
This mightlead to some adjustment factors for various locattonsonsider the

differences in their regulations and construction conditions.

I The developed model could be extended if enough datbeaollectedo map
the forecasted amounts of failure probability with the actual condition of the pipes
under evaluation. This extension will letmla dynamic model that can forecast
the probability of failure at different stages of operation based on the availability

of inspection data.
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Appendix (A): Developed indices to calculate the POB&f pipes

Table A-1 shows the parameters of the selected functions for internal corrosion and
material and weld damages. As shown, for internal corrosion the index is not separated
for oil and gas pipes, however, the product type can be among the fodefired
categoriesFirst category belongs to crude oil, and the fourth category determines the gas
pipes. While the probability of failure with respect to internal corrosion for oil pipes is
the highest, the contribution of gas pipes to such failures is around half indethes

mean values of the defined PDFs. Also, it is clear from comparing the mean values that
the pipes with frequent inspections have been at least 3 times less prone to internal

corrosion failures.

Then, TableA-2 shows the parameters of the selectattfions for mechanical damages

for oil and gas pipesThe mean contribution of depth of cover to mechanical damage
sources of failure increases when the depth of cover decreases. In lower location classes
where there is a less density of the buildingarel a result the operatoc
pipeline decreases, the probability of failure with mechanical damages incréhses.
existence of a computéased inspection system decreases the probability of a
mechanical damage failure for gas pipes. Bdiogpted in a highly populated are
decreases the probability of happening of a mechanical damage. Notifying trealOne

system decreases the P@Bnsiderablywith respect tomechanicalfailures. Being

marked accurately is the other factors of mitigatirgrikk of failures with respect to the

mechanical damages.
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Table A- 1: Contribution of basic causes to IC and MW failures

Basic causes 1 2 3 4
Function Lognorm Normal Lognorm LogLogistic
Product | parameter #1|  0.02093 0.00118 0.00863 -0.03172
type parameter #2|  0.02341 0.00098 0.00657 0.06011
5 parameter #3|  0.02593 -0.00175 8.83810
.g Function Lognorm Logistic Logistic NA
8 InIine_ parameter #1|  0.02821 0.00283 0.00265 -
= | Inspection| parameter #2|  0.02799 0.00154 0.00148 -
qE) parameter #3 0.04951 - - -
E Function Eponen Eponen Normal NA
Internal | parameter #1 0.01673 0.01320 0.03697 -
protection| parameter #2| -0.13171 | -0.04765 | 0.01470 -
parameter #3 - -
Function Normal Lognorm Normal NA
£ Seam | parameter #1)  0.01058 0.02611 0.05159 -
Qo types | parameter #2|  0.00704 0.02087 0.02405 -
% parameter #3 - -0.00483 - -
% Function ExtValue | ExtValueMin| Logistic NA
= SMys | Parameter #1)  0.02183 0.04849 0.01152 -
“;’ parameter #2|  0.01291 0.01222 0.00350 -
o3 parameter #3 - - - -
8 Function Logistic | ExtvalueMin| Logistic NA
é Inspection parameter #1 0.00558 0.00566 0.07343 -
parameter #2|  0.00472 0.00559 0.01360 -
parameter #3 - - - -
Function Lognorm LogLogistic | LogLogistic NA
= Seam | parameter #1|  0.02089 -0.00832 -0.02418 -
<) types parameter #2 0.01509 0.04333 0.05027 -
2 parameter #3| 000569 3.58460 8.14210 -
% Function ExtValue | LogLogistic Normal NA
g SMYS parameter #1|  0.03421 0.00797 0.00309 -
2 parameter #2|  0.01382 0.02533 0.00587 -
3 parameter #3 - 2.72760 - -
'g Function ExtValueMin Exponen Logistic NA
g Inspection parameter #1 0.04793 0.04255 0.15336 -
parameter #2|  0.01768 -0.00532 0.04918 -

parameter #3

20¢€



Table A- 2: Contribution of the identified basic causes to the MD failures

Basic causes 1 2 3 4 5
Function Normal Lognorm Normal Logistic NA
Depth of | parameter #11 0.03451 | 0.01957 0.02148 | 0.00404 -
cover | parameter #2 0.01112 | 0.01458 | 0.00978 | 0.00215 -
parameter #3 - -0.00352 - - -
Function | Lognrom | Normal NA NA NA
Location | paraméer #1 | 0.05723 | 0.01837 - - -
class | parameter #2 0.03230 | 0.00845 - - -
%\ parameter #3 0.00819 - - - -
Q Function Normal Normal NA NA NA
@ Cobrgggge'f parameter #1 0.09524 | 0.15476 - - -
& | inspection| Parameter #2 0.04647 | 0.03259 - - -
% parameter #3 - - - - -
% Highly Function Normal | Loglogistic NA NA NA
= populated parameter #1  0.00926 | -0.04628 - - -
S area paraméer #2 | 0.00345 | 0.11790 - - -
2 parameter #3 - 8.36350 . . .
Function Normal | Loglogistic NA NA NA
One call parameter #1 0.01580 | -0.27835 - - -
parameter #2 0.00645 | 0.34480 - - -
parameter #3 - 23.92600 - - -
Function Normal Weibul NA NA NA
Accurately| parameter #1] 0.02842 | 4.52720 - - -
marked | parameter #2 0.01419 | 0.07413 - : .
parameter #3 - -0.01262 - - -

Function Normal Normal Normal Logistic Logistic

_ | Depth of | parameter #1} 0.02189 0.03241 0.02104 0.00505 | 0.0022234

5 cover parameter #2 0.01418 0.01282 0.01029 0.00255 | 0.002207
a parameter #3 - - - - -
& Function | Exponen | Loglogistic NA NA NA
§ Location parameter #1 0.01557 0.01872 - - -
Ei parameter #2 -0.00130 | 0.04390 - - -
'g parameter #3 - 4.59370 - - -
§ Hihl Function Laplace | Lognorm | Loglogistic NA NA
= pop%la)t/ed parameter #1  0.02250 | 0.01602 0.00669 - -
area | Parameter#2 0.01768 | 0.00401 | 0.03546 - -
parameter #3 - -0.00518 | 3.69830 - -




Table A3 continues the demonstration of the parameters of the functions for incorrect

operations and natural forceBne existence of an efficient SCADA or CPM decreases

the POF with respect to incorrect operations, while the unqualified operators gan gro

the probability of such failures. Also, the aboveground parts of pipes are more vulnerable

to the incorrect operation failures.

Table A- 3: Contribution of the identified basic causes to 10 and NF

Basic causes 1 2 3 4
Function Normal Normal Normal NA
CMS parameter #1 0.16766 0.06448 0.02021 -
efficiency parameter #2 0.03598 0.01848 0.00375 -
parameter #3 - - - -
Function Exponen Uniform NA NA
_5 Qualification parameter #1 0.01054 0.10843 - -
g of Operator | parameter #2 0.05211 0.25301 - -
8— parameter #3 - - - -
i3] Function Laplace Normal NA NA
% Operating parameter #1 0.18519 0.06482 - -
o pressure parameter #2 0.05587 0.02371 - -
B parameter #3 - - - -
Function Laplace Normal NA NA
Location of parameter #1 0.18519 0.06482 - -
Pipe parameter #2 0.05587 0.02371 - -
parameter #3 - - - -
Function Logistic Extvalue Lognorm NA
parameter #1 0.01131 0.01166 0.05161 -
Washout
parameter #2 0.00846 0.01598 0.06824 -
n parameter #3 - - -0.00374 -
g Function ExtvalueMin Extvalue Lognorm Logistic
i Extreme parameter #1 0.02015 0.01582 0.05238 0.0068216
‘_55 Temperature | parameter #2 0.01246 0.01455 0.02540 0.00918
g parameter #3 - - -0.02212 -
Function ExtvalueMin Logistic Extvalue NA
X parameter #1 0.03004 0.01412 0.01668 -
Wind parameter #2 0.03203 0.02453 0.03206 -

parameter #3
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For natural force damages, an extreme cold temperature during winter, a high
precipitation, and wingpeed are the main drivers of such failures. Tabk gkesents

the contribution of the pipe diameter categories with respect to the mechanical damage,
incorrect operation, and natural force failurésrge oil pipes are more likely to fail
compared to their small counterparts. However, it is the opposite for gas fpipeabe
incorrect operation failures of oil pipes, the probability of happening of@aéas higher

for small pipes, while it is l|less |likely
For gas pipes, there is not enough observation to make a difference between various
categories of diameter; consequently only one probability iloliston function is
calculated to compute the absolute POF with respect to such failures. For natural force
damages, there is a significant difference between the contribution of the smallest
diameter category of oil pipes and the larger pipes. The fasrtbe most likely to fail

from such failure sources. For those gas pipes that failed due to the natural force
damages, there is not enough data on the diameter of the pipes. As a result, only one
probability distribution function is introduced as the cimition of these pipes to

calculate the absolute probability of failure.

Table A5 presents the indices to compute the dH#@ure events for gas pipes. Overall,

the probability of a leakage is higher than larger hole sizes. Howthigers not the cas

for incorrect operations, where it is less likely that a hole does not grow into a puncture or
rupture. The probability of happening of ignition and explosion is higher than those of the
oil pipes as was expectethe probability of growing a hole to apture is the highest for

external corrosion while it stands second for the natural force damages.



The probability of ignition or explosion of such pipes in case of happening of a larger
defect is overall higher than that of a smaller defect. The highediability of
occurrence of an ignition or explosion is related to the incorrect operations. The ignition
or explosion is also more likely to happen in the case of a rupture due to the material and

weld defects.

Table A- 4: Contribution of the pipe diameter categoriesto MD, 10 and NF failure
sources

Basic causes <=4" 4"-10" 10"-20" 20"-28" Over 28"
% Function Normal Normal Gamma Logistic Logistic
g oil parameter #1 | 0.00008569| 0.00008978 0.00003659| 0.00003253 | 0.00001192
CDU parameter #2 | 0.00010044| 0.00003203 -0.00002403| 0.00004662 | 0.00002383
T parameter #3 - - - - -
g Function Exponen Normal Normal Normal Logistic
E parameter #1 | 0.00011862| 0.00007637| 0.00008559| 0.00003285 | 0.00001165
] Gas parameter #2 | 0.00002838| 0.00002659 0.00003248| 0.00002080 | 0.00000790
= parameter #3 - - - - -
- Function - Logistic Logistic Logistic -
2 . parameter #1 - 0.00052941] 0.00020767| 0.00025724 -
g Oil parameter #2 - 0.00048980 0.00009503| 0.00015701 -
8— parameter #3 - - -
5 Function Extvalue
o parameter #1 0.00001039
§ Gas parameter #2 0.00000491
- parameter #3 -
Function Logistic Normal Normal Logistic -
@ oil parameter #1 | 0.00052941| 0.00011497| 0.00021210| 0.00025724 -
© paramete#2 0.00048980| 0.00007349 0.00016840| 0.00015701 -
L? parameter #3 - - - - -
C_,E Function Lognorm
§ Gas parameter #1 0.00005441
parameter #2 0.00002931
parameter #3 -0.00001529
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Table A- 5: Indices related to probability of after-failure events for gaspipes

Failure source (S) Hole size (H) P(HbS Ignition type (Ign) P(lgnt
Leakage only 0.983333

Pinhole Ignition 0.001389

0.553846 Explosion 0.015278

Leakage only 0.800000

EC Puncture Ignition 0.100000
0.007692 Explosion 0.100000

Leakage only 0.578947

Rupture Ignition 0.228070

0.438462 Explosion 0.192982

Leakage only 0.878378

Pinhole Ignition 0.054054

0.691589 Explosion 0.067568

Leakage only 0.585714

IC Puncture Ignition 0.400000
0.065421 Explosion 0.014286

Leakage only 0.461538

Rupture Ignition 0.307692

0.242991 Explosion 0.230769

Leakage only 0.986316

Pinhole Ignition 0.011579

0.548182 £, ;0sion 0.002105

Leakage only 0.936639

MW Puncture Ignition 0.005510
0.209463 Explosion 0.057851

Leakage only 0.666667

Rupture Ignition 0.142857

0.242354 /g, losion 0.190476

Leakage only 0.934043

Pinhole Ignition 0.054255

0.358779 Explosion 0.011702

Leakage only 0.881915

MD Puncture Ignition 0.085106
0.358779 Explosion 0.032979

Leakage only 0.877027

Rupture Ignition 0.081081

0.282443 £, osion 0.041892

Leakage only 0.633333

Pinhole Ignition 0.183333

0.200000 Explosion 0.183333

Leakage only 0.586364

10 Puncture Ignition 0.227273
0.733333 Explosion 0.186364

Leakage only 0.800000

Rupture Ignition 0.100000

0.066667 Explosion 0.100000

Leakage only 0.864706

Pinhole Ignition 0.123529

0.112583 Explosion 0.011765

Leakage only 0.946154

NF Puncture Ignition 0.051282
0.516556 £, ;i0sion 0.002564

Leakage only 0.892857

Rupture Ignition 0.053571

0.370861 Explosion 0.053571
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Appendix (B): Sample probability distribution functions for POF model

Table B- 1: Distribution functions associated with soil corrosion
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Table B- 2: Distribution functions associated withdiameter categories ofGas
OnshorePipes

Diameter range

Category ) POF (failures/ mile. year)
(inch)
Fit Comparison ff)r 4" or Lef...
D1 4" or Less £ GRISK Student Version

For Academic Use Only
| 1

D, Over 4" thru 10"

D; Over 10" thru 20"

D4 Over 20" thru 28"

Ds Over 28"
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