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SUMMARY
Integrity maintenance of pipelines is a major challenge of service companies, especially
those involved in the transmission of oil and gas. Two major factors have been the driving force behind this challenge. These are the need to minimise costs of installation, service and maintenance, and second is risk minimization. Ideally, most pipeline operators
ensure that during the design stage, safety provisions are created to provide a theoretical
minimum failure rate for the life of the pipeline. There are approaches such as corrosion
control and routine based maintenance to ensure reliability of pipelines during service.
However, the need to minimise risk of installations has further strengthened the application of risk assessment of petroleum pipelines.
Risk assessment of pipelines entails the study of the probability of its failure and any associated consequences. In dealing with pipeline spills, besides the environmental and
economic consequences, the most severe hazards can be attributed to fires and explosions
due to the formation of a flammable cloud by gas fuel and subsequent ignition. For
practical applications, a risk-based maintenance optimization strategy can be formulated,
to inculcate risk approach into integrity maintenance decisions. Based on risk-based
maintenance approach, the asset manager can ensure that appropriate testing and inspection are carried out at regular intervals without compromising public safety.
Risk-based maintenance is multidisciplinary in nature, and its applications require inputs
from decision makers with diverse background. This thesis has investigated the application of risk-based maintenance to diverse case studies in Nigeria. The thesis has reviewed different failure factors of onshore oil and gas pipelines covering corrosion, external interference, structural defects, and operators’ errors. Since most case studies are
taken from Nigeria, an overview of the oil and gas industry in Nigeria has been presented. The objectives of the thesis include, identifying factors affecting failure of oil and gas
pipelines in Nigeria, as well as developing the best approach to mitigating the risks of
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failure of these pipelines. The research then seeks to develop a framework that can be
applied to mitigate risks of oil and gas pipelines.
The proposed framework covers two broad classifications. The first is based on expert
judgment and analytical hierarchy process (AHP) model, and applicable when sufficient
data are not available to carry out a full-scale quantitative risk assessment. The second
model is data-driven risk assessment model using available data to statistically estimate
frequency of failure and consequences of hazardous events. The Risk values are derived
from the product of frequency of failure and consequences, and can be applied into integrity maintenance decisions. Background to the proposed framework has been discussed
in chapter 3, covering both AHP and structured expert judgment and data-driven risk
based maintenance model. To demonstrate its application, the framework has been applied in different case studies in this thesis.
The model that incorporates structured expert judgment and AHP considers various
failure factors for a crude pipeline. Specifically, structured expert judgment is used to
provide frequency of failure assessments for identified failure factors of the pipeline. In
addition, AHP approach is utilised to obtain relative failure likelihood for attributes of
failure factors with very low probability of occurrence. Using the outcome, the expected
cost of failure for a given pipeline segment is estimated by combining its frequency of
failure and the consequences of failure, estimated in terms of historical costs of failure
from the pipeline operator’s database. The methodology is an extension on the AHP
based risk ranking model that has been applied by other researchers.
Maintenance optimization models are presented and applied to derive optimum maintenance intervals for operating pipelines. Two separate models are discussed. The first is
a use-based optimization model that minimises the expected total cost from operating a
pipeline. The second is a benefit-to-cost (B/C) model, that seeks to maximise the benefit
derived from the pipeline, while minimise operating and failure costs. The benefit-to-cost
ratio model is less data intensive and was used to optimise failure data obtained in the
AHP-Classical model. In this approach, the maintenance optimization is a further attempt at reducing the influence of subjectivity in maintenance decisions.
Furthermore, this thesis has studied and applied statistical approach to reliability of repairable systems to model failure records due to uniform corrosion, pitting corrosion, and
iv

stress corrosion cracking, of different cross-country pipelines. The study revealed that
failure due to stress corrosion cracking can be modelled by homogenous Poisson process
(HPP), while uniform corrosion and pitting corrosion follows either HPP or power law
process, depending on the characteristic of the pipelines. The trend of failures can be
useful for future integrity maintenance decision. The outcome of the stochastic analysis
also form part of the model presented in chapter 3 of this thesis.
As part of the risk-based maintenance framework, a methodology capable of quantitative
risk assessment of petroleum pipeline spills is discussed in chapter 6. In the approach,
consequences of fatalities are analysed using commercial software CANARY v.4.2. Probability of failure is calculated using the methodology discussed in chapter 5. Both individual and societal risks are modelled using SAFETI FX 6.5.1 software by DNV. The
approach has been applied to conduct quantitative risk assessment as well as study the
differences in consequences and risks arising from the failure of gasoline and natural gas
pipelines. Specifically, vapour cloud dispersion and torch fires emanating from loss of
natural gas contained in a pipeline is modelled, and found to be different from impacts of
pool fire and overpressure coming from a failed gasoline pipeline.
Under the same frequency of failure, gasoline pipeline under full-bore rupture produces a
flame of up to 59 m in length in the pool fire with a maximum flux of 1Kw/sq.m reached
at 160 m downwind distance from the centre of pool fire. The flame produced from the
Natural gas pipeline travels only a distance of 5.8 m, with a radiation flux of 1Kw/sq.m
reached at a target height of 14.4 m. The hazardous impacts of the two pipelines are not
the same because of the difference in properties of natural gas (molecular weight of
16.044g/mol), and gasoline (molecular weight of 114.22g/mol). In addition, the impact
of population density is modelled for both pipelines. The result shows that population
increase will subject more people to risks of death for both gasoline and natural gas
pipeline, due to the increased risks as population around pipelines increases.
Furthermore, risk acceptable criteria for Nigeria are presented in chapter 7 of this thesis,
to guide in the response to different level of risks, both from individual and societal perspectives. The acceptable individual risk levels depend on the policy factor  i that is
based solely on the amount of risk an individual is willing to bear, after considering the
direct and indirect benefits. The individual risk for pipeline installations, with i  0.01 is
therefore: 1 * 106 . The acceptable level of risk for the society is determined based on the
v

assumption that the accident statistics of a society is a reflection of a social process of
cost-benefit appraisal. In the risk-based maintenance framework loop, risks are first
checked for acceptability before maintenance optimization is carried out.
A case study is presented in chapter 8 of this thesis to demonstrate the risk-based
maintenance model. In the chapter, optimum risk based maintenance is evaluated based
on a use-based maintenance strategy. The study shows that use-based maintenance approach can be used to determine the optimum inspection frequency that will satisfy integrity maintenance in a risk-based manner. The model accounts for compliance with
cost minimization, as well as the acceptable risk criteria such that maintenance decisions
are carried out at minimum cost without exceeding the maximum acceptable individual
and societal risks. The model is found to be robust based on sensitivity analysis conducted.
The thesis has looked at integrity maintenance of oil and gas pipeline systems from two
perspectives. The approach can be used under limited data and when failure data are
available. The findings of this research are very beneficial both academically and in the
industry. The AHP-expert judgment study for example is a good attempt at reducing
subjectivity in risk based decision making. The stochastic study will also aid the understanding of corrosion failures and corrosion management of oil and gas pipelines in general. The framework can be applied to existing pipelines as well as provide adequate
benchmark for new installations. It is also hoped that the study can be extended to other production facilities.

Alex Dawotola
October 2012, Delft
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SAMENVATTING
Onderhoud van de integriteit van pijpleidingen is een grote uitdaging voor
dienstverlenende bedrijven, met name voor de betrokkenen in de transmissie van olie en
gas. Twee belangrijke factoren zijn de drijvende krachten achter deze uitdaging geweest.
Deze zijn, ten eerste de noodzaak om de kosten van installatie, service en onderhoud te
minimaliseren, en ten tweede, de minimalisering van risico. In het ideale geval zorgen de
meeste pijpleiding exploitanten ervoor dat tijdens de ontwerpfase, veiligheidsvoorschriften
worden gecreëerd voor een theoretisch minimaal falen van de pijpleiding. Maatregelen
zoals corrosie controle en routine onderhoud zijn erop gericht om de betrouwbaarheid
van pijpleidingen

in operatie te verzekeren. Echter, de noodzaak om risico van

installaties te minimaliseren, heeft de toepassing van een risico-evaluatie van aardolie
pijpleidingen versterkt.
Risico-evaluatie van pijpleidingen impliceert studie van de waarschijnlijkheid van falen
en de eventuele daarmee te associëren gevolgen. In het geval van lekkende pijpleidingen
kunnen

de ernstigste gevaren, naast de milieu- en economische gevolgen, worden

toegeschreven aan branden en explosies, te wijten aan de vorming van een licht
ontvlambare wolk van gassen. Voor praktische toepassingen, kan een onderhoudsstrategie
worden geformuleerd, waarin een optimale risico aanpak deel uitmaakt van de
besluitvorming ten aanzien van onderhoud. Aan de hand van een op risico gebaseerde
onderhoudsaanpak, kan de manager zorgen dat de juiste testen en inspectie met
regelmaat worden uitgevoerd, zonder afbreuk te doen aan de openbare veiligheid.
Onderhoud op grond van risico is bij uitstek multidisciplinair van aard en de toepassing
vereist een multidisciplinaire visie en beleid. In deze thesis wordt de toepassing van
risicoanalyse op verschillende case studies in Nigeria onderzocht: verschillende
mechanismen worden besproken, die geleid hebben tot het falen van on-shore olie- en
gaspijpleidingen met betrekking tot o.a. corrosie, structurele gebreken, exploitatie en
vii

buitenlandse inmenging. Aangezien de meeste casestudy's afkomstig zijn uit Nigeria,
wordt een overzicht van de olie- en gas industrie in Nigeria gepresenteerd. De
doelstellingen van de thesis omvatten de identificatie van factoren die leiden tot het falen
van olie- en gaspijpleidingen in Nigeria en het ontwikkelen van de beste aanpak voor het
inperken van de risico's van falen van deze pijpleidingen. Het onderzoek beoogt een kader
en toepassing te ontwikkelen dat de risico's van olie- en gaspijpleidingen zal beperken.
Het voorgestelde kader omvat twee brede classificaties. De eerste classificatie is gebaseerd
op het oordeel van deskundigen en het Analytische Hiërarchie Proces (AHP) model, van
toepassing wanneer er niet voldoende gegevens voor het uitvoeren van een volledige
kwantitatieve risico beoordeling beschikbaar zijn Het tweede model is een risicoanalyse
model

waarin de beschikbare gegevens

worden gebruikt om tot een statistische

frequentie van falen en de gevolgen hiervan te komen. De risicowaarden zijn afgeleid van
het product van frequentie van falen en gevolg, en deze kunnen worden toegepast in de
besluitvorming over onderhoud van de integriteit van pijpleidingen. De achtergrond van
het voorgestelde kader wordt besproken in hoofdstuk 3, waarin zowel het AHP model en
de gestructureerde deskundige beoordeling als het risico onderhoudsmodel. Om de
toepassing aan te tonen, worden verschillende case studies in dit proefschrift uitgevoerd
en besproken.
Het model met toepassing van het gestructureerde deskundig oordeel en het analytische
hiërarchie proces (AHP) bevat acht verschillende faalmechanismen voor een ruwe olie
pijpleiding. Meer specifiek, het gestructureerde deskundige oordeel wordt gebruikt om
frequentie van geïdentificeerde faalmechanismen van pijpleidingen te evalueren. De
AHP aanpak wordt eveneens gebruikt om waarschijnlijkheid van relatieve falen van
kenmerken van faalmechanismen met zeer lage waarschijnlijkheid te verkrijgen. Aan de
hand van het resultaat, een combinatie van faal frequentie en de gevolgen, worden de te
verwachte kosten van falen van een bepaald pijpleidingen geschat in termen van
historische kosten van falen met behulp van de pijpleiding exploitatiedatabase. Deze
methodologie is dat een uitbreiding op het AHP gebaseerde risico rangordemodel dat
door andere onderzoekers wordt toegepast.
Optimalisatie van onderhoudsmodellen worden gepresenteerd en toegepast om tot
optimale tussentijden van onderhoud van pijpleidingen te komen. Twee afzonderlijke
modellen worden besproken. Het eerste is een gebruiksoptimalisatie model dat de te
viii

verwachte totale kosten van de exploitatie van een pijpleiding minimaliseert. Het tweede
is een “benefit-to-cost” (B/C) model, dat de winst maximaliseert en de exploitatie en
faalkosten minimaliseert. Het “benefit–to-cost” coëfficiënt model is gebaseerd op minder
gegevens wordt gebruikt om de gegevens, verkregen in het klassieke AHP model,
optimaal te benutten In deze benadering is de optimalisatie van onderhoud een verdere
poging tot vermindering van de invloed van subjectiviteit in besluitvorming van
onderhoud.
Vervolgens, wordt een

statistische benadering bestudeerd en toegepast op de

betrouwbaarheid van reparatie systemen voor faalmodel ten gevolge van uniforme
corrosie, putstress corrosie barsten in verschillende cross-country pijpleidingen. Uit de
studie is gebleken dat falen als gevolg van stress corrosie barsten gemodelleerd kunnen
worden door het “Homogene Poisson Process” (HPP), terwijl uniforme corrosie en
putcorrosie volgens ofwel HPP of “Power Law Process” verlopen, afhankelijk van de
kenmerken van de pijpleidingen. Een trend van falen kan bruikbaar zijn voor toekomstige
besluitvorming over onderhoud van integriteit. De uitkomsten van de stochastische
analyse vormen ook onderdeel van het model in hoofdstuk 3, zoals in deze thesis
beschreven.
Als onderdeel van het op onderhoudsrisico gebaseerde kader, wordt in hoofdstuk 6 een
staat van kwantitatieve risico methodologie besproken kwantitatieve risicobeoordeling
van

aardolie olie pijpleiding lozing. In deze benadering worden

de gevolgen van

dodelijke slachtoffers geanalyseerd met behulp van de commerciële software CANARY
v.4.2. Waarschijnlijkheid van falen wordt berekend met behulp van de methode
besproken in hoofdstuk 5. Zowel individuele en maatschappelijke risico's worden
gemodelleerd met behulp van SAFETI FX v 6.5.1 software van DNV. Deze benadering is
toegepast om een kwantitatieve risicobeoordeling, alsmede een studie van het verschil in
gevolg en risico voortvloeiend uit het falen van pijpleidingen voor olie en gas. Met
name, de damp wolk en de fakkel branden, afkomstig van verlies van gas uit een
pijpleiding is gemodelleerd, en blijkt te verschillen van de effecten van vuur en overdruk
van een falende olie pijpleiding.
Onder dezelfde frequentie van mislukking, produceert een olie pijpleiding onder een
complete boorbreuk een vlam van 59 meter in lengte, in een poel van vuur met een
maximale stroom van 1Kw/sq. op een 160 m windafwaarts van het centrum van brand.
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De vlam die door een natuurlijke gas pijpleiding wordt geproduceerd, reist slechts over
een afstand van 5,8 m. met een stralingsstroom van 1Kw/sq.m en bereikt op een hoogte
van 14.4 m. De riskante effecten van de twee pijpleidingen zijn niet hetzelfde vanwege het
verschil in eigenschappen van aardgas (molecuulgewicht van 16.044 g/mol), en benzine
(molecuulgewicht van 114.22 g/mol). Bovendien is de invloed van de bevolkingsdichtheid
gemodelleerd voor beide pijpleidingen. Het resultaat toont aan dat bevolkingstoename
meer mensen aan risico's van de dood voor zowel benzine als aardgas pijpleiding, bloot
stelt als gevolg van de toegenomen risico's als de bevolking rond de pijpleidingen ook
toeneemt.
Vervolgens worden de risico aanvaardbaar criteria voor Nigeria gepresenteerd in
hoofdstuk 7 van deze thesis, als leidraad in antwoord op de verschillen risico niveaus,
vanuit zowel individueel als maatschappelijke perspectief. Het individuele aanvaardbaar
risiconiveau is afhankelijk van de beleid factor,  i die uitsluitend is gebaseerd op de
hoeveelheid risico die een individu bereid is te dragen, na afweging van de directe en
indirecte voordelen. Het individuele risico voor pijpleiding installaties, met i  0.01 is
daarom: 1*106 . Het aanvaardbare risico voor de maatschappij wordt bepaald op basis
van de veronderstelling dat de ongevallenstatistieken van een samenleving een
weerspiegeling zijn van een sociaal proces van perceptie van de kosten- en batenanalyse.
In het geheel van onderhoud risico kader, worden risico's eerst gecontroleerd voordat de
optimalisatie van onderhoud wordt uitgevoerd.
In hoofdstuk 8 van deze thesis wordt een case studie gepresenteerd om het risicoonderhouds model te demonstreren. In dit hoofdstuk wordt het op het optimale risico
gebaseerd onderhoud geëvalueerd op basis van een in gebruik onderhoudsstrategie. De
studie toont aan dat de benadering van onderhoud tijdens productie, gebruikt kan
worden om de optimale inspectiefrequentie te bepalen, welke zal voldoen aan onderhoud
van integriteit op een risico gebaseerde wijze. Het model is zowel verantwoordelijk voor
naleving van minimalisering van kosten, als voor de aanvaardbare criteria van risico,
zodanig dat onderhoud besluitvorming met betrekking to onderhoud worden uitgevoerd
tegen minimale kosten zonder dat de maximale aanvaardbare individuele en
maatschappelijke risico’s overtreden worden.
gebaseerd op gevoeligheid analyse, robuust is.
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Het is aangetoond dat het model,

In deze thesis is gekeken naar het onderhoud van integriteit van olie en gas
pijpleidingsystemen vanuit twee invalshoeken. Deze aanpak kan worden gebruikt met
beperkte gegevens en wanneer gegevens over het falen beschikbaar zijn. De bevindingen
van dit onderzoek zijn interessant vanuit academisch perspectief, als voor de industrie.
De studie van het AHP deskundig oordeel is een goed voorbeeld van een poging om tot
een vermindering van subjectiviteit in de besluitvorming van risico te komen.
Stochastische studie zal ook een bijdrage leveren aan het begrip van corrosie en aan
corrosiebeheer van olie- en gaspijpleidingen in het algemeen. Het onderzoekskader kan
worden toegepast op bestaande pijpleidingen en kan een benchmark bieden voor nieuwe
installaties. De hoop is dat de studie kan worden uitgebreid naar andere productieinstallaties.

Alex Dawotola
Oktober 2012, Delft
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Chapter 1
INTRODUCTION

1.1 GENERAL BACKGROUND

ON

RISK ASSESSMENT

Risk Assessment is the process of assessing the likelihood that a given hazard will result
in some consequences. Therefore, part of the risk assessment procedure is to qualitatively or quantitatively assess the level of risk that could emanate from an event. Risk itself
is a function of an event, its probability and associated consequences. Kaplan and Garrick (1981) discussed a risk triplet, and proposed that the goal of risk assessment is to
answer the following three questions:


What can go wrong?



How likely is it that it will occur?



What are the consequences if it does occur?

The set, R of the above three elements can be mathematically represented as:

R  si , pi , xi  , i  1, 2,...N

(1)

Where si is an event or an occurrence, pi is the probability that si is likely to occur,
and xi is the consequence arising from the occurrence of si .
Over the past years, two broad categories of risk assessments have been used. These
are: qualitative risk assessment and quantitative risk assessments (QRA).
In a qualitative risk assessment, the likelihood and consequences of a hazard are qualitatively assessed in other to determine the level of risk. The results are often presented in
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a risk matrix with one axis representing likelihood of failure of a system and the other
axis representing the associated consequences. A simple risk matrix, with different risk
scores is shown in Figure 1.1. Interpretation of risk scores is shown in table 1.1 below.
There are some limitations in the application of qualitative risk assessment. Khan
(2003) expalined that the outcome of a qualitative risk assessment is a relative value
which may be meaningless outside the framework of the matrix. Another shortcoming of
qualitative risk assessment is the presence of subjectivity in the decision making process.
The presence of subjectivity means the outcome could be greatly influenced by the
decision maker (Dey, 2004).

Medium

High

Critical

2

3

5

Low

Medium

High

1

2

3

Low

Low

Medium

1

1

2

High

Medium

Low

Low

Medium

High

Figure 1.1: A simple Risk matrix.

Table 1.1: Interpretation of risk scores
Risk ranking

Interpretation

5

Risk very likely to occur and have very dire consequences

3

Risk likely to occur and have serious consequences

2

Risk possibly could occur with moderate consequences

1

Risk unlikely to occur with negligible consequences
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Quantitative risk assessment uses numerical values (rather than the descriptive scales
used in qualitative analysis) for the assessment of probabilities and assessment of consequences. In general, quantitative risk assessment involves some four basic steps, namely:
(i)

Calculation of frequency of failure

(ii)

Determination of the potential consequences associated with the failure an

(iii)

Calculation of risk level (product of frequency of failure and consequences)

(iv)

Evaluation of the calculated risk level.

A representation of the basic steps of quantitative risk assessment in a system is presented in Figure 1.2 below.
System Description and Failure
Case Definition

Hazards Identification

Frequency Analysis

Consequence Analysis

Risk Estimation

Risk Evaluation

Figure 1.2: Illustration of basic steps of Quantitative Risk Assessment

According to Sii et al. (2001), quantitative risk assessment techniques have been gaining
increased awareness by both safety analysts and design engineers. In particular, approaches such as Fuzzy logic (Oke at al., 2006), Neural Network (Wang et al., 2004),
Taguchi methods (Sii et al., 2001), and Neuro-Fuzzy methods (Oke et al., 2005) have
been proposed for use in offshore structures. In addition, probabilistic design techniques
have also been applied to model failures in oil and gas pipelines by several authors, such
as Ahammed and Melchers (1996), Pandey (1998), and Teixeira et al. (2008).
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Although QRA has many benefits, a number of disadvantages can be identified as well.
For example, quantitative risk assessment is data intensive. It therefore becomes a challenge since data are generally not available to cover the entire analysis that may be required for a QRA. In addition, quantitative risk assessment can be very complicated,
employing series of analyses and calculations in simulating the effects of different hazard
scenarios. According to Landoll (2006), complex risk assessment calculations may be difficult to present to non-experts, and the outcome may become unclear and unacceptable.
Also, the considerable uncertainty associated with the assessments of both probability of
failure and consequences may give misleading results.
The next procedure after risk estimation is risk evaluation. Risk evaluation is the process of judging the significance of absolute or relative values of the estimated risk. It also includes identification and evaluation of options for managing risk. The main question in risk evaluation is: how safe is safe enough?. Risk evaluation is indeed a very controversial stage of risk assessment, since the definition of acceptable risk varies on whether it is viewed from personal perspective or societal perspective. Many researchers such
as Derby and Keeney (1981), Vrijling et al. (1998) and Kirchoff and Doberstein (2006)
have proposed different strategies for defining what constitutes acceptable risk criteria,
and “how safe is safe enough”. However, the bottom line is that acceptable risk criteria
is very subjective and depends on individual choices or societal norms.
The outcome of risk assessment and risk evaluation can be very useful, for example in
deciding whether a new construction should be approved or rejected based on potential
level of risk exposure. A major part of risk assessment is risk management. Risk management involves the decision making for managing risk. Risk management of pipelines
for example, is applicable to the decision making process in the design, construction, operation, inspection, monitoring, testing, maintenance, repair, modification, rehabilitation,
and abandonment of pipelines.

1.2 DEVELOPMENTS

IN

THE RISK ASSESSMENT

OF

PIPELINES

Risk assessment of pipelines entails the study of probability and consequences of pipeline
failures in terms of possible damage to property, human hazards, and degradation of the
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environment. Oil and gas pipelines are vulnerable to environment, and any leak and
burst in pipelines have resulted in catastrophic accidents on human and marine lives. In
1993, over fifty people were burnt to death in Venezuela when a gas pipeline failed and
the escaping gas ignited. Similarly in 1994, a pipeline failure had claimed one life and
left over fifty persons injured in New Jersey, USA (Dey, 2001). Perhaps a more recent
pipeline fatality can be cited from Nigeria, where over two hundred lives were lost in
2006 due to pipeline explosion in the city of Lagos (CNN, 2011). Similar failures have
occurred in the UK, Russia, Canada, Pakistan, and India (Hopkins, 1994).
Recent developments in risk assessment of pipelines have particularly focused at meeting
present risk regulations. Some risk assessment approaches focus at developing simple to
use and less data-intensive qualitative approaches, while other methods center on quantitative risk methods that are geared towards providing specialised and improved accuracy
technique. Although each method has its benefits and shortcomings, it suffice to say
that techniques for managing risks in the pipeline industry are moving away from qualitative approaches to quantitative risk assessment (Jo and Ahn, 2005).
Qualitative risk methods applied in the integrity assessment of pipelines are based on the
estimation of the so called risk index approach. In this approach, failure factors such as
corrosion, third party damage, mechanical damage, operator error etc., responsible for
pipeline failures are subjectively estimated, and then added together to estimate the risk
index (Kiefner et al., 1990). Each of the risk factors could contribute up to one hundred
points to the index sum. The higher the risk index sum, the higher the level of risk.
The outcome can form the basis for prioritizing and planning maintenance activities.
Risk index is mathematically stated as (Muhlbauer, 2004):
Risk Index Sum = [(Third Party) + (Corrosion) + (Design) + (Incorrect Operations)]
Nessim and Pandey (1997) opined that a major setback to risk index approach is the
presence of subjectivity that can potentially render the outcome inaccurate. In their arguments, risk index provide only relative ranking of a pipeline segment relative to others,
and it may be difficult to conclude on the acceptability of the risk levels.
The developments in risk assessment are focused at advancement in the methodologies
for calculating the probability of failure and consequences of critical infrastructures. For
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example, many researchers have worked on risk assessment and reliability of pipelines using different approaches. Cagno et al., 2000 have utilised AHP as an elicitation method
of expert opinion to obtain apriori distribution of failures of pipelines. The expert result
was further combined with historical data of failures by Bayesian analysis. Probabilistic
approaches using limit state models have been applied with some success by authors such
as Ahammed and Melchers, 1996 and Caleyo et al., 2002.
Furthermore, statistical analysis of historical data of pipeline failures has been utilised to
study time distribution of pipeline incidents in hazardous pipelines by Sosa and AlvarezRamirez (2009). They analysed failures of both low and high severity index using historical data obtained from the office of pipeline safety (OPS) of the US department of
transport. Similarly, Fa-si-Oen and Pievatolo (2000) present statistical analysis of six
year ruptures incident in a metropolitan gas network using both homogenous Poisson
process (HPP) and non-homogenous Poisson process (NHPP). Moreover, Saldanha,
Simone and Melo (2001) utilised non-homogenous Poisson process to calculate rates of
occurrence of failures (ROCOF) and study reliability analysis of service water pumps.
As earlier explained, it is generally difficult to communicate risk results to people due to
the sensitive nature of risks. Therefore, as methods to estimate pipeline risks evolve,
there is also an increased need for effective communication with stakeholders. The
stakeholders in this case include regulatory agencies, company management, residents
along pipeline routes, and ultimately the general public. In order to convince stakeholders on the acceptability of pipeline risks, risk values have to be determined and mitigated
using appropriate integrity maintenance techniques. In addition, it is after risk level is
known that the acceptable risk criteria can be defined.

1.3 FUNDAMENTALS
1.3.1

OF

THIS STUDY

Problem Definition

Nigeria is a top oil producing nation, and derives its basic revenue from proceeds from
oil and gas commodities. There are over 5000 km of pipelines crossing the country from
one part to another (Ekpu and Ehighelua, 2004). A map of Nigeria with the pipeline
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networks is shown in Figure 1.3. These pipelines, through which majority of petroleum
products are transported across the country have experienced significant number of
failures in recent years. The factors responsible for the failures range from internal
factors (corrosion, material defects etc.) to external factors (third party damage,
mechanical damage, environmental damage etc.).

Figure 1.3: A map of Nigeria showing locations of Crude Oil and Products Pipeline Network

The rate of pipeline rupture in Nigeria has been unacceptably high in recent years when
compared with rate of occurrence of failure in developed countries. According to the
records of the Nigerian National Petroleum Company (NNPC, 2008), over twenty cases
of pipeline rupture were recorded in 2007 alone. In 2008, the failure rate had grown to
over thirty per year due to different failure causes. Figure 1.4 depicts some typical
failure scenarios of pipelines in Nigeria.

This rate of failure is unacceptable, both

personally and societally. It is believed that Nigerian pipelines could benefit from a riskbased integrity and maintenance policies.
Specifically, to address the above challenge of developing risk-based framework for
Nigerian pipelines, three questions have been formulated to conduct a study into the
effect of major risk factors on pipeline failures in Nigeria, and derive risk management
strategies.
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These questions are:
Question 1: What factors are responsible for the failure of petroleum pipelines?
Question 2: What is the present level of pipeline risk?
Question 3: What is the best safety approach to minimise risks to petroleum pipelines
and facilitate safety and high productivity?

(a)

(b)

Figure 1.4: (a) Engineers carrying out repair on 36’’ pipeline network with clock spring materials
after mechanical damage. (b) Erosion of product pipeline in Western part of Nigeria.

1.3.2

Study objectives and approach

In this research various risk factors contributing to pipeline failures in Nigeria have been
be considered. A risk-based maintenance framework has been developed and applied to
determine the probability of failure and associated consequences for pipeline system, with
the aim to prioritise oil and gas pipelines for effective inspection and maintenance.

In summary, the following are the objectives of this research:


Identify factors affecting failure of oil and gas pipelines in Nigeria.
This will be achieved from extensive literature research to identify factors
affecting pipelines failure in Nigeria.

1.4 Scientific and Social Relevance


25

Identify and apply appropriate methodology for assessing risks of oil and gas
pipelines in Nigeria.
Various methodologies will be investigated. Both decision based and statistical
based methodologies will be investigated. Afterwards, a suitable framework would
be proposed for estimating risk of a pipeline and for identifying specific pipelines/segments requiring risk reduction through integrity maintenance.



Formulate a framework for effective inspection and maintenance of oil and gas
pipelines in Nigeria.
The decisions to be addressed in the framework are the choice of inspection
methods, inspection interval, and choice of maintenance actions.

1.4 SCIENTIFIC AND SOCIAL RELEVANCE
1.4.1

Scientific Relevance

The scientific contributions of this study are summarised below. The majority of contributions presented below have been presented as peer review articles, in the form of journal publications and scientific papers published at international conferences. The list of
publications is presented in Appendix I.
The major scientific contributions of this thesis can identified as:


Developing a decision analysis framework for integrity management of pipelines
using a combination of analytical hierarchy process and Cooke’s Classical approach. The Decision analysis framework has been applied to Risk Management
of Petroleum Pipelines under limited data. The model is also formulated to limit
subjectivity inherent in stand-alone AHP model. Findings have been published in
Dawotola et al. (2010a, 2011a).



Investigation of stochastic distribution of failures of API5L X42 pipeline due to
Pitting corrosion, uniform corrosion and Stress Corrosion cracking. Results have
been published in Dawotola et al. (2011c).
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Developing a quantitative risk assessment model for Petroleum Pipelines. The
model includes the consequence assessments of Petroleum pipelines under different failure scenarios. The methodology has been used to model the full-bore rupture of Natural gas pipeline and Gasoline pipeline. Findings have been published
as part of Dawotola et al. (2012a, 2012d).



An extension of cost-benefit based risk acceptability criteria to critical infrastructures such as petroleum pipelines. The model has been utilised to propose acceptable risk criteria in the Nigerian context. Findings have been published in
Dawotola et al. (2012b).



An extension of Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk
Onderzoek (Netherlands Organization for Applied Scientific Research), TNO’s use
based maintenance optimization model to enable its application to model the optimum replacement period for repairable systems subject to homogenous Poisson
process and non-power law process. Findings have been published in Dawotola et
al. (2011b, 2012a, and 2012c).

It is hoped that the proposed approaches in this study can be extended to other production assets in the oil and gas industry.

1.4.2

Social Relevance

Integrity maintenance decisions have been based on subjective interpretation of pipeline
inspection data by different operating companies. Scientifically, it will be beneficial to
develop a risk assessment framework for maintainability (including design, redesign, construction, monitoring, inspection, maintenance, reconstruction and demolition) for oil
and gas pipelines. It is very helpful especially in a developing and multi characterised
nation like Nigeria, where data availability is limited and acceptable individual risk and
societal risk have not been well defined. The research will also define a risk based
maintenance (RBM) strategy for application in the Nigerian context. The research will
help pipeline operators and stakeholders in risk assessment of pipeline facilities, which
will aid the effective allocation of inspection and maintenance efforts. In addition, the
research hopes to contribute to present efforts on maximizing safety of lives around pipeline right of ways in Nigeria.
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1.5 STRUCTURE OF THIS THESIS
The focus of this research is to develop and widen the application of reliability assessment, risk assessment and risk based design in the fields of pipeline failure. To demonstrate the application of various methodologies developed in this work, case studies covering natural gas, products and gasoline pipeline systems in Nigeria are utilised. A
schematic outline of the thesis is given in Figure 1.5. On the basis of the study objectives, the thesis includes 9 chapters as below:
Chapter 2 presents an overview of pipeline failure factors. Historical pipeline failures in
Nigeria and national risk management policy to mitigate pipeline failures in Nigeria are
briefly discussed. An overview of common failure factors of onshore oil and gas pipelines
is given, as well as a short discussion on risk assessment strategies for existing structures.
In chapter 3, a framework for risk-based maintenance of pipeline failures is described.
This includes a discussion on different methods for calculating probability of failure of
pipelines. Techniques for determining and combining life safety, economic and environmental consequences of pipeline failures are described. The proposed risk based maintenance framework presented in this thesis is presented and discussed.
Decision analysis framework utilizing analytical hierarchy process and structured expert
judgment is proposed in chapter 4. An application of the model is presented. The model is first utilised to prioritise pipeline systems for inspection and maintenance, and then
used to obtain the uncertainty in the estimation of the probability of failure of the pipelines.

In addition, maintenance optimization models are presented and discussed.

Thereafter, optimum maintenance interval for each failure factor is calculated.
Chapter 5 presents a statistical approach for determining failure frequency of repairable
systems. The analysis of cross-country pipelines subject to corrosion is used to demonstrate the application of the methodology. In the example, stochastic behaviour of three
different types of corrosion, pitting corrosion, uniform corrosion and stress corrosion
cracking are investigated.
In chapter 6, risk assessment of gasoline and natural gas pipelines subject to rupture is
presented. The methodology presented in chapter 5 is utilised to calculate frequency of
failure. The consequences due to thermal and overpressure resulting from rupture of
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gasoline and natural gas pipelines are simulated using commercial software (PHAST
6.5.1 and CANARY v.4.2). An application is made to determine individual and societal
risk due to rupture of both pipelines.
Chapter 7 presents a methodology for calculating the acceptable risk criteria for a society based on historical fatalities recorded in a country over time. Furthermore, acceptable risk levels for critical infrastructures are proposed based on a cost-benefit framework.
The methodology is applied to determine acceptable individual and societal risk for Nigeria. The impact of petroleum pipelines is further assessed from risk acceptability point
of view.
Chapter 8 combines the risk assessment strategy presented in chapter 6 and the acceptable risk criteria in chapter 7 to determine the optimum maintenance schedule for a pipeline. A use-based maintenance model is utilised in the maintenance decision framework.
Sensitivity analysis is carried out to demonstrate the robustness of the model.
Conclusions of the research are presented in Chapter 9. This includes an overview of the
methodologies developed in the thesis, as well as remarks on their limitations. Recommendations are also given on further areas of research.
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Chapter 3:
Framework for Risk-Based Maintenance

Chapter 4:
Decision Based Risk
Management

Chapter 5:
Failure Rate Analysis
Chapter 6:
Risk Assessment of
Pipeline Systems
Chapter 7:
Risk Acceptability

Chapter 8:
Risk-Based Maintenance
of Petroleum Pipeline

Chapter 9:
Conclusions and Recommendations

Figure 1.5: Schematic Outline of the Thesis

Chapter 2
FAILURE FACTORS OF OIL AND GAS PIPELINES

2.1 INTRODUCTION
This chapter aims at describing the failure factors of pipelines that transport crude oil,
gasoline, and natural gas from one part of the country to another. To better understand
the need for adequate safety measures, this chapter looks at the impact of several factors
on the overall health of pipelines. The most important failure factors identified include
corrosion, third party damage, mechanical damage, and operator’s errors. In Nigeria,
one key failure factor is third party damage, such as sabotage. Sabotage is responsible
for majority of pipeline failures in Niger-Delta, Nigeria and its effect on petroleum pipeline networks in Nigeria is discussed. In addition, risk management policies put in place
by the regulatory bodies in Nigeria are reviewed and further analysed. Subsequently, effectiveness of the present safety measures is critically evaluated and discussed. Finally,
it was observed that further research is actually needed to improve the rehabilitation of
pipeline transportation systems in Nigeria. One important measure that is missing in
the Nigerian case is the norm for acceptable risk. As such, the importance of having well
formulated risk acceptance criteria for pipeline installations in the country is discussed.

2.2 OIL

AND

GAS TRANSPORTATION PIPELINES

Pipelines carry products that are very vital to the sustenance of national economies and
remain a reliable means of transporting gas and liquids in the world. In the United
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States for example, the Department of Transportation, Office of Pipeline Safety (DOTOPS) oversees 2.2 million miles of pipeline, of which about 157,000 miles carry more
than 550 billion gal annually of crude oil and petroleum products, including a natural
gas pipeline system that consists of approximately 333,000 miles of transmission pipeline
and 1.7 million miles of distribution pipelines (Trench, 2000). The United Kingdom’s
Health and Safety Executive, HSE (2010) estimated that the United Kingdom has nearly
22000 km of high pressure gas and petrochemical pipelines, with 20000 km transporting
gas above 7 bar, 1000 km transporting ethylene and the remainder transporting spiked
crude oil, LNG and other hydrocarbons. Nigeria, Russia, Saudi Arabia and other major
oil producing nations equally boast of thousands of Kilometres of liquid and natural gas
pipelines.
As a matter of fact, pipelines content generally pose no health hazard to persons near
the pipeline as long as the pipeline maintains its integrity, and there is no loss of containment of the pipeline. De Wolf (2003) expressed that pipelines possess relatively low
safety and environmental risks compared with other means of fuel transportation. The
conclusion stems out of a study that provided an estimated fatalities per billion ton–
miles of about 0.03 for pipelines compared with 1.20 for rail and 9.22 for highway transportation. As pointed out by Kirchoff and Doberstein (2006), a pipeline that results in
product release poses risks to the people within the vicinity of the release due to the attended health and environmental hazards. In other words, it will be unreasonable to
think of pipelines as being absolutely safe.
The consequences of pipeline failures cannot be overemphasised, particularly as it relates
to human health problems and environmental degradation. Human lives are threatened
by the rupture of major accident hazard pipeline, such as a high-pressure gas main or
pipeline containing petroleum products such as ethylene, oil or gasoline, and as such
should be taken very seriously. For example, the explosion of natural gas pipeline could
produce torch radiation fires and vapour cloud emissions. Similarly, flammable petroleum product such as gasoline produces consequences related with flammability under failure. As explained by Muhlbauer (2004), typical hazards expected from the failure of
gasoline pipelines include overpressure and pool fire.
The question that should perhaps be asked is …why do pipelines fail? We would attempt to answer this question in subsequent sections by looking at some of the known
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failure factors of petroleum pipelines, particularly onshore pipelines that transport petroleum products around the country. Attempt is not made to cover all known failure factors in this thesis, as this will be an arduous task. In actual fact, some pipeline failure
factors can sometimes be difficult to define, as they mostly depend on other factors such
as the environment, location of the pipeline, fluid being transported, etc. Therefore, the
focus will be directed towards failure factors that are later analysed in this thesis.

2.3 FAILURE FACTORS
In general, petroleum pipelines are subject to different degrees of failure and degradation
during operation. Common pipeline failure factors include corrosion, mechanical damage, third party damage, and design imperfections. One or combination of these failure
factors could eventually lead to rupture; carrying huge human, financial, and environmental loss. These failure factors, particularly as it relates to onshore pipelines are further described below.

2.3.1

External Interference

According to the European Gas Pipeline Incident data Group, EGIG (2005), external interference is one of the major causes of pipeline failure. It comes either in the form of
sabotage (intentional damage) or mechanical damage (unintentional damage). Dey
(2003) suggested that sabotage and other malicious activities on pipeline installations
would appear more often in socioeconomically deprived regions while mechanical damage
will become more pronounced in industrially developed regions. Figure 2.1 depicts some
examples of external interference effects on pipeline structures.

Intentional Damage (Sabotage)
As the name implies, intentional damage occurs due to sabotage acts of people. It happens due to several reasons, causing disruption in the production and distribution of petroleum products. A major cause of sabotage include economic backwardness of the region where the pipeline is located, leading to agitation and violence. In particular, Ekpu
and Ehighelua (2004) attributed lack of employment and environmental degradation as
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major factors causing pipeline sabotage in the Niger-Delta region of Nigeria, where incessant vandalism of oil and gas production facilities and installations are rife. The impact
of sabotage can be very disastrous leading in some cases to loss of lives, extensive environmental pollution, degradation, and huge economic losses. The rate of occurrence of
sabotage can be minimised by carrying out regular patrolling along pipeline route. Educating communities that live close to petroleum pipelines on the dangers of tampering
with pipelines would also be helpful at reducing the likelihood of sabotage.

(a)

(b)

Figure 2.1: Examples of external interference: (a) Dents and gouges due to mechanical damage,
adapted from Co et al. (2006). (b) Vandalization of pipeline network due to sabotage.

Mechanical Damage
Mechanical damage is increasingly becoming one of the primary threats to the integrity
of buried onshore oil and natural gas pipelines. According to Brooker (2005), most mechanical damage in industrial areas could be linked to interference from earth moving
operations, particularly digging by excavator or backhoe style equipment. However, other causes have been identified. A number of measures have been proposed in literature
to mitigate mechanical damage. In particular, sensing technology such as the nonlinear
harmonic (NLH) technique (Crouch and Chell, 2004) and Magnetic Flux Leakage (MFL)
tool signals (Co et al., 2006) have been proposed to control mechanical damage. Other
proposals include numerical analysis (Driver and Zimmerman, 1998) and experimental
methods (Brooker, 2005). All attempts have pointed to the huge importance placed on
the reduction of external interference by pipeline operators and policy makers. However,
the effectiveness of these methods in curbing mechanical damage remains to be seen.
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Like Sabotage, adequate orientation including patrolling could prove effective if combined with preventive methods outlined above.

2.3.2

Corrosion

Corrosion can be defined as the deterioration of a material due to interaction with its
environment. Department of Energy, DOE (2010) define corrosion as the process in
which metallic atoms leave the metal or form compounds in the presence of water and
gases. There are many definitions of corrosion in the literatures, but the key elements
required before corrosion can take place are basically the same. These elements are the
presence of oxygen and water. In other words, it is the presence of oxygen and water
that fuel the reaction that eventually lead to corrosion.

Unprotected pipelines, whether exposed, buried in the ground, or subsea, are susceptible
to corrosion. Corrosion attack can weaken the structural integrity of pipeline system and
make it unfit for transporting liquid petroleum and natural gases. Corrosion attacks on
pipelines are classified to either internal corrosion or external corrosion (Figure 2.2).
Internal corrosion takes place within the walls of the pipeline, while external corrosion
attacks the surface of pipeline buried under corrosive soil. In practice, there are several
types of corrosion that can occur in service. The most important type of corrosion found
in pipelines include: uniform corrosion, pitting corrosion, stress corrosion cracking, microbial induced corrosion (MIC), erosion control, and crevice corrosion.

(a)

(b)

Figure 2.2: Internal and External corrosion failure in pipelines (Thompson, 2003)
(a) Internal corrosion of a crude oil pipeline (b) External corrosion on a buried pipeline.
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Uniform corrosion
Uniform corrosion proceeds approximately at the same rate over the whole surface being
corroded. The extent of uniform corrosion can be predicted and measured as mass loss
per unit area, because the corrosion rate is nearly constant at all locations. The general
corrosion rates of pipeline materials in a wide variety of environments are known, and
common practice is to select materials with rates that are acceptable for each specific
application. For example, pipelines that will be exposed to seawater applications are
generally designed with Duplex Stainless Steel due to its superior corrosion resistance.

Pitting Corrosion
Pitting corrosion is a form of extremely localised corrosion that leads to the creation of
“pits” in the metal. Depassivation occurs over a small area in pits, and becomes anodic
while the entire unaffected area remains cathodic, leading to a localised corrosion of the
anodic area. For a defect-free pipeline, pitting corrosion is caused by environments that
contain aggressive chemicals such as Chlorine. Pitting may also occur due to the presence of inclusions, such as MnS in steel pipelines (Figure 2.3a).

Microbial Induced Corrosion
Microbial Induced Corrosion (MIC) is the corrosion caused or promoted by the presence
of microorganisms, including bacteria and fungi that could be in the outside soil or introduced into the inside fluid during transportation.

(a)

(b)

Figure 2.3: (a) Pitting corrosion on a piping system. (b) Microbial Induced Corrosion of a
cooling tower pan (source: Corrview 2011).
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One unique feature of MIC is that it can affect both metallic and non-metallic pipelines.
When it occurs, MIC could induce other forms of corrosion, including pitting, crevice
and galvanic corrosion. Figure 2.3 (b) shows an example of MIC attack.

Stress Corrosion Cracking
Stress corrosion cracking are environmentally induced-delayed failure that occurs when
alloys are subjected to static, surface tensile stresses and are exposed to corrosive environments. The stresses will induce cracks that will be propagated by the combined effect
of surface stress and the environment in which the pipeline is buried, as shown in Figure
2.4. The primary component of tensile stress on an underground pipeline is in the hoop
direction and results from the operating pressure. However, residual stresses from fabrication, installation, and damage in service generally contribute to the total stress in the
pipeline.

Figure 2.4: Stress corrosion cracking of pipeline (source: Thompson and Vieth, 2003)

Crevice Corrosion
Crevice corrosion is a localised form of corrosion usually associated with stagnant solution on the micro-environmental level. Crevice corrosion occurs when the protective oxide layer on the surface of stainless steel pipeline breaks. The oxide layer breaks sometimes due to the presence of reducing acids and chemicals. Design imperfections, such as
incomplete weld penetration or overlapping surfaces could also fuel crevice corrosion.
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Erosion Corrosion
This form of corrosion occurs when there is mechanical removal of metal due to high flow
rates of the media and is common in all metallic materials. The rate of erosion control
increases with the presence of sand and solid particles in petroleum transported through
the pipeline and is dependent on fluid flow rate, the density, and morphology of solids
present in the petroleum. Figure 2.5 shows the propagation of gully erosion along the
pipeline right of way, which may eventually lead to erosion corrosion.

Figure 2.5: Gully erosion at the verge of encroaching pipeline Right of Way.

2.3.3

Structural Defects

Structural defect is a major threat to the structural integrity of petroleum pipelines.
These defects occur mostly due to deformation in the pipeline material or as a result of
construction defects that occur during the fabrication process.

Material Defect
Material defects can originate during the fabrication of pipeline, and if uncorrected will
eventually show up during operational life of the pipeline, and may lead to pipeline failure. The presence of material defect creates uniformity within the material layer, giving
rise to electrochemical reaction that leads to oxidation, and then corrosion. Material defects could also lead to other defects such as metal loss and thinning of pipe walls.
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Construction Defect
Construction defects are primarily structural defects associated with pipeline fabrication
and facility construction projects. These defects include scratches, gouges, and dents.
Construction defects create avenue for extreme corrosion attack due to the irregular surface or pores created, which permit entrapment of air that react with water or moisture
to begin the formation of corrosion.
2.3.4

Operators Errors

Operational errors are those failures that occur during the operation of pipeline and other facilities associated with it. Operational errors are basically human related, occurring
due to the negligence or lack of knowledge of an operator. Lack of standardised operating procedures may result to human errors as well. Operational error may also be linked
to equipment malfunction or inadequate instrumentation. For example, spectator blinds
are installed on the pipeline to shut-off the flow of liquid during maintenance. Any failure due to malfunction of spectator blind could lead to loss of containment.

2.4 FAILURE CONTROLS

AND

RISK ASSESSMENT

There are policies put in place to either prevent or mitigate the level of impact of failures
of transportation pipelines. Such strategies could come in the form of integrity maintenance or risk assessment. Pipeline companies generally perform either or both preventive and corrective maintenance on the pipelines to prevent intending failures or correct
existing defects. Risk assessment standards are also put in place by regulatory agencies
to ensure that transportation pipelines comply with adequate safety standards. Needless
to say that pipeline companies generally perform safety assessment to estimate the probability of failure and consequences. Risk assessment result is a useful input to the design
of an integrity maintenance framework for petroleum pipelines. Subsequent chapters of
this thesis are devoted to each of the elements of risk assessment and maintenance of a
petroleum pipeline.

2.5 Oil and Gas Industry in Nigeria
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GAS INDUSTRY IN NIGERIA

Most of the case studies provided in this thesis are from Nigeria. It is therefore imperative to give some background information on the oil and gas industry in Nigeria. The
important issues to be discussed are the state of oil and gas industry in Nigeria, the challenges facing transportation of petroleum products within the country, and government
policies on risk management of pipeline installations.
2.5.1

Background

Nigeria is the largest producer of crude oil in Africa and one of the top 15 petroleum
producers in the worlds (Iyiola and Oyewo, 2011). In addition, Nigeria holds the largest
gas reserves in the continent of Africa. Millions of barrels of oil equivalent are produced
in Nigeria on a yearly basis. The Nigerian National Petroleum Company, NNPC (2010)
reported that the total crude oil and condensates produced during the year 2010 was 896
million barrels with an average daily production of 2.45 MMbpd. In the same year, a total of 2.4 Bscf of Natural Gas was produced by eleven oil producing companies in Nigeria. Figure 2.6 below shows the production of crude oil and natural gas in Nigeria from
2005 to 2010.

(a)

(b)

Figure 2.6: Nigeria petroleum production from 2005 to 2010 for (a) Crude oil (b) Natural Gas

2.5.2

Issues and Peculiarities

The Nigerian economy depends heavily on the petroleum industry for survival. The petroleum industry in Nigeria was established in 1956, but has experienced rapid growth
ever since. Activities within the petroleum sector in Nigeria extend to both onshore and
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offshore operations, with significant amount of oil producing fields and wells. According
to Smith (2006), Nigeria’s oil sector has now been developed into a vast domestic industrial infrastructure consisting of more than 300 oil fields, 5284 wells, 7000 km of pipelines, 10 export terminals, 22 petroleum storage depots, 275 flow stations, 10 gas plants,
4 refineries, and massive liquefied natural gas (LNG) projects. Nigeria's state held refineries (Port Harcourt I and II, Warri, and Kaduna) have a combined capacity of 438,750
bpd. However, operational problems including external interference, poor maintenance
and ineffective maintenance regularly contribute to a low current capacity of around
214,000 bpd (Nwilo and Badejo, 2006).
The country relies on pipelines as a means of transporting petroleum products including
crude oil, natural gas, liquefied natural gas (LNG), and liquefied petroleum gas (LPG)
from the refineries to distribution depots located across the country. These pipelines,
through which majority of petroleum products are transported across the country have
been experiencing unceasing failures in recent years due to both internal and external
factors. To ensure public safety around pipelines, the Nigerian National Petroleum
Company acquired a 3.5 m wide right of way on each side of pipelines before they were
laid, and the pipes were buried a meter deep to prevent accidental contact (Onuoha,
2007).
The recent experience has shown that cross-country pipelines in Nigeria are far from being fail-proof, and they are susceptible to most of the failure factors discussed in the previous sections. The most common failure factors of onshore pipelines in Nigeria are external interference, corrosion, and operational error (Nwilo and Badejo, 2006). In addition, it is noteworthy to emphasise the peculiarities of some pipeline failure factors to the
Nigerian case. In the Niger-Delta region for example, a significant number of pipeline
failures can be attributed to external interference, in the form of sabotage and pilferage
who intentionally vandalise pipeline networks in other to steal petroleum products
(Onuoha, 2008).
Specifically, Dawotola et al. (2010) conducted an expert judgment approach to obtain
weightages for failure factors of oil and gas pipelines in Nigeria. The outcome of the
study revealed some interesting conclusions that show that location plays a significant
role in pipeline integrity. Similar works such as the work of (Dey et al., 2004) and AlKhalil et al. (2005) have concluded that corrosion is the most significant failure criterion
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of petroleum pipelines in India and Saudi Arabia, respectively. However, external interference is found to be the most important failure criterion for the Nigerian case study,
representing 60% of the entire failure criteria. The high likelihood of failure by external
interference obtained is due to the influence of sabotage on the petroleum pipelines.

Impact of Sabotage on Nigerian Petroleum Industry
Sabotage is a major cause of oil spillage in Nigeria. Since December 2005, Nigeria has
experienced increased pipeline vandalism, kidnappings and militant takeovers of oil facilities in the Niger-Delta. The Movement for the Emancipation of the Niger-Delta
(MEND) is the main group attacking oil infrastructure for political objectives, claiming
to seek a redistribution of oil wealth and greater local control of the sector. Moreover,
kidnappings of oil workers for ransom are common. Unfortunately, security concerns in
the Niger-Delta have forced some oil operators to close down operations or reduce their
Nigerian operations significantly. The Gulf of Guinea is also an area that has seen incidents of piracy and vandalism of petroleum facilities.
The impact of sabotage on the Nigerian economy has been significant. It is leading to
huge economic and environmental losses, in the terms of product loss, equipment replacement and clean-up cost of oil spills. In addition, sabotage is leading to significant
reduction in the amount of throughput of petroleum products from Nigeria. According
to the Energy Information Administration, EIA (2011) Nigeria's nameplate oil production capacity is estimated to have been close to 2.9 million bpd at the end of 2010.
However, as a result of attacks on oil infrastructure, daily crude oil production ranged
between 1.7 million and 2.1 million barrels (NNPC, 2010). Disruptions have been attributed to direct attacks on oil infrastructure, including vandalization of petroleum
pipelines.
2.5.3

National Risk Management Policy

The Nigerian government has put in place a number of polices to govern the petroleum
industry and by extension, provide the necessary framework for risk management in the
petroleum sector. These regulations include the Oil Pipelines Act of 1965, Mineral oil
safety regulations of 1997; Petroleum regulations, 1967; Petroleum Drilling and
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Production regulations, 1969; Oil in navigable water Act, 1968; Oil Terminal Dues Act,
1969; Petroleum refining Regulations, 1974; Federal Environmental Regulations, 1974;
Federal Environmental Protection Agency Act, 1990.

To coordinate and better

implement its several acts and policies in the petroleum sector, including the overall
socioeconomic development of the sector, the Nigerian government formed the National
Oil Spill Detection and Response Agency (NOSDRA) in 2006 and the Ministry of NigerDelta in 2008.
The National Oil Spill Detection and Response Agency (NOSDRA) is a parastatal under
the federal Ministry of Environment in Nigeria, and were created by an Act of the
National Assembly of Nigeria. NOSDRA was formed to implement the National Oil
Spill Contingency Plan (NOSCP) for Nigeria in line with International Convention on
Oil Pollution Preparedness, Response and Cooperation (OPRC) of 1990 which Nigeria is
a signatory. The Agency is also empowered to ensure timely, effective and appropriate
response in terms of necessary equipment and resources to protect threatened
environment and facilitate clean-up of impacted sites to the best practical extent
including remediation and restoration (Eyo-Essien, 2008).
Furthermore, the Niger-Delta Ministry was formed in 2008 to coordinate efforts to tackle
the challenges of infrastructural development, environment protection and youth empowerment in the Niger-Delta. Niger-Delta is a very crucial oil producing region in Nigeria.
Needless to say that for Nigeria to experience meaningful development in the petroleum
sector, the issue of unrest in Niger-Delta has to be probably addressed. To ensure peace
and stability in Niger-Delta, the region’s economy and infrastructure have to be well developed, so that the basic needs of the people are met. The Nigerian government seeks
to work through the Niger-Delta ministry to improve the situation in Niger-Delta, and
restore lasting peace to the entire region (Davis, 2009).
In overall, it remains to be seen how effective the risk management policies have been in
Nigeria. Nigeria is a multi-ethnic state with multi-characteristics challenges. However,
from a scientific point of view, the country has to formulate and enforce policies that
would focus not only at political challenges but implementing best practices. For example, a framework to define the level of acceptable risk for the individual and society has
to be put in place, and enforced on all pipeline operators in the country. In addition, the
citing of pipelines has to follow the risk acceptance criteria. The focus of chapter 7 of
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this thesis is the formulation of acceptable risk policy for the Nigerian state in line with
international standards. The framework in chapter 7 will also be extended to cater for
existing and future pipeline installations.

2.6 CONCLUSIONS
Theories presented in this chapter cover the major failure factors of oil and gas pipelines
that are located onshore. The discussion of all the possible failure factors possible is an
uphill task. Therefore, the focus was more on the failure factors that form part of the
case studies used in this thesis. The failure factors discussed include external interference, corrosion, structural defects and operational errors, with their various types and
characteristics.
The risk management of pipelines is discussed to show how the impacts of several failure
factors can be prevented or mitigated. In other to carry out risk assessment, the probability of failure and consequence of hazards have to be determined. A methodology for
calculating probability of failure of cross-country pipelines will be illustrated in chapter
5. Similarly, chapter 6 will discuss and apply a framework for analysing failure consequences, and carrying out risk assessment.
The later part of this chapter discussed the petroleum industry in Nigeria, its challenges,
and its peculiarities. The government policies and regulations formulated to tackle some
of these challenges were briefly discussed. Most of the case studies provided in this thesis are from Nigeria, and the background information was provided to shed more light on
challenges facing oil and gas industry in Nigeria.

Chapter 3
FRAMEWORK FOR RISK BASED MAINTENANCE

3.1 INTRODUCTION
This chapter gives a comprehensive description of the risk based maintenance framework
proposed in this thesis. A critical assessment of risk approaches employed in the pipeline
industry is discussed together with the impact of risk-based integrity maintenance of
pipeline installations. The framework for risk-based maintenance proposed in this thesis
is presented and also discussed. In the proposed framework, the procedures for risk assessment of oil and gas pipelines are presented. The procedures include the calculation
of the probability of failure and the determination of any associated consequences. The
decision making process as relates to the proposed risk based maintenance strategy is also presented. In addition, data and models required in the framework in the context of
pipeline integrity maintenance are identified.

3.2 RATIONALE FOR RISK-BASED MAINTENANCE
3.2.1 Background on Maintenance
The history of maintainability could be traced back to 1901 when the Army Signal Corps
issue a contract for development of the Wright brother’s airplane, and clearly stated that
the aircraft should be “simple to operate and maintain” (Dhillon, 2006). Earlier modern
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attempts in the field of maintenance include the development of a series of articles in the
book, Machine Design by Bradford and Eaton (1956), covering topics such as design and
maintainability of equipment. The US Air force has also been credited with advancing
the field of reliability and maintenance with the publications in the area of maintainability program requirements (MIL-STD-470, 1966) and maintainability prediction (MILHDBK-472, 1966). Further details on historical review of maintenance can be found in
Retterer and Kowalski (1984). Readers interested in reading further on maintenance policies can also refer to: Barlow and Hunter (1960); Glickman and Berger (1976); Jack and
Dagpunar (1994), and Yeh and Chen (2006).
In a broader sense, maintenance activities can be classified into either corrective maintenance (CM) or preventive maintenance (PM). In corrective maintenance, maintenance
activity is undertaken after the equipment has failed. Otherwise known as repair, CM is
sometimes regarded as all actions performed as a result of failure, to restore an item to a
specified condition (Wang, 2002). In contrast, preventive maintenance is carried out
while the equipment is still in operation. According to Moghaddam and Usher (2011),
preventive maintenance includes all actions performed in other to improve the overall reliability and availability of a system, by providing systematic inspection, detection, and
prevention of developing failures.
Dhillon (2006) proposed that corrective maintenance can be represented in the forms of
either Rayleigh or Weibull distributions.
For Rayleigh distribution, the probability density function with respect to corrective
maintenance times is given by:
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Similarly, the probability density function for Weibull distribution, under corrective
maintenance time is given by:
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Where f (t ) is the repair time probability density function, t is the variable repair time, θ
is the distribution shape parameter, and α is the distribution scale parameter.
Pongpech and Murthy (2006) concludes that the rate of degradation and the likelihood
of failure in leased equipment can be controlled based on preventive maintenance thus
limiting the penalty costs due to loss of production. A number of researchers have also
worked on different preventive maintenance policies. The list includes sequential preventive maintenance policy described by Nakagawa (1986); Lai et al. (2001) and Lin et al.,
(2001), periodic preventive maintenance strategy discussed by Dohi (2001) and Seo and
Bai (2004), and use-based maintenance technique presented by Git (1992) and TNO
(2005).
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Figure 3.1: Preventive maintenance scheme for fixed failure rate reduction case (modified from
Yeh et al., 2009)
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Yeh et al. (2009) explained that minimal repairs rectify failures, and equipment without
any preventive maintenance generally follow non-homogenous Poisson process (NHPP)
with intensity h(t).
The failure intensity curve for expected number of failures from initial time, t=t0 to t=tn
for a fixed failure reduction case is given in Figure 3.1 above. From the plot, δ is the
drop in intensity of failure after preventive maintenance.

3.2.2 Risk Based Integrity Maintenance
In the past, maintenance of production systems used to be based purely on intuition, and
sometimes using a break-and fix approach. This approach is now considered crude and
unacceptable under present safety criteria (Thoft-Christensen, 1987). It is noteworthy
however that the field of maintenance management has evolved over the years from using
such primitive techniques to the application of more sophisticated maintenance strategies, such as routine based maintenance, condition monitoring, and reliability centered
maintenance (Khan and Haddara, 2004).
In a further development, the high costs associated with maintenance of petroleum assets
require the development of systematic and effective approaches for optimizing maintenance of the assets. This will also ensure adequate reliability and reduced life cycle cost
of production assets (Arunraj and Maiti, 2006). The increased requirements of regulations on constructed facilities have further necessitated the need to take risk components
into maintenance decisions. For practical applications, a risk-based maintenance strategy
can be formulated with the purpose of combining the requirements of asset maintenance
with risk compliance and acceptability.
The Risk based maintenance strategy (RBM) combines the assessment of risk to support
inspection planning and maintenance decisions. The risk assessment requires either a
qualitative or quantitative estimates of both the probability of failure and the consequences associated with equipment failure. Furthermore, risk based maintenance strategy utilises estimated risks to provide adequate recommendation on what, when and how
equipment maintenance should be done.
In general, there are different ways of implementing Risk based maintenance. Chang et
al. (2005) proposed that risk can be expressed following a two-dimensional risk perspec-
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tive, which is the product of the probability of failure and consequences. In this perspective, probability of failure depends on the likelihood that a given failure mechanism will
occur, and the availability of relevant inspection and maintenance policies that are taken
to mitigate the probability of failure. Consequences depend on the monetary and monetary components that describe the impact of a given hazard on people and the environment. Other experts such as Jo and Ahn (2005); Sklavounos and Rigas (2006), and Han
and Weng (2010) have modelled pipeline risks using quantitative risk assessment methods.
In the same vein, decision models have also found applications in risk analysis of oil and
gas pipelines. In specific, Kallen and Noortwijk (2005) proposed an adaptive Bayesian
decision model to determine these optimal inspection plans under uncertain deterioration. Their model uses Gamma stochastic process to model corrosion damage mechanism
and Bayes’ theorem to update prior knowledge over the corrosion rate with imperfect
wall thickness measurements. Dey et al. (2004) applied AHP based Multi-criteria decision model to analyse pipeline failures, and derive risk management policy.

3.3 RISK BASED MAINTENANCE FRAMEWORK
As earlier discussed, one major limitation associated with qualitative risk assessment is
that relative contributions of different factors that are assumed to contribute to the
overall risk are defined subjectively. Subjective estimates could be potentially inaccurate
and may give misleading risk assessments. Any maintenance decision based on such assessments would also be inaccurate. For example, by conducting an expert judgment
study, Dawotola et al. (2011) have demonstrated that not all experts selected for an
AHP based risk assessment actually contribute to the optimum decision. Unless such
expert judgment study is conducted, the overall decision based on all experts would have
led to a faulty decision.
In can be argued therefore, that risk assessments based on a strict qualitative approach
could provide an estimate or indication of the level of risk associated with a system, but
such estimate could not form a sufficient decision framework for risk-based inspection
and maintenance. Depending on the significance of risk assessments to be conducted,
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qualitative risk assessment may prove sufficient. For example, if the goal is to rank pipeline segments on the perceived level of risk, subjective estimates such as AHP or index
methods may be sufficient. Moreover, qualitative assessment may be applied when there
are insufficient data to carry out a full scale quantitative risk assessment.
In general, quantitative risk assessment offers an elaborate analysis and yield a more detailed outcome. However, a major challenge remains lack of data. Most researchers depend solely on publicly available data which may not necessarily be representative of the
pipeline being considered for maintenance. A data-driven analysis tailored to the exact
pipelines and pipeline segments under consideration would be more promising. It appears data-driven statistical approach using real data from existing pipelines to model
integrity maintenance has been less investigated. The approach is generally more robust
than purely analytical methods due to the use of historical data. Using a data-driven
approach, observations of failure and consequences variables can be used as direct inputs
to the optimization problem.
The methodology proposed in this thesis consists of risk estimation, maintenance strategy selection, and maintenance optimization, using a combination of qualitative and quantitative risk assessments. Risk is estimated as a combination of probability of failure and
consequences. Since pipelines can be repaired after failure, it is safe to assume minimal
repair models, as shown in Caleyo et al. (2008). Therefore, statistical approach to reliability analysis of repairable systems (Basu and Rigdon, 2000) can be used to model historical data of pipeline failure. Based on analysis of available data, the frequency of failure can be estimated.
Two statistical tests, Laplace test and the MIL-HDBK-189 (1981) are used to test the
null hypothesis that the process is a homogenous Poisson process against the alternative
that the intensity is increasing, following a power law (Weibull process). In determining
risks due to a failure factor, consequences associated with potential hazards are calculated along with the probability of occurrence. Maintenance optimization decisions for each
pipeline are made based on the expected total cost of failure, considering optimum cost
of maintenance at minimally acceptable risk.
As opposed to most current methods of reliability centered maintenance, the proposed
framework is based on a data-driven model, and thereby ensures the formulation of a ro-
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bust maintenance optimization. The approach proposed here is based on two complementary techniques. The first approach is a decision based model, that combines both
AHP and structured expert judgment study (the so called Classical model) proposed by
Cooke (1991) to rank pipelines and pipeline segments on increasing level of risk. The
approach is particularly suitable in the case when historical data are not available or insufficient. The model uses inputs from expert to predict probability of failure and consequences. One of the benefits of the approach is that the level of subjectivity in AHP is
reasonably reduced since Classical model utilises performance-based calibration of the
experts.

In addition, the risk assessment results include quantitative estimate of fre-

quency of failure instead of relative ranks expected from a stand-alone AHP.
The second approach is a data-driven quantitative risk assessment. In the model, historical data of failure are fitted to either HPP or NHPP to determine stochastic distribution
that best describes the failure pattern. The distribution is further analysed to obtain
frequency of failure. The consequences of fatalities are analysed considering the time of
presence of an individual in the hazardous zone. Individual risks are plotted on a risk
contour that determines safe distance from the point of release. Societal risk is represented by an F-N plot that defines the relationship between frequency and the number of
people suffering from fire and explosion due to fuel spills. Figure 3.2 below gives a summary of the proposed framework.

Figure 3.2: The proposed framework for risk-based maintenance strategy
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3.4 AHP AND STRUCTURED EXPERT JUDGMENT
In the sections that follow, a description of analytic hierarchy process and structured
expert judgment techniques will be provided in other to provide good background for
application of the proposed methodology to petroleum pipelines in chapter 4.

3.4.1 Structured expert judgment Methodology for Failure Frequency Calculation
The classical model is a formal method for deriving the requisite weights for a linear pool
of individual experts. It is a structured expert judgment elicitation approach; that involves treating expert judgments as scientific data in a formal decision process. The
basic procedures in the classical model are pre-elicitation, elicitation and post-elicitation.
The processes that comprise each step are summarised in Figure 3.3 below.

Structured expert judgment

Step I

Step II

Step III

Pre- Elicitation

Elicitation

Post-Elicitation

Define case study

Expert elicitation session

Combine expert assessments

Identify target variables

Discrepancy and robustness analysis

Identify query variables

Probabilistic inversion analysis

Identify performance variables

Documentation

Identify and Select experts
Prepare elicitation document
Dry run exercise
Train experts

Figure 3.3: Structured expert judgment steps

A major part of the classical model is the requirement that experts should provide information only on quantities which are measurable and familiar to the experts. It implies that the quantities for which the experts have to provide information should be ver-
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ifiable by experiments. The expert’s uncertainty distribution is combined using performance-based weighting derived from their responses to some seed variables. The purpose
of the seed variables in the model can be classified into three, namely: (i) to quantify
experts’ performance as subjective probability assessors, (ii) to enable performanceoptimised combinations of experts’ distributions, and (iii) to evaluate and validate the
combination of expert judgments.
The tool used for carrying out structured expert judgment in classical model is the socalled expert calibration software, EXCALIBUR. The software is open access, and available through the Risk and Environmental Modelling (REM) group of Delft University of
Technology, website: http://risk2.ewi.tudelft.nl.

It runs on a windows program that

processes parametric and quantile estimates for continuous uncertain quantities into final
experts weights based on the classical model. In addition to processing experts structured judgment, EXCALIBUR supports robustness and discrepancy analysis on the results. Robustness analysis shows how sensitive the results are to the choice of expert
and to different calibration variables. Discrepancy analysis reflects the difference between experts and the Decision Maker.
In the software, calibration and information scores are combined to derive performancebased weighted combinations of uncertainty distributions of each expert. Information is
the degree to which distribution provided by the expert is concentrated. In the classical
model, the amount of concentration is commonly measured by either Uniform or Loguniform distributions. Calibration measures the degree to which the actual measured
values correspond statistically with the experts assessments. The weights of the classical
model are derived from experts’ calibration and information scores, as measured on seed
variables. Figure 3.4 is a schematic chart that shows how calibration and information
are defined for different experts.
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95%
seed realization

Well-calibrated, informative expert

5%

50%
95%
seed realization

b. Well-calibrated, informative expert
5%

50%

95%

d. Weighted combination of experts

5%

95%

seed realization
c. Badly calibrated and highly opinionated expert

Figure 3.4: Experts calibration and information (adapted from Aspinall, 2011): Figures (a-c)
show how experts are calibrated based on responses to seed questions at given quantiles. Figure
d shows the performance-based weighted combination of opinions of experts a, b and c on the
target items.
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3.4.2 Failure Likelihood estimate using analytic hierarchy process
Analytic hierarchy process is applied to rank the attributes of failure factors according to
likelihood of failure for different segments of the pipeline. The outcome is a relative scale
which gives a rational basis for risk-based decision making. Analytic hierarchy process
has found applications in diverse industries. For example, Quresh and Harrison (2003)
applied AHP in Riparian revegetation policy selections for a small watershed in Australia. Similarly, Cagno et al. (2000) utilised AHP as an elicitation method of expert opinion to determine the apriori distribution of gas pipeline failures, and Dey (2002) applied
AHP in benchmarking project management practices of Carribean organizations.
The first step of analytic hierarchy process is problem formulation, which involves the ultimate goal for the analysis. In the risk ranking of pipeline, the goal will be selection of
pipelines or segments with the highest likelihood of rupture due to different failure factors and attributes. The failure factors are identified and further divided into attributes.
The failure factors and attributes will be in the first and second level hierarchy, respectively in the AHP value tree.
Secondly, the decision alternatives are selected. The identification of decision alternatives
is a very important procedure in analytic hierarchy process. For example, the decision
maker or an expert could be asked to conduct pairwise assessments of failure factors/attributes of pipeline rupture for a set of pipeline segments. In this case, pipeline
segments will be the decision alternatives, and the goal will be to compare these pipeline
segments in terms of failure, and to rank them based on the perceived likelihood of rupture.
The next step is the development of hierarchy (value tree). The value tree connects together the goal of the risk assessment, the failure factors and attributes, and the decision
variables. In the value tree for risk ranking of crude pipeline, the goal (pipeline selection) is connected to the first level hierarchy (failure factors). The first level hierarchy is
then connected to the decision variables (pipeline segments) via the second level hierarchy (attributes).
Thirdly, all necessary information pertaining to the pipeline segments will be collected
and recorded. To aid in the classification of the segments, the required features could be
divided into physical data, construction data, operational data, inspection data and fail-
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ure history. The necessary information on the pipeline/segments should be documented
and made available to the experts before pairwise ranking exercise.
Finally, a training session should be organised to familiarise experts with the elicitation
procedures. During the elicitation, the experts rank each pair of attribute based on scale
proposed by Saaty (1980). Table 3.1 below gives an explanation of the scale for comparing two attributes. For example, if two criteria are judged to have the same level of risk,
the pairwise comparison score will be 1. A score of 9 is given if one criterion is assumed
to be extremely stronger than the other. Intermediate judgments of 2, 4, 6, and 8 are selected when a conclusion cannot be reached from the scores of 1, 3, 5 and 7. The responses are consolidated in a preference matrix and synthesized to obtain the weightages.
Table 3.1: Scale of Decision preference for comparing two failure attributes
Judgment

Explanation

Score

Equally

Two attributes have equal likelihood of rupture

1

Moderately

The likelihood of rupture due to one attribute is slightly more

3

than the other attribute
Strongly

The likelihood of rupture due to one attribute is strongly

5

more than the other attribute
Very strongly

The likelihood of rupture due to one attribute is very strongly

7

more than the other attribute
Extremely

The likelihood of rupture due to one attribute is extremely

9

more than the other attribute
Intermediate

The intermediate values are used when compromise is needed

2,4, 6,8

judgment

3.4.3 Consistency check in AHP
AHP provides the possibility of checking the logical consistency of the pairwise matrix by
calculating the consistency ratio (CR). The maximum acceptable value for CR is 0.1,
indicating deviations from non-random entries of less than an order of magnitude. Factors that affect consistency ratio include homogeneity of attributes of the decision variables, sparseness of the attributes, and the level of knowledge of experts participating in
the pairwise ranking of attributes.
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Given a weight vector,

 w1 
  
w   w2 
 wn 

Obtained from a decision matrix,

a11 a12 a1n 
A  a 21 a 22 a 2 n 
a n1 a n 2 a nn 
The consistency of the decision matrix is calculated as follows:

b 
    1

Multiply matrix A by the weight vector w to give vector, B  A.w  b2 
bn 
b1  a11w1  a12 w2  a1n wn

Where,

b2  a 21w1  a 22 w2  a 2 n wn

(1)

bn  a n1 w1  a n 2 w2  a nn wn

Divide each element of vector, B with the corresponding element in the weight vector w to give a new vector

b1 / w1  c1 
c  b2 / w2   c2 
bn / wn  cn 

(2)



max is the average of the elements of vector c : max 
Consistency Index is then calculated using, CI 

1 n
 ci
n i 1

max  n

(3)

(4)

n 1

Where n is order of the decision matrix and max is obtained from equation (3) above.
Using equation (4), Consistency Ratio is calculated as, CR 

CI
RI

(5)

Where RI is the random index and its value is obtained from table 3.2.
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Table 3.2: Random index table

n

3

4

5

6

7

8

9

>9

RI

0.58

0.9

1.12

1.24

1.32

1.41

1.45

1.49

Other measures of consistency have been defined.

For example, Mustajoki and

Hämäläinen (2000) proposed a Consistency Measure (CM) of between 0 to 1 using the
Multi Attribute Value Theory inherent in their Web-HIPRE software. According to
their work, a CM of 0.2 is considered acceptable. CM gives an indication of the size of
the extended region formed by the set of local preferences, when wi  r  i, j  w j for all
i, j {1,..., n} .

Consistency Measure is calculated using:

CM 

r  i, j   r (i, j )
2

n(n  1) i  j (1  r (i, j ))(1  r (i, j ))

(6)

Where r  i, j   max a(i, k )a(k , j ) , k {1,..., n} is the extended bound of the comparison
matrix element a(i, j ) , and r (i, j ) is the inverse of r (i, j ) .

3.4.4 Group decision making in AHP
The decision making process in analytic hierarchy process depends on the combination of
individual responses of experts to arrive at a group decision. The two big issues in group
decision making is how to aggregate individual judgments and how to construct a group
choice from individual choices. For programmatic reasons of assignment, it is proposed
to aggregate individual judgments using equal weights. Individual expert comparison is
combined group wise by finding the average of individual responses. The average of responses is consistent with the Classical model earlier discussed in section 3.4.1.
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3.4.5 Limitations of analytic hierarchy process
As previously noted, subjectivity limits the outcome of AHP. The presence of
subjectivity would introduce uncertainties into the decision making, which could affect
the final outcome. In addition, analytic hierarchy process only gives direct qualitative
outcomes or relative comparisons. Many researchers such as Cengiz et al. (2006), Chang
(1996), and van Laarhoven and Pedrycz (1983) have attempted to Fuzzify the results of
AHP in other to achieve quantitativeness and reduce subjectivity. However, Saaty
(2007) has demonstrated that such approaches are ineffective and capable of creating
more uncertainties. This thesis proposes a combination of Classical model and AHP to
further reduce subjectivity in the AHP.

3.5 FAILURE FREQUENCY ASSESSMENT
The methodology for calculating failure frequency due to loss of containment is based on
statistical analysis of historical data. The model is capable of predicting the failure frequency of hydrocarbons transportation equipment, including oil and gas pipelines as long
as historical data with incident records are available for the structure. The failure frequency,  of the pipeline is then used as an input into the risk estimate:

Failure frequency (  ) * Total Consequence

=

Total Risk

According to Rigdon and Basu (2000), the failure frequency of a repairable system can
be modelled by one of the two common forms of stochastic models, the homogenous
Poisson process (HPP) and non-homogenous Poisson process (NHPP).
The homogenous Poisson process (HPP) is a function with constant intensity function
and its failure intensity is given as:

 (t )  1  ,

t 0

Where  is the mean time before failures (MTBF).

(1)

3.5 Failure Frequency Assessment

59

In contrast to HPP, NHPP has a time dependent rate of occurrence of failures and times
between failures are neither independent nor identically distributed. The NHPP is suitable to describe systems that deteriorate or improve over time. Two common models are
usually applied to model non homogenous Poisson process. They are the log-linear and
power law models.
Failure intensity in the log-linear model can be written as:

 (t )  exp(  t ), t  0

(2)

If   0 , then the intensity function,  (t ) is decreasing, and the system is improving.
However, if   0 , then the intensity function is increasing, and the system is deteriorating.
The failure intensity for power law model is normally in the Weibull form, and given as:

 (t ) 




t
 
 

 1

, t 0

(3)

Where the parameters of  and  are the shape and scale parameters of the failure intensity function, respectively. The intensity function decreases, if   1, and increases
if   1 . If   1 , the power law process reduces to a homogenous Poisson process with intensity function:

 (t )  1

(4)
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Figure 3.5: General diagram of formation of consequences due to pipeline rupture.

3.6 ANALYTICAL ASSESSMENT

OF

CONSEQUENCES

The analytical approach to estimating consequences of pipeline failure is briefly discussed, specifically life safety, environmental and economic consequences. Figure 3.5
gives an overview of the various elements involved in the loss of containment of vessels
(i.e., tanks, pressure vessels and other types of vessels used for the storage or processing
of oil and gas) and pipelines containing liquid.

3.6.1 Loss of life
The determination of public safety consequences involves estimation of mass release rates
and spill volume for each initiating effect. The results obtained are utilised to estimate
the pool radius for both a leak and a rupture. The hazard distance of an ignited spill
from the source of accidental release to human habitation is thereby estimated. Safety
risk is measured as individual risk and societal risk. Individual risk is defined as the an-
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nual probability of fatality due to possible failure of the pipeline for any unprotected individual located within the vicinity of the pipeline hazard zone. It is often presented as
contour lines on a topographic map (TNO, 1990).
According to the definition given by IChemE (1985), societal risk can be defined as the
relationship between frequency and the number of people suffering from a specified level
of harm in a given population due to the realization of specified hazards.
A simple measure of societal risk is the potential loss of life (PLL), defined, given by
Vrijling and van Gelder (1997) as:
E ( N )   x. f Ndij ( x).dx

(5)

Where f Ndij = the pdf of the number of deaths resulting from activity i in location j per
year
It can be modelled by the frequency of exceedance curve of the number of deaths (the
FN-curve) due to a specified hazard, if the specified level of harm is limited to loss of
life.

3.6.2 Environmental consequences
As depicted in Figure 3.5, the loss of containment of transportation vessels and liquid
pipelines will result in a spill on the ground or into water, depending on the location of
the spill. The environmental risk assessment component is focused on the likelihood,
size, and type of spills of hydrocarbon to the external environment. The process of environmental risk assessment includes significant hazardous operational events that potentially result in significant spill scenarios that can be defined through event tree analysis.
The likelihood of environmental consequences is estimated, taking into consideration the
type of initiating effect. Part of the consideration is whether a spill is detected and
cleaned up or not, and whether the pool distance is within an environmentally sensitive
areas such as a wetland, river or stream. In the event tree, environmental risk posed by
the vessel or pipeline is obtained by multiplying failure frequencies of small leak, large
leak and rupture for different failure hazards with environmental consequences obtained
from the event tree.
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A simplified generic event tree resulting from liquid spill is shown in Figure 3.6. The initiating effect is the event that triggers failure. In the case of loss of containment, the initiating effect would be spillage of hydrocarbon liquid. Once the liquid spills, it could either be immediately ignited or just spilled over to the ground surface or into water. The
resulting effect of ignition will then lead to a final scenario (event a, b, c or d) that
would determine the effect of the initiating effect on the environment. The event tree often take a more complicated fashion, and the one described here is indeed very simplified.
Initiating Effect

Ignition

Final Scenario

Event a
Yes
Event b
Liquid Spill

Event c
No
Event d

Figure 3.6: A simplified version of an event tree.

3.6.3 Economic Risk
Economic risk can be obtained from an F-D curve; which displays the probability of exceedance as a function of economic damage. Therefore, from pdf of the economic damage ( f D ( x)) , the F-D curve and the expected value of the economic damage, E (D) can be
derived.
In this analysis,


1  FD ( x)  P( D  x)   f D ( x)dx E (D)

(6)

x


E ( D)   xf D ( x)dx
0

(7)
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3.6.4 The total damage cost
The total consequences resulting from loss of containments can be combined in a single
approach based on dollar value (total damage cost). The total damage cost, T (D) is obtained by taken into consideration economic, safety and environmental consequences. A
good approach is obtained from the work of Stephens and Nessim (1995). They define
damage cost as the sum of product loss and service interruption loss. Environmental
consequences of pipeline failure is measured as the total cost of clean-up of oil spills and
cost of environmental damage. Safety loss is the cost of compensation for the loss of
human life.
In other words, total damage cost is given as

T ( D)  C prod  Cint  Cclean  C dmg N

(8)

Where:

C prod is the market value of lost product. It is given as the product of unit cost of product ( U prod ) and the volume of product lost ( Vloss ):
C prod  VlossU prod

(9)

Thompson (2001) estimated the cost of loss of throughput to pipeline operator, producer, and refinery to be 50% of the cost of the product. For example, the cost of loss
product will be $43 at $86 per barrel cost of product.

C int is the cost associated with service interruption. It can be estimated using the formula:
Cint  (Vdem  Vsup ).U tr

(10)

Where Vdem is the scheduled volume of gasoline to be delivered at the depot, Vsup is the
delivered volume of gasoline and U tr is the unit cost of product transportation.

Cclean is the cost associated with spill clean-up. The value depends on the failure mode,
the hole size, the weather conditions, and selected combinations of product and pipeline
attributes. It can also be subjectively estimated from company experts based on historical records.
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Cdmg is the cost of site restoration and compensation due to property damage. It takes

into consideration costs associated with facility repair and replacement, and property
damage to the operator and to third party’s properties. Based on five year data processed by Thompson (2001), it is estimated that average product damage due to corrosion for hazardous liquid pipeline will be $192,300 per incident (2001 rate), being 19% of
the total property damage due to pipeline failures. The value for the current year can be
estimated by using present value of money analysis.

 is a constant that converts the number of human fatalities, N into monetary value.
The number of fatalities may be estimated using:

N  t i Pod ,i , j  i Ai

(11)

Where: t is the time spent by a member in the hazardous zone, Pod ,i , j is the probability of
death at location i produced by event outcome j,  i is the population density (persons/m2) at location i, and Ai is the area of hazard location i. Pod ,i , j can be obtained from
the Probit function.
Probit functions according to Lees (1996) are given as:
For thermal impact of flash fire/pool burning:
Y  14.9  2.56lnL

Where L is thermal dose in s.(KW/m2) expressed as:
L  tI 4/3 10 4

t = exposed time (s) and I is thermal radiation intensity (kW/m2)
and for overpressure explosion due to vapour cloud emission as:
Y  46.1  4.82lnI

Where I is impulse (Ns/m2)
Many approaches have been proposed to the cost valuation of human life  . These include the CSX-Value approach, Willingness to pay (WTP), Value of a Statistical Life
(VSL), and the human capital approach (Arends et al., 2005).
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Consequently, Vrijling and van Gelder (2000) proposed an alternative method of valuing
human life based on the Nett National Product (NNP) per head of the country being
studied. Where: NNP is the difference between Gross National Product (GNP) and depreciation. Based on their work, an estimate of $450,000 to $800,000 range is proposed
for an average Dutch life. Similar approach in a Canadian case by Stephens and Nessim
(1995) utilised Economic value of life (EVOL). It resulted in an estimate of CND$
732,000.
EVOL is defined as:

EVOL  i  n
N

Pi Ei
(1  r ) i  n

Where r is discount rate used to obtain present value of future earnings that would be
lost, N is length of life (years), Pi is the probability of surviving till year i, Ei is earnings
in year i and n is age at death. A major disadvantage of the cost valuation of human life
is that extremely lower values may be obtained for developing countries, but this should
be accounted for from economic optimization of safety.

3.7 MODELLING LOSS OF CONTAINMENT SCENARIOS
In dealing with pipeline spills, besides the environmental and economic consequences, the
most severe hazards can be attributed to fires and explosions due to the formation of a
flammable cloud by gas fuel and subsequent ignition (Muhlbauer, 2004). For liquid hydrocarbon pipelines, resulting hazards could be in the form of jet fire, pool fire or vapour
cloud emissions, resulting in extensive damage both to individuals within the vicinity of
the hazard zone and the society at large. The analytical means of computing consequences of failure of petroleum pipelines is briefly discussed. Afterwards, the use of
software to model consequences is described.
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3.7.1 Conditional Probability of Release
The probability of release is a conditional probability that there will be release after the
occurrence of an incident. According to the United Kingdom’s Health and Safety Executive (HSE, 2001), the factors that will affect the rate of release for hydrocarbon include:


Hole size



Substance being transported



Release pressure



Pipeline elevation

Furthermore, hole size used to determine the conditional probability of release can be divided into three, namely:


Small leak – is described as a hole size with diameter of 10mm or less



Large leak - a hole size with diameter of greater than 10mm but less than the size
of a rupture



Rupture – Is a hole size of greater than ½ pipeline diameter and up to full-bore
rupture

3.7.2 Modelling Consequences of Failure
The analysis of consequences and physical effects of loss of containment scenarios involving flammable, explosive and toxic materials are conducted within the hazard zones.
The hazard zone is the region in which physical effect of the hazard exceeds critical
threshold values and induces negative impacts on people, environment and property
(economic assets). The type of the hazard and severity of the consequences are governed
by many factors. Among these factors is the quantity of substance released, process
conditions and toxicity of the substance, characteristics of population within the vicinity
of the release, and the weather conditions at the time of the incident.
There are many consequence and risk simulation models such as CANARY, PHAST FX,
RISKAT, WHAZAN, and SAFETI, etc. (Dziubinski et al., 2006; Mannan, 2005) available for modelling loss of containment. For this research in particular, the consequences
of pipeline failure are analysed using commercial software CANARY v.4.2, while SAFETI FX 6.5.1 is used for calculating individual and societal risk values. CANARY is used
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to calculate potential hazards following loss of containment. The software build-up is
based on available standards in literature. The majority of potential hazards include
toxic vapor cloud, flammable vapor cloud, unconfined vapor cloud explosion, pool fire,
torch fire, flare, BLEVE, and confined explosion can be modeled.
In consequence analysis, it is required that each selected release scenario be evaluated to
determine the extent and location of the hazards. In other words, to ensure accurate
prediction of physical effects from hazardous event, the correct modeling of the release,
dilution, and dispersion of gases and aerosols will be very critical. CANARY contains a
set of complex models that calculate release conditions, initial duration of the vapour
based on the release characteristics, and the subsequent dispersion of the vapour released
into the atmosphere. The software contain algorithms that account for thermodynamics,
mixture behavior, transient release rates, gas cloud density relative to air, initial velocity
of the released gas, and heat transfer effects from the surrounding atmosphere and the
substrate.
In addition, CANARY contains models for pool fire and torch fire radiation. These
models account for impoundment configuration, material composition, target height relative to the flame, target distance from the flame, atmospheric attenuation (includes humidity), wind speed, and atmospheric temperature. The models are based on information in the public domain and have been validated with experimental data. For vapor cloud overpressure calculations, the software employs Baker-Strehlow method. It accounts for the reactivity of the fuel in the vapor cloud, the size of the flammable vapor
cloud, and the degree to which the vapor cloud is obstructed or confined. The model is
based on experimental and historical observations of vapor cloud explosions and deflagrations, with relation to the amount of confinement and obstruction present in the volume occupied by the vapor cloud.

3.8 RISK BASED MAINTENANCE
The risk-based maintenance involves the calculation of individual risk and societal risk
values for each hazard type and associated consequences. The criteria for acceptable risk
is formulated, and used to assess if the risk are acceptable to individuals within the vi-
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cinity of a pipeline, and to the society at large. The pipeline/pipeline sections that have
risk values above the acceptable risk then become the targets for maintenance.
The time of presence of an individual in the hazardous zone is taken into account during
calculations of individual risk. The calculation of individual risk at a point along a pipeline is assumed to be the sum of all incident outcomes along the pipeline route and the
sum of all individual risks at that point. This is in line with the proposal of the Centre
for Chemical Processes Safety, CPS (2006).
Mathematically, individual risk is calculated as:

IRx, y    Pi .Li , j .P , i , j .P , i . Pi , j , k
i

j

(12)

k

Where  is failure frequency per km.year; Pi is release probability for release event i;

Li , j is length of release location zone j for release i (in km); P , i, j is the probability that
wind blows in release location zone j leading to event i; P , i is the probability of weather
condition required for release i. Pi , j ,k is the probability of fatality at location x, y for a
given release i given that incident outcome k occurs for release location zone j.
Both individual and societal risks are modelled using SAFETI (Software for the Assessment of Flammable, Explosive and Toxic Impact) by DNV. SAFETI is a very comprehensive quantitative risk assessment tool available for assessing process plant risks. The
software can perform all the analytical, data processing and results presentation elements
of a QRA within a structured framework. In addition, SAFETI possess the capability to
analyse complex consequences from accident scenarios, considering the local population
and weather conditions, to quantify the risks associated with the release of hazardous
chemicals (SAFETI user guide, 2011)
Societal risk is represented by an F-N plot that defines the relationship between frequency and the number of people suffering from fire and explosion due to fuel spills. SAFETI
supports the detailed calculation and assessments of societal risk, in the form of risk contours, F-N curves and rankings of risk contributors. The parameters considered in the
societal risk analysis include population, incident frequency and weather conditions.
Next to risk calculations, risk acceptability criteria are defined based on available international standards. The decision process on the acceptability of risk is generally based
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on two views. Firstly, from the view of an individual who decides to undertake a risky
activity, having a pre-knowledge of the consequences of such activities and weighting it
with direct and indirect benefits derived from its performance. Secondly, from societal
perspective in which an activity is judged acceptable, based on the risk-benefit trade-off
for the total population. The acceptable risk criteria are then used to judge the potential risks of a petroleum pipeline failure. The procedures are explained in more details in
chapter 7.
The maintenance procedure involves two steps, namely maintenance strategy selection
and maintenance optimization. The maintenance strategy selected is based on the type
of failures experienced. For internal corrosion, inline inspection may be selected, for
third party failure, the best strategy may be patrolling. The total cost due to failure will
take into consideration the cost of failure and maintenance cost. The maintenance optimization goal will be to minimise the total cost of failure. In addition, optimum maintenance interval for segments of pipelines needing inspection and maintenance will be calculated, while satisfying the constraints of cost and risk minimization.

3.9 CONCLUSIONS
The methodology for risk-based maintenance proposed in this thesis has been discussed.
The key components in the proposed methodology are: (i.) Risk ranking procedure that
is intended to identify pipelines or pipeline segments within a system that present unacceptable levels of risk and (or) identify segments that would benefit the most from expenditures on risk reduction through integrity maintenance activities; and (ii.) a decision
analysis framework that is intended to determine the quantitative risk estimates for
pipeline segments identified through risk ranking procedure, and (iii.) optimal maintenance activities for pipeline/segments that need risk reduction.
The risk ranking stage is based on the application of analytical hierarchy process, and a
structured expert model introduced in the decision making to address subjectivity inherent in AHP. In addition to prioritizing segments for maintenance, the model is capable
of determining the uncertainty in the estimation of the probability of failure of pipelines.
It is found that when quantitative risk assessments cannot be conducted due to lack of
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data, the AHP-expert judgment model could be sufficient to calculate risk values for
pipelines and pipeline segments.
The proposed risk based maintenance optimization technique involves the use of commercial software, CANARY v.4.2 to model consequences due loss of containment in a
cross-country pipelines. In addition, SAFETI FX 6.5.1 software will be used to calculate
individual and societal risks. The risk levels are checked for acceptability, based on predefined acceptable risk criteria. Then, integrity maintenance activities are proposed for
the segments with risk values greater than acceptable values, and optimal set of inspection and maintenance activities are proposed.
The benefit of the framework is that it is robust and can be applied to oil, gas, or product pipelines. It addresses the problem of insufficient data through the use of structured
expert judgment and AHP to rank pipeline segments and calculate risk values. The
modelling of hazard scenarios is very useful when detailed analysis is required. Furthermore, by calculating risk values and acceptable risk criteria, pipeline operators could be
able to satisfy the requirements of the regulatory agencies.
The framework will be utilised in different chapters of this thesis. Chapter 4 will present
the AHP and structured expert judgment model and apply it in a case study. The failure frequency calculation procedure is explained in more detail in chapter 5. The hazard
scenario due to loss of containment in a natural gas and gasoline pipeline is modelled in
chapter 6 based on the proposed risk calculation model. In chapter 7, the framework for
determining the acceptable risk criteria from both individual and societal perspectives is
discussed in more detail. The risk based maintenance strategy is again applied in a case
study in chapter 8 to give an overview of the different models presented in this thesis.

Chapter 4
DECISION BASED RISK MANAGEMENT

4.1 INTRODUCTION
In this chapter, a model is constructed for risk management of crude oil pipeline subject
to rupture based on a methodology that incorporates structured expert judgment and
analytic hierarchy process (AHP). The risk model calculates frequency of failure and
their probable consequences for different segments of pipeline, considering various failure
factors. Specifically, structured expert judgment is used to provide frequency of failure
assessments for identified failure factors of the pipeline. In addition, AHP approach is
utilised to obtain relative failure likelihood for attributes of failure factors with very low
probability of occurrence. Finally, the expected cost of failure for a given pipeline segment is estimated by combining its frequency of failure and the consequences of failure,
estimated in terms of historical costs of failure from the pipeline operator’s database. A
real case study is used to demonstrate the application of the proposed methodology.

4.2 MULTI-CRITERIA DECISION ANALYSIS TECHNIQUES
According to Gabbar and Kishawy (2011), integrity of pipelines is the cornerstone of
many engineering systems. That explains why pipeline maintenance is taken very seriously by major service companies, especially those involved in the transmission of oil and
gas. Two major factors have been the driving force behind this challenge. These are the
need to minimise costs of operation, and doing it without compromising on risk. The
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huge impact of pipeline failure on operational costs has necessitated the development of
effective risk management strategies to help mitigate potential risks. Ideally, most pipeline operators ensure that during design stage, safety provisions are created to comply
with theoretical minimum failure frequency for the pipeline. Quantitative risk assessment has been a valuable tool in minimizing risks as well as complying with minimum
safety requirement for engineering structures.
Quantitative risk assessment of pipeline networks is complex and can sometimes be laborious due to differences system networks. According to Huipeng (2007), one approach to
simplify QRA process is the use of hierarchical approach. Indeed, hierarchical methods
such as Fault Tree Analysis, Event Tree Analysis and Failure Mode Event Analysis have
found applications in risk assessment for complex structures (Dhillon and Singh, 1981).
However, such methodologies are data intensive. The rupture of pipelines occurs in most
countries rarely, and as such the data of failures are often insufficient to carry out a
thorough hierarchical approach. Also, when failure data are gathered, the classifications
may not cover all the known failure factors and attributes.
A systematic approach to risk ranking and risk management of pipeline failure has been
proposed in chapter 3. The proposed methodology involves a combination of two wellknown techniques; AHP and Cooke’s classical model for expert elicitation in the context
of pipeline maintenance decision support. Developed by Saaty (1980), AHP fundamentally works by using opinions of experts in developing priorities for alternatives and the
criteria used to judge the alternatives in a system. The classical model proposed by
Cooke (1991) is a structured expert judgment based approach. The model is able to
provide rational probability assessments, and has been successfully applied to over fortyfive expert elicitation case studies covering both academic and industrial areas by Cooke
and Goossens (2008).
The unique feature of the approach is that two well-known methodologies are combined
to achieve quantitative risk assessment of pipeline assets. One main benefit of the approach is that subjectivity in AHP is reasonably reduced since classical model entails
performance-based calibration of experts. In other words, experts’ inputs are utilised
based on the consistency of experts during elicitation process. The risk assessment results include quantitative estimate of frequency of failure instead of relative ranks expected from a stand-alone AHP. The fact that AHP’s output are ranks and not proba-
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bility can be seen as a major setback to its application in risk analysis. By combining
quantitative estimates from classical model with relative ranking from AHP, frequencies
of failure of pipeline segments can be estimated, taking uncertainty into consideration.
In a case study, classical model is used to obtain frequency of failure due to rupture for
an existing crude pipeline system. The pipeline system is divided into three different
segments, and the level of risk for each segment can be determined. Five failure factors
considered are external interference, corrosion, structural defects, operational errors and
other minor failures. Four of the failure factors are further sub-divided into attributes as
follows:


External interference (sabotage and Mechanical Damage)



Corrosion (Internal and External Corrosion)



Structural defects (Construction Defect and Material Defect)



Operational errors (Equipment failure and Human Error)

Analytic hierarchy process is then used to rank segments of pipeline risk-wise, by obtaining relative proportion of attributes with respect to the failure factors. The motivation
for AHP is due to the realization that experts find it more difficult to estimate the frequency of failure of failure attributes, with generally low probability of occurrence. In
essence, it was proposed to conduct pairwise ranking of the attributes using AHP. In
addition, failure costs for each failure factor/attribute is estimated based on historical
failure expenditure data obtained from the pipeline company. The expected cost of failure due to rupture on each of the pipeline segment is then calculated based on the frequency of failure and failure costs.
The risk based ranking of pipeline segments is valuable to oil and gas companies in prioritizing inspection and maintenance activities of pipelines, ranking causes of failure by severity of impact, and in budget allocation to maintenance activities. The results could
also prove valuable in arriving at a design, redesign, construction and monitoring decision for existing and new pipelines. The remainder of the chapter is classified into four
sections. Section 4.3 presents a case study of cross-country crude pipeline to illustrate
the proposed methodology. Section 4.4 applies the frequency of failure and failure costs
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hitherto obtained in the model to provide risk management philosophy for pipeline segments, and section 4.5 draws the conclusion.

4.3 DECISION MODEL APPLICATION
4.3.1 Background information
The application of the proposed Classical-AHP model for risk ranking and assessment is
illustrated based on the case study of a crude oil pipeline owned by the Nigerian Petroleum Development Company (NPDC). Some figures of the pipeline have been slightly
modified for proprietary reasons. The pipeline system was commissioned in 1989 and
supply crude oil within the south western region of Nigeria. The pipeline is 24 inch in
diameter and 340 km in length. The design pressure and operating temperature of the
pipeline are 100 bar and 26.8oC respectively. The material of the pipeline is made from
API5L X42 carbon steel, with a concrete type coating. The pipeline is basically located
onshore but connects a compressor station located offshore.
In the analysis, the entire pipeline is classified into three segments (X1, X2 and X3), in
line with its natural stretch. AHP-Classical model is utilised to assess the risks related
to the pipeline by arranging the segments of pipeline into a hierarchical ranking of risk.
The aim of the analysis is to prioritise the most critical segments of pipeline to various
failure factors due to rupture.

The analysis also takes into consideration the human,

environmental and financial consequences of accidents which may occur in any segment
of pipeline.
In order to start the analysis, six pipeline experts from the company are invited and
trained on the application of the model. Failure data sheet of each pipeline segment is
made available to the experts. The failure data sheet contains information related to
pipeline repair history, design parameters, inspection records, and current operating conditions. All the experts are familiar with the pipeline and pipeline segments under
study. They participated in both structured expert judgment and AHP based pairwise
ranking of the pipeline segments. The procedure is explained separately below.
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4.3.2 Estimation of failure frequency using the classical Model
Estimation of failure frequencies and uncertainties are carried out based on the Classical
model. Five failure factors were considered for each pipeline segment, and the failure
factors are actually the target variables in the Classical model. In total, twenty eight
variables were obtained, considering five target variables for each segment of the pipeline
and ten seed variables that are used to calibrate the experts. The seed variables are obtained using generic equipment failure rates from literature and books to calibrate the
experts. Initially, the experts were elicitated on the values of the seed variables. Each
expert is specifically require to provide 5%, 50%, and 95% quantiles of uncertainty distributions for the frequency of failure (in kmyr) by rupture due to the failure factors for
each of segment X1, X2 and X3 of the pipeline.

4.3.3 Expert Calibration
The experts’ responses are processed using EXCALIBUR software. The outcome of expert calibration based on performance on the “seed” variables are displayed in table 4.1.
The optimal decision maker (ODM) is also computed. The ODM is obtained as the
normalised weighted linear combination of the experts’ distributions. In EXCALIBUR,
the experts’ distributions can be combined using either global weight, item weight or equal
weight. However, in this approach global weight is used because it possesses the best calibration and unnormalised weight – which is the combined score of the experts.
The calibration of experts in table 4.1 reveals that the best experts (in an increasing order) are experts 1, 6 and 4 with normalised weights of 0.248, 0.30 and 0.452 respectively.
The other experts (2, 3 and 5) have very low calibration scores and their individual
weights are not considered in the optimal decision maker. Therefore, only experts 1, 6
and 4 form the decision maker. The calibration and information of the optimal decision
maker is calculated based on global weight, as discussed before. The outcome confirms
the assertion by Aspinall (2011) that the ODM calculated based on global weight (calibration = 0.474) would possess the best calibration than item weight based decision maker
(calibration = 0.29) and equal weight based decision maker (calibration = 0.11). In addition, it is found that the ODM is better calibrated and its unnormalised weight dominates that of the best experts (1, 4 and 6). However, based on relative information realization, it can be said that the decision maker is less informative than the best experts.
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Table 4.1: Results of expert calibration and optimal decision maker
Relative information

Unnormalised

Normalised

Realization

weight

Weight DM

0.036

2.968

0.106

0.248

2

0

3.738

0

0

3

0.001

2.201

0

0

4

0.101

1.906

0.193

0.452

5

0

2.553

0

6

0.036

3.584

0.128

Global DM

0.474

1.606

0.761

Item DM

0.290

1.853

0.537

Equal DM

0.114

0.989

0.112

Expert

Calibration

1

0.300

4.3.4 Robustness analysis
Robustness analysis is performed on the seed variables and the experts. In the robustness analysis, the variables of interest are removed one at a time and the analysis is repeated until all variables have been covered. The robustness analysis on the experts
shown in table 4.2, indicate that the calibration score will range from 0.474 to 0.55.
These scores are well above the calibration score of 0.29 and 0.114 obtained for the item
weight DM (Item DM) and equal weight DM (Equal DM) respectively in table 4.1. Similarly, robustness of the seed variables is analysed, and found to range from 0.405 to
0.731 (table 4.3). The initial calibration score obtained for the Global DM in table 4.1 is
0.474. The analysis confirms the robustness of both the experts and the seed variables,
when calibration and information scores of the new decision makers (tables 4.2 and 4.3)
are compared with that of the original decision maker (table 4.1).
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Table 4.2: Robustness analysis of the experts
Excluded Expert

Information to
Background Realization

Calibration

Information to
original DM realization

1

1.323

0.550

0.285

2

1.606

0.474

0.001

3

1.082

0.474

0.052

4

2.426

0.244

0.824

5

1.199

0.474

0.038

6

1.238

0.474

0.278

None

1.606

0.474

0

Table 4.3: Robustness analysis of the seed items
Excluded

Information to

Seed Variable

Background Realization

1

1.129

0.405

0.549

2

1.569

0.571

0.194

3

1.701

0.405

0.227

4

1.132

0.571

0.167

5

2.452

0.593

0.821

6

1.179

0.731

0.737

7

0.958

0.571

0.593

8

1.626

0.405

0.095

9

1.346

0.571

0.287

10

1.804

0.405

0.133

None

1.606

0.474

0

Calibration

Information to
original DM realization

4.3.5 Resulting solution
The resulting solution is the combined Decision Maker’s distribution of values assessed
by experts that contribute to the ODM. The DM optimization is achieved at a significance level of 0.0358, giving 96.4% acceptable level. The acceptance level is acceptable
and the outcome of the structured expert judgment on the frequency of failure of the
pipeline due to the identified failure factors for pipeline segments X1, X2 and X3 is satisfactory. Detailed results of the calculation of failure frequencies are given in table 4.4.
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The 50% uncertainty frequencies of failure for segments X1, X2 and X3 are 2.28E-3 per
km.yr, 1.75E-3 per km.yr and 1.73E-3 per km.yr respectively.
Table 4.4: Resulting solution for the decision maker
Item

5%

50%

95%

Failure Factor

1-X

0.00025

0.00132

0.00479

Ext. Interference

2-X

9.29E-5

0.00045

0.00402

Corrosion

3-X

3.97E-5

0.00022

0.00064

Structural Defects

4-X

5.37E-5

0.00016

0.00080

Operational Error

5-X

2.37E-5

0.00013

0.00041

Other Failures

4.6E-4

2.28E-3

10.66E-3

Total Failure

1-Y

1.02E-4

0.00114

0.00332

Ext. Interference

2-Y

3.20E-5

0.00022

0.00317

Corrosion

3-Y

1.64E-5

0.00016

0.00054

Structural Defects

4-Y

2.14E-5

0.00012

0.00059

Operational Error

5-Y

1.02E-5

0.00011

0.00033

Other Failures

1.82E-4

1.75E-3

7.95E-3

Total Failure

1-Z

8.20E-5

0.00122

0.00244

Ext. Interference

2-Z

2.67E-5

0.00021

0.00241

Corrosion

3-Z

1.36E-5

0.00012

0.00040

Structural Defects

4-Z

1.76E-5

0.00020

0.00048

Operational Error

5-Z

6.97E-6

0.00008

0.00024

Other Failures

1.47E-4

1.73E-3

5.97E-3

Total Failure

Segment X1

Segment X2

Segment X3

The overall failure frequencies compare favourably with results reported in literatures.
For example, Little (1999) reported a value of 0.42E-3 per km.yr for frequency of failure
among Western Europe petroleum pipelines, 0.3E-3 per km.yr for cross country oil pipelines in United Kingdom, and 0.53E-3 per km.yr for total failure of USA Department of
Transportation’s liquid pipelines. The difference between these values and the frequency
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of failure obtained for the case study could be due to difference in location, physical and
process properties of the pipelines. These factors have been shown to have significant influence on frequency of failure of pipelines (Restrepo et al., 2009).
From table 4.4, using 50% quantile estimate, it appears X1 is the most vulnerable among
the three pipeline segments, having the highest frequency of failure, followed by X2 and
then X3. However, it is interesting to note that X3 has the highest frequency of failure
due to operational error. This can be explained partially by the fact that there are more
control valves that involve manual operations in X3 compared to X1 and X2. Operation
of control valves by operators could have given rise to operational errors, and is a potential target for risk mitigation.

4.3.6 Relative Estimate of failure attributes
In this step, AHP is utilised to determine likelihood of rupture due to the failure attributes. The six experts that participated in the study are provided with questionnaires
that describe features of pipeline segments X1, X2 and X3. The questionnaires are formulated so as to select pipeline segment based on risk of rupture, considering all the failure attributes (sabotage, mechanical damage, internal corrosion, external corrosion, construction defect, material defect, equipment failure and human error, and minor failures).
The questionnaire format is in Appendix III – Expert Judgment Questionnaire.

4.3.7 Construction of hierarchy
A hierarchy tree of the decision problem is constructed using Web-HIPRE software, version 1.22. The tree (Figure 4.1) contains information on the goal (selection of pipeline
segment), criteria (failure factors) and sub-criteria (attributes). The decision alternatives are the three pipeline segments (X1, X2 and X3). The hierarchy tree structure
provides the decision makers an overall view of the entire problem, through the linking
of the decision variables to the overall goal via the attributes and the criteria. The tree
aids the decision maker in comparing elements that are on the same level of hierarchy.
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Figure 4.1: Hierarchical tree for the selection of pipeline segments based on likelihood of rupture

4.3.8 Results of pairwise comparison
Individual expert opinion on the pairwise comparison of the attributes and the pipeline
segments were separately collected and analysed using analytic hierarchy process. The
outcome of the comparison is a pairwise matrix for the failure likelihood of the pipeline
segments, based on the judgment of each expert. Initially, the outcome varied from one
expert to another until a general session was held in other to establish a common consensus. For all the calculations, the average Consistency Matrix (CM) obtained from
Web-HIPRE software range from 0 to 0.16. Thus the logical consistency of the elicitation
is acceptable.
Results of pairwise comparison of attributes and pipeline segments shown in table 4.5 indicate that sabotage contributes 52.5% to the likelihood of pipeline rupture. This was
corroborated by the experts. External corrosion, with a percentage of 15.3% has the second highest likelihood of pipeline rupture. The other factors combined accounted for
32.2% of the failure likelihood. The overall failure likelihood for each pipeline segment
was synthesised using Web-HIPRE software. The outcome reveals that X1, X2 and X3
have likelihood of failure of 48.8%, 31.6% and 19.6% respectively. The conclusion is that
X1 is the more prone to rupture and X3 is the least prone to rupture. The conclusion of
AHP analysis is also in agreement with the conclusion from Classical model in table 4.4.
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Table 4.5: Pairwise ranking of failure criteria and likelihood
LikeliFailure Factors

External Interference
Corrosion
Structural Defects
Operational Error
Others

Attributes

hood

Sabotage

Pipeline segment
X1

X2

X3

0.525

0.271

0.179

0.076

Mechanical Damage

0.081

0.051

0.019

0.011

External Corrosion

0.153

0.093

0.041

0.018

Internal Corrosion

0.061

0.009

0.021

0.031

Construction Defect

0.045

0.023

0.014

0.009

Materials Defects

0.021

0.006

0.007

0.008

Equipment failure

0.050

0.009

0.018

0.024

Human error

0.019

0.003

0.007

0.009

Others

0.044

0.023

0.011

0.010

0.488

0.316

0.196

Overall

Table 4.6: Maintenance strategy for pipeline failures
Failure Factor
External Interference
Corrosion
Structural Defects
Operational Error

4.4

Attributes

Maintenance Strategy

Sabotage

Patrolling

Mechanical Damage

Pipeline Marking/Improved Right of Way

External Corrosion

Pipe coating

Internal Corrosion

Intelligent pigging survey

Construction Defect

Reconstruction/ Replacement

Materials Defects

Replacement of pipelines

Equipment failure

Replacement of faulty equipment

Human error

Operator training

RISK RANKING

AND

RISK ASSESSMENT

OF

PIPELINE

4.4.1 Inspection and maintenance strategy
Part of the risk management procedure is to formulate an appropriate inspection and
maintenance strategy for pipelines. Broadly speaking, the selection of maintenance
strategies for a given failure factor depends on a number of factors that include failure
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attributes, maintenance cost, failure history, level of risk, and acceptability of risk. Table
4.6 gives some possible strategies for the failure factors and attributes identified for the
pipeline under study. However, it should be noted that the selection of a particular inspection technique depends on the experience of pipeline operator.

4.4.2 Expected failure cost
For each pipeline segment, severity of failure is estimated from historical failure costs
from database of the pipeline company. The failure costs obtained from the database
could not be used directly due to proprietary reasons. The original data was slightly adjusted, and estimates were used in the risk calculations. However, the determination of
cost of failure is based on the category of failure. In the Nigerian context, the category
of failure in US dollars includes small failure (less than $50,000), medium failure
(between $50,000 and up to $200,000), large failure (between $200,000 and $1 million)
and catastrophic failure (more than $1 million).

4.4.3 Risk Ranking of pipeline segments
In table 4.7, pipeline segments X1, X2 and X3 are ranked based on level of risk. The result of frequency of failure (table 4.4) shows X1 as the most vulnerable among the three
segments, followed by X2 and then X3. However, when failure costs are taken into account and the expected cost of failure is calculated (table 4.7) for 50% uncertainty measure of frequency of failure, the trend changed. The system with highest risk remains X1
but X3 now ranked higher based on expected level of risk than X2.
Table 4.7: Expected Failure Cost for pipeline segment X1, X2 and X3

Pipeline
Segment

Frequency of Failure (per km.yr)
5%

Failure cost

50%

95%

(‘$000)

Expected cost
of Failure
($ per km.yr)

Risk
ranking

X1

4.6E-4

2.28E-3

10.66E-3

5,100

11.6

1

X2

1.82E-4

1.75E-3

7.95E-3

2,095

3.67

3

X3

1.47E-4

1.73E-3

5.97E-3

2,425

4.20

2
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In table 4.8, the ranking obtained from AHP (based on outcome result in table 4.5) is
combined with severity of failure to calculate the expected cost of failure for each pipeline segment at 50% uncertainty measure of frequency of failure. The failure cost calculation shows that the allocation of equal maintenance resources to the three segments
will be a less effective maintenance strategy, since they differ in expected cost of failure.
The analysis would help pipeline operators to put all failures in right perspective in the
context of integrity maintenance.

Table 4.8: Total risk assessments for cross-country crude oil pipeline

Failure

Pipeline

Factor

segment

External
Interference

Corrosion

0.00479

X2

1.02E-4

0.00114

0.00332

X3

8.20E-5

0.00122

0.00244

X1

9.29E-5

0.00045

0.00402

X2

3.20E-5

0.00022

0.00317

X2

X1

Error

Other
Failures

95%

0.00132

X3

Operational

50%

0.00025

X1

Defects

Attributes
5%

X1

X3

Structural

Frequency of Failure (per km.yr)

X2

2.67E-5
3.97E-5
1.64E-5
1.36E-5
5.37E-5
2.14E-5

0.00021
0.00022
0.00016
0.00012
0.00016
0.00012

0.00241
0.00064
0.00054
0.00040
0.00080
0.00059

X3

1.76E-5

0.00020

0.00048

X1

2.37E-5

0.00013

0.00041

X2

1.02E-5

0.00011

0.00033

X3

6.97E-6

0.00008

0.00024

Relative
Rank

Frequency of Failure (per km.yr)

Failure
Cost

5%

50%

95%

(‘$000)

Expected Cost
of Failure
(‘$000 per km.yr)

Sabotage

0.271

2.10E-4

1.11E-3

4.03E-3

2,200

2444

Mechanical Damage

0.051

3.96E-5

2.09E-4

7.59E-4

1,000

209.1

Sabotage

0.179

9.22E-5

1.03E-3

3.00E-3

800

824.5

Mechanical Damage

0.019

9.79E-6

1.09E-4

3.19E-4

400

43.8

Sabotage

0.076

7.16E-5

1.57E-3

2.13E-3

1,000

1572.4

Mechanical Damage

0.011

1.04E-5

2.28E-4

3.09E-4

500

113.8

External corrosion

0.093

8.47E-5

4.10E-4

3.67E-3

300

123.1

Internal corrosion

0.009

8.20E-6

3.97E-5

3.55E-4

200

7.9

External corrosion

0.041

2.12E-5

1.45E-4

2.10E-3

120

17.5

Internal corrosion

0.021

1.08E-5

7.45E-5

1.07E-3

80

6.0

External corrosion

0.018

9.81E-6

7.71E-5

8.85E-4

120

9.3

Internal corrosion

0.031

1.69E-5

1.33E-4

1.52E-3

100

13.3

Construction defect

0.023

3.15E-5

1.74E-4

5.08E-4

80

14.0

Material defect

0.006

8.21E-6

4.55E-5

1.32E-4

20

0.9

Construction defect

0.014

1.09E-5

1.07E-4

3.60E-4

30

3.2

Material defect

0.007

5.47E-6

5.33E-5

1.80E-4

10

0.5

Construction defect

0.009

7.20E-6

1.06E-4

2.12E-4

35

3.7

Material defect

0.008

6.40E-6

9.41E-5

1.88E-4

15

1.4

Equipment failure

0.009

4.03E-5

1.20E-4

6.00E-4

800

96.0

Human error

0.003

1.34E-5

4.00E-5

2.00E-4

400

16.0

Equipment failure

0.018

1.54E-5

8.64E-5

4.25E-4

400

34.6

Human error

0.007

5.99E-6

3.36E-5

1.65E-4

200

6.7

Equipment failure

0.024

1.28E-5

1.82E-4

3.49E-4

400

72.7

Human error

0.009

4.80E-6

6.82E-5

1.31E-4

200

13.6

0.023

2.37E-5

1.30E-4

0.00041

100

13.0

0.011

1.02E-5

1.10E-4

0.00033

55

6.1

0.010

6.97E-6

1.20E-4

0.00024

55

6.6

Other Failures
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4.5 MAINTENANCE OPTIMIZATION
A life cycle maintenance model can be derived for the failure attributes based on failure
parameters developed in table 4.8 above. There are many techniques that can be defined
to solve a maintenance optimization problem. These techniques include the optimization
of reliability, minimizing downtime, minimizing production loss, and minimizing quality
loss and expected total costs per unit time. The functions are defined based on a number of variables, including the type of production systems, the production philosophy and
the level of demand of the product (Chareonsuk et al., 1997).
Maintenance optimization proposed in this thesis involves the combination of two approaches:
(i.)

Minimizing the expected total cost function.

(ii.)

Maximizing the benefit-to-cost ratio.

The total cost function E[C |  ] is applied to achieve a robust risk assessment. A major
benefit of this approach is that it measures risk as cost spread over time. Furthermore,
several benefits of the approach such as its reliability and robustness have been demonstrated in Restrepo et al. (2009).
The determination of total cost function can be very challenging, especially due to the
difficulty in measuring potential safety loss in monetary terms. This is very controversial
and somewhat political. In addition, the total cost function is data intensive as it will be
demonstrated in section 4.5.1 below. Another shortcoming of the expected total cost
function E[C |  ] model is that statistical parameters of failure  and  have to be available before maintenance optimization can be carried out. As it should be expected, it is
generally difficult to obtain these parameters when adequate failure data are not available.
The benefit-to-cost ratio measures the amount of benefit derived from conducting
maintenance activity relative to the cost expended in carrying out the maintenance. The
limitations in the total cost function model generally make it impractical to apply the
model to achieve maintenance optimization where failure parameters have been estimat-
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ed in an AHP-Classical model. Therefore, benefit-to-cost ratio serves as a buffer in the
case that E[C |  ] cannot be applied or if its application fails to achieve a global optimum. In analysing operating facility for maintenance optimization, there are indeed instances whereby minimizing the expected total cost would not necessarily lead to optimality (Dawotola et al., 2012). In such cases, maintenance optimization can be extended to
include maximization of the benefit derived from risk reduction (Jiang 2006; Natti 2008).
An additional benefit of the model is that it is less data intensive and can be applied to
both qualitative and quantitative risk models. The benefit-to-cost model is thereby presented in section 4.5.2 below to allow the application of maintenance optimization in the
AHP-Classical model.

4.5.1 Expected Total Cost Function Model
The expected total cost function E[C |  ] model optimises the maintenance interval and
searches for a balance between preventive and corrective maintenance costs based on the
time-based failure behaviour of the pipeline. For a single maintenance cycle,  it is
mathematically computed as:

E[C |  ]  Cr * P{t |  }  C p * [1  P{t |  }]

(1)

Where Cr and C p are corrective maintenance and preventive maintenance costs respectively. The corrective maintenance cost consists of replacement cost, downtime cost and
consequences of failure (damage cost). The preventive cost on the other hand, is obtained from inspection cost and downtime cost. It is expected that the downtime cost
due to preventive maintenance cost will be less than or at most equal to downtime cost
due to corrective maintenance cost.
The term P{t |  } is the conditional probability that at time, t the system survives failure,
given that it did not fail until  . The reliability function is described by R(t )  1  P{t |  } .
The mean time before failure can be obtained from R(t ) or vice-versa by solving:


MTBF   R(t )dt
0

Similarly, the expected length of maintenance cycle E ( ) is given as:

(2)
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E ( )   R(t )dt

(3)

0

The cost per unit time ( Q ), otherwise known as the asymptotic cost rate is the ratio of
the expected cost over a renewal cycle to the expected length of renewal cycle. It is given by van der Weide et al. (2010) as:

Q

E[C  ]
E ( )



Cr * P{t |  }  C p * [1  P{t |  }


(4)

 R(t )dt
0

P{t |  } which is the conditional probability described earlier can be further expressed as:
P{t |  } 

P[t   ]
P[ ]

(5)

Using T  t   , for the interval from t to T equation (1) becomes:

 P(T ) 
 P(T ) 
E[C |  ]  Cr 
  C p 1 

 P( ) 
 P( ) 

(6)

Equation (6) is the equation for maintenance cost of the pipeline during the interval t to
T . Assuming that the service life of the pipeline is T , then the above expression for

the expected total cost can be generalised into:
E[C |  ] 

T



C P(T )  C {1  P(T )}
r

p

(7)

Substituting for R(T ) , the equation becomes:
E[C |  ] 

T



C P(T )  C R(T )
r

p

(8)

The failure frequency of any failures that can be described by a homogenous Poisson
process has a constant value (  ). In addition, its failure distribution function and reliability function are given as:
P(T )  1  e t and R(T )  et , respectively.
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The expressions for P(T ) and R(T ) can be substituted into equation (8) to obtain
E[C |  ] for the homogenous Poisson process case.

Similarly, for Power law model, the failure distribution function at any given time, t is
given by:

t
P(T )   (t )   
  

 1

, t 0

(9)

Where, the parameters of  and  are the shape and scale parameters of the failure
intensity function, respectively. The intensity function decreases if   1 and increases
if   1 . If   1 , the power law process reduces to a homogenous Poisson process with
intensity function:  (t )  1 . If  (t ) is decreasing, then the system is improving.

The maximum likelihood estimates (MLE) of  and  for a time truncated data having

N number of failures is given as:
̂ 

N
N

 log( t t )

(10)

i

i 1

and

ˆ 

t
ˆ

N1 

(11)

Where N = number of failures recorded before failure was truncated at time, t
Similarly, the reliability function for the Power law process is given as:

  t  
R(T )  exp    
    

(12)

Equation (9) and (12) is substituted into equation (8) to obtain the final expression for
E[C |  ] under the power law case.

The optimum maintenance interval  is the time that minimises equation (8). It is obtained by solving for  that satisfies this equation.
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4.5.2 Benefit-to-Cost Ratio Model
The benefit-to-cost ratio for a repairable system can be defined by considering the cost of
failure and the benefit derived from preventing the occurrence of failure. The benefit derived from periodic preventive maintenance, B( ) can be defined as the product of the
average difference in the reliability of the equipment with and without maintenance and
the incidence cost, Cinc (Lappa et al. 2006). The cost of failure can be estimated from
the expression for expected cost of failure, E[C |  ] in equation (8) above.
This expression for determining B( ) is stated as (Ghosh and Roy, 2009):

 1
B( )  Cinc 
 T

 T
 T
 

 e  1 e  1
 1 e 






1  e   
 

 1 e


(13)

Where Cinc is the incidence cost, which is the cost due to lost production and financial
losses due to equipment failure.  is equipment failure frequency.
The B/C ratio due to maintenance activity is defined as:

B / C ratio 

B( )
E[C  ]

(14)

Eq. 8 can be maximised to achieve optimum maintenance in the case of constant failure
frequency.

4.5.3 Optimum Maintenance Interval
The B/C ratio model defined in Eq. 14 is applied to model the maintenance optimization
of pipeline segment – X1 using direct enumeration. The parameters defined for the failure factors (external interference, corrosion, structural defect, and operational error) in
table 4.8 are used to determine the optimum maintenance schedule for the pipeline segment. The outcome of the maintenance optimization presented in Figures. 4.2 to 4.5 below show that external interference requires preventive maintenance every 2.5 yrs., corrosion requires preventive maintenance every 3 yrs., structural defect every 5 yrs., and operational error every 5.5 yrs.

4.5 Maintenance Optimization

Figure 4.2: Maintenance Optimization of pipeline under external interference

Figure 4.3: Maintenance Optimization of pipeline under corrosion

Figure 4.4: Maintenance Optimization of pipeline under structural defect
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Figure 4.5: Maintenance Optimization of pipeline under operational error

The plots show that external interference requires more regular preventive maintenance
compared to the other failure factor, while operational error requires the least. This is
indeed expected owing to the fact that compared to other failure factors, external interference and operational error result in the highest and lowest frequency of failure respectively. Similarly, the corresponding benefit-to-cost ratios and the maintenance costs required to achieve the maintenance cycles are depicted below in table 4.9
Table 4.9: Maintenance Optimization of Pipeline segment-X1

Failure Factor

External
Interference

Corrosion

Structural

Operational

Defect

Error

Frequency of Failure (per km.year)

1.32E-3

4.50E-4

2.20E-4

1.60E-4

Expected maintenance cost($ m)

0.86

0.45

0.25

0.20

Maintenance Interval (yr)

2.5

3.3

5.0

5.5

Benefit-to-Cost Ratio

3.07

6.64

9.13

9.69

4.6 CONCLUSIONS
A decision based model has been presented for risk ranking and risk assessment management of crude oil pipelines. The model uses structured expert judgment and analytic
hierarchy process to predict the frequency of failure and severity of failure for a given
pipeline. The work hopes to contribute to the process of prioritizing transportation pipe-
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lines for integrity maintenance based on the results of risk ranking and risk assessment
conducted.
The assumption in the AHP model is that each expert would have equal weight in the final decision making. However, the assumption may prevent the decision maker in reaching an optimum conclusion, since equal representation may not always lead to rational
consensus. It has been demonstrated that an optimum decision making can be achieved
with the use of structured expert judgment based on the so-called classical model. The
classical model reveals that only three out of the six experts actually contribute to the
optimum decision making. In addition, the subjectivity inherent in AHP can be minimised through estimation of uncertainties in the expert elicitation, and by carrying out
maintenance optimization.
The case study revealed some interesting conclusions, which shows that location plays a
significant role in pipeline integrity, as expected cost of failure vary along pipeline segments. For the case study, external interference is found to be the most important failure criterion, representing over 50% of entire failures. The high likelihood of failure by
external interference is due to a somewhat high occurrence of sabotage acts and mechanical damage around the pipeline location. Therefore, increased surveillance along pipeline’s right of way would help improve pipeline reliability. Maintenance optimization requires that the pipeline segments be subjected to regular preventive maintenance.
The equations and building blocks for maintenance optimization models, expected cost of
failure and benefit-to-cost ratio are defined in this chapter. However, due to the limited
availability of data, the latter expression was applied to determine optimum maintenance
duration for all the failure factors. In particular for pipeline segment-X1, the optimum
duration of 2.5 yrs., 3 yrs., 5 yrs., and 5.5 yrs. are found for external interference, corrosion, structural defects and operational errors respectively. In other to minimise the occurrence of failure due to these factors, the pipeline should generally be maintained at
duration earlier than the optimum points.
The result also confirms that equal allocation of maintenance resources to pipeline segments may not always be the optimal maintenance decision. For example, in the allocation of maintenance resources for pipeline segments, X1 with the highest expected failure
cost should receive more attention than the other segments. In addition, X3 will require
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more maintenance resources than X2. The maintenance manager will find this approach
to be beneficial in formulating the annual inspection and maintenance policy for company’s assets. Furthermore, the outcome of the decision analysis could prove useful in formulating individual and societal risk acceptance criteria for regulatory compliance. In
general, the accuracy of the severity of failure and the expected cost of failure calculated
could be further improved with more failure data.

Chapter 5
FAILURE FREQUENCY ANALYSIS

5.1

INTRODUCTION

In this chapter, statistical methods for the reliability of repairable systems have been applied to provide an estimate for the failure frequency of cross-country pipelines based on
historical failures. The pipelines assumed to follow minimal repair models, and the failure data are tested against homogenous Poisson process (HPP) and non-homogenous
Poisson process (NHPP). Laplace test and the MIL-HDBK-189 are used to test the null
hypothesis that the process is an HPP against the alternative that the intensity is increasing, following a NHPP. The statistical tests reveal that HPP is an acceptable model that describes the occurrence of corrosions in petroleum product pipelines. The intensity function and the mean time before failures of the pipelines are determined to study
the dynamics of failures between API 5L X42 pipelines installed at different periods. It
is found that all other factors being equal, similar pipelines installed relatively at the
same time would show similar MTBF and failure intensity. The result of the work will
be valuable in formulating effective inspection and maintenance policies for cross country
pipelines.

5.2

STATISTICAL

RELIABILITY OF PIPELINES

Majority of oil exploration and production companies rely on pipelines in transporting
crude oil from rig to refinery, and from refinery to oil depot. Despite their relatively low
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failure probability, pipeline failures do occur. Failure of pipeline can be very disastrous,
often carrying huge consequences. Risk safety assessment of pipelines is therefore a topic
of prime interest to both regulators and operating companies.
The development of effective failure prediction models for oil pipelines continues to enjoy
intense research effort (Oke et al., 2003). Many approaches have been presented to study
the rate of occurrence of failures of operating pipelines depending on their types, and the
trend of failures recorded. According to Block, Soderholm and Tyrberg (2008), the times
between reliability failure of a system could be independent and identically distributed
(i.i.d) with either a spontaneous or time dependent failure distribution. Pipelines are repairable systems, in general. That is, they can be restored or repaired to their initial
state after failure. Therefore, statistical methods for the reliability of repairable systems
can be applied to model their failures (Rigdon and Basu, 2000).
Statistical analysis based on historical failures data can be particularly suitable to model
pipeline failures owing to the use of real data, which can enable a clearer understanding
of the stochastic behaviour of equipment failures. However, a major setback to statistical
analysis is lack of data. Statistical approaches such as the work of Sosa and AlvarezRamirez (2009) have studied time distribution of failure incidents of hazardous materials
pipeline. Failures of both low and high severity index were analysed using historical data
obtained from the office of pipeline safety (OPS) of the US department of transport.
Similarly, Fa-si-oen and Pievatolo (2000) presents the analysis of six years ruptures in a
metropolitan gas network using both HPP and power law process.
The purpose of this chapter is to apply statistical methods of repairable systems to model corrosion failures of petroleum product (gasoline) pipelines. The study analyses the
trend of failure and the MTBF of the pipelines over a period of 11 years, from January
1999 to December 2009. Based on outcome of failure analysis, inspection and maintenance recommendations are made. The next section (5.3) discusses the different methodologies for reliability of repairable systems. Section 5.4 discusses two major trend
tests, the Laplace and MIL-HDBK-189 tests and their applications to hypothesis testing
for Poisson processes. In section 5.5, a case study of three product pipelines is presented.
The MTBF and probabilities of failures for each pipeline is calculated in other to study
similarity in trends. Conclusions of the analysis are given in section 5.6.
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REPAIRABLE SYSTEMS

The reliability of repairable systems concept is applicable to systems that are considered
repairable. This means the system is generally repairable after failure and can be restored to its original state (as old as new) or to close to its original state (as bad as old).
Two of the most common forms of stochastic models for repairable systems are the homogenous Poisson (HPP) and non-homogenous Poisson process (NHPP). They are briefly explained in the next paragraphs.

5.3.1 Homogenous Poisson Process (HPP)
The Homogenous Poisson process (HPP) is a Poisson process with constant intensity
function. It may be appropriate to model a system that neither deteriorates nor shows
reliability improvement over time. It is applicable if the inter-arrival times between failures are “independent and identically distributed according to the exponential distribution”. The HPP cannot be used to model systems that deteriorate or show improvement
over time. This is a very strong assumption, and it is recommended that before reaching
this conclusion, at least a trend test should be performed. Trend test and goodness of fit
tests are discussed in paragraph 5.4.
The failure intensity for HPP is:

 (t )  1  ,

t 0

(1)

Mean time before failure,  is determined based on whether the failure process is time
truncated, that is, failure testing stopped at a predetermined time, say t n or failure truncated testing stopped after a given number of failure is reached, at any time, t .
The maximum likelihood for failure truncated  , ̂ f is calculated as:

̂ f  t n n
The function 2t n /  f has a chi-square distribution with 2n degrees of freedom.
A confidence interval at 100  (1   ) % for  f is:

(2)
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2t n
2t
 f  2 n
  / 2 ( 2 n)
1 / 2 (2n)

(3)

2

Similarly, the maximum likelihood for time truncated  ,  t is calculated as:

̂ t  t N

(4)

Where N is the total number of failures observed at time, t .
Equation (4) is substituted in (1) above to obtain the maximum likelihood for the failure
intensity in a time truncated case.
A 100  (1   ) % confidence interval for  t is:

1  2 (2 N ), 1  2 [(2 N  1)]
2 1 / 2
2 1 / 2

(5)

5.3.2 Non-homogenous Poisson Process (NHPP)
An alternative to HPP is the Non-homogenous Poisson process (NHPP), which is a system with non-constant intensity function. In contrast to HPP, NHPP has a time dependent rate of occurrence of failures and times between failures are neither independent
nor identically distributed. NHPP is suitable to describe systems that deteriorate or improve over time.
Two common models are usually applied to model non homogenous Poisson process.
They are log-linear and the power law models:
Failure intensity in the log-linear model can be written as:

 (t )  exp(  t ), t  0

(6)

If   0 , then the intensity function,  (t ) is decreasing, and the system is improving.
However, if   0 , it implies the intensity function is increasing and the system is deteriorating.
For Power law model, otherwise called the Weibull model the failure intensity is given by:
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 1

, t 0

(7)

The parameters of  and  are the shape and scale parameters of the failure intensity
function, respectively. The intensity function decreases, if   1 , and increases if   1 . If

 (t ) is decreasing, and the system is improving. If   1 , then the power law process reduces to a homogenous Poisson process with intensity function:

 (t )  1

(8)

The power law process is the most widely used over the log-linear model because its
model is well validated and its statistical procedures, such as the calculation of the maximum likelihood and the point estimates are well developed (Rigdon and Basu, 2000).
The maximum likelihood estimates (MLE) of  and  , for a time truncated data having

N number of failures is given as:
̂ 

N
N

 log( t t )
i

i 1

and ˆ 

(9)

t

(10)

ˆ

N1 

Using the power law, the MLE of the intensity function at time t is given as:
ˆ

 1
ˆ  t 
ˆ
 (t )   
ˆ  ˆ 

(11)

Equation (11) is the rate of failure for failures at any given time, t.
To obtain a point estimate for the failure frequency, equation (11) can be further simplified into:

ˆ(t ) 

Nˆ
t

(12)

For a power law process with N number of failures that is truncated at time, t. It can be
inferred that, 2N / ˆ has a chi-square distribution with 2N degree of freedom. From
this theorem, the 100  (1   ) % confidence interval for  is obtained as:
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2 2 (2 N ) ˆ

(13)

2N

For a failure truncated case, let us assume that the failure records was truncated after n
number of failures occurred within the interval 0  t1  t2  ...  tn . The maximum likelihood estimates (MLE) of  and  , for a failure truncated case is then given as:

ˆ 

n

(14)

n 1

 log( t
i 1

n

ti )

t
and ˆ  1nˆ
n

(15)

The MLE of the intensity function for the failure truncated case is the same as was obtained for the time truncated case given in equation (11).
For failure truncated data, the value 2n / ˆ has a chi-square distribution with 2n  1 degree of freedom. Therefore, the 100  (1   ) % two sided confidence interval for  is:

12 2 (2(n  1))ˆ
2n

 

 2 2 (2(n  1))ˆ

(16)

2n

Where 2 2 (2(n  1)) and 12 2 (2(n  1)) are the points that leave an area of  / 2 in the right
and left tails, respectively of the chi-square distribution, having 2(n-1) degrees of freedom.

5.4

TREND

AND

GOODNESS

OF

FIT TESTS

It is essential to determine whether the model is appropriate to describe the data characteristics and whether the parameter estimation is acceptable. The basic methods involve
graphical and trend analysis, and performing goodness of fit tests.

5.4.1

Graphical Test

Graphical test involve plotting a Duane plot to observe the trend of failure data. A
Duane plot is the graph of cumulative MTBF on the vertical axis against number of fail-
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ure on the horizontal axis plotted on log-log graph paper. A Duane plot is a good initial
estimate before trend analysis.
An example of Duane plot is shown below in Figure 5.1. If the plot is linear, it is assumed that HPP may be appropriate to model the failure and if otherwise, NHPP may
apply.

Figure 5.1: A simple Duane Plot

The Duane model has some limitations. For example, in the model with a sustained reliability increase, growth will go on indefinitely. Moreover, the plot would give zero
MTBF or infinite failure frequency at zero time. These limitations would not necessarily
invalidate the model, but it recommends that some additional model should be carried
out to validate the outcome of the Duane model.

5.4.2 Trend Test
Laplace test and the MIL-HDBK-189 are two of the most common trend tests. In Laplace test, a null hypothesis is tested that the process is an HPP against the alternative
that the intensity is increasing, following a NHPP.
The null hypothesis is rejected if:
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U   z / 2 or U  z  / 2 ,

(17)

and retain if otherwise.
Where, z / 2 denotes the value of probability of  2 at the right tail of the standard
normal distribution.
For n number of testing that is time truncated at a time, t the Laplace statistic is given
by:
n

U

t
i 1

i

t

n 1 2t
12n

(18)

While for a failure truncated data in operation until time tn, equation (18) becomes:

n 1

U

t
i 1

i

(n  1)  1 2 t n

tn

12(n  1)

(19)

In the MIL-HDBK-189 test (MIL-HDBK-189, 1981) the null hypothesis,
H 0 : HPP

is rejected for a time truncated failure data, if:

2n ˆ   2 / 2 (2n) or 2n ˆ  12 / 2 (2n)

(20)

Where 2 / 2 (2n) and 12 / 2 (2n) are the values that leave a probability of  2 and
1   2 respectively at the right tail of the chi-square distribution, having a 2n degree of

freedom.

5.4.3 Goodness of fit test
A goodness-of-fit indicates whether it is reasonable to assume that a random sample
comes from a specific distribution. The Cramer-von Mises is well suited for symmetric
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and right-skewed distributions and it is recommended for testing for goodness of fit
(Rigdon and Basu, 2000).
For a single non-homogenous Poisson process under a time truncated case, the Cramervon Mises goodness-of-fit is given by:


1
i  0.5 
N  t 
C 
 i 1  i  

12 N
N 
 T 

2

(21)

2
M

Where N is the number of failure for a time truncated failure data.
If the data is failure truncated, N in equation (21) above is replaced by n  1 given,

1
i  0.5 
n 1 t 
C 
 i 1  i  

12(n  1)
n 
 T 

2

(22)

2
M

CM2 is compared with a critical value obtained based on significant level from the critical

Values table for the Cramer-von Mises goodness-of-fit test.
If the value of CM2 obtained is less than the critical value, then the null hypothesis, that
the power law process is the suitable model is not rejected.

5.5

CASE STUDY: CORROSION

OF

GASOLINE PIPELINES

5.5.1 Data
The proposed methodology is applied to three pipelines located in Nigeria, West Africa.
Historical data of ccorrosion failure for the three pipelines were collected and recorded.
Basic features of the three pipelines, PPL 1, PPL2 and PPL 3 are summarised in table
5.1. Pipelines are assumed to follow minimal repair models, and trend test is applied to
test whether HPP or NHPP is a suitable model to describe the failure records. The plots
of number of failures versus cumulative period in days are shown in Figure 5.2. It is
found that within the total period of operation, PPL 2 pipeline recorded more number of
corrosion failures compared to PPL 1 and PPL 3 pipelines.
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Table 5.1: Summary of the attributes of pipeline PPL 1, PPL 2 and PPL 3
Attributes

PPL 1

PPL 2

PPL 3

Diameter (inch)

12

16

12

Length (km)

1526.6

1562.2

1397.8

capacity (m3)

10,200

11,300

5,500

Material

API 5L X42

API 5L X42

API 5L X42

Year

1995

1980

1980

Cathodic

Ground

Ground

Ground

Protection

bed sacrificial

bed sacrificial

bed sacrificial

External

Coaltar

Coaltar

Coaltar

Coating

Enamel

Enamel

enamel

(a)

(b)

(c)
Figure 5.2: Corrosion failures versus cumulative period for (a) PPL 1, (b) PPL 2, and (c) PPL 3

5.5.2 Trend test of failure records
The pipeline failures are tested for HPP or NHPP based on both the Laplace and the
MIL-HDBK-189 trend tests:
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The standardised average based on the Laplace statistic is calculated and indicated in
table 5.2.
The null hypothesis is:
H O  HPP

And the alternative hypothesis,
H a  HPP

The test is conducted at a 95% confidence level (that is,   0.05 ), and for a two-tailed
test:
α/2

 0.025 , and z0.025  1.96 .

The Laplace for the three pipelines are:
UPPL1  0.57 , UPPL2  0.143 and UPPL3  1.79 .

Decision null: Retain null for all pipelines, since z0.025  UPPL1  UPPL3 and  z0.025  UPPL2
Similarly, the MIL-HDBK-189 test is further applied to test the null hypothesis by applying equation (20).
Table 5.2: Outcome of statistical tests
Pipeline

Laplace statistic ( U )

Laplace Test

2n / ̂

MIL-HDBK-189

PPL 1

0.57

HPP accept

22.49

HPP accept

PPL 2

-0.143

HPP accept

72.30

HPP accept

PPL 3

1.79

HPP accept

22.72

HPP accept

Table 5.2 gives the summary of the two tests. Both tests fail to reject the null hypothesis that the data of corrosion failures of the three pipelines can be modelled by homogenous Poisson process. It is assumed that the times between failures of each pipeline can
be modelled by an exponential distribution. The null hypothesis that a homogenous
Poisson process will be appropriate to analyse the historical failures is thereby accepted.
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5.5.3 Failure frequency Estimation
Equations (1) and (4) are applied for the MLEs of  and the failure intensity (failure
frequency)  . MLEs for  and  are obtained as well as the MTBF (see table 5.3). The
time of operation is converted to years and the length of each pipeline is included to
obtain the MTBF in a year and the failure frequency (per km.yr).
Table 5.3: Failure frequency and MTBF
Pipeline

MTBF (yr)


 (per km.yr)

PPL 1

0.83

0.79 X 10-3

PPL 2

0.22

2.93 X 10-3

PPL 3

0.33

2.18 X 10-3

The failure frequencies of the three pipelines are roughly of the same order which shows
some robustness in the equation applied. It can be seen from the result in table 5.3 that
the MTBF of the three pipelines range from 2.5 months (0.22 yr.) for PPL 2 to 10
months (0.83 yr.) for PPL 1.
The failure frequency (failures/km.yr.) is obtained by multiplying the length of pipeline

(km) by the computed  . The result indicates that PPL 2 exhibit the least MTBF
which indicates that its propensity to failure is the highest among the three pipelines.
PPL 1’s propensity to failure is least among the three pipelines.

5.5.4 Modelling of Varying Corrosion Failures
The pipelines presented in the case study in section 5.5.3 are sub-divided into various
corrosion types, consisting of uniform corrosion, pitting corrosion and stress corrosion
cracking. Statistical data of failure history are fitted to HPP and NHPP to determine
the best estimate for the frequency of failure. The frequency of failure due to pitting
corrosion and SCC follows HPP while uniform corrosion follows a power law process.
The failure data for pitting corrosion, stress corrosion cracking, and uniform corrosion
are analysed separately. All similar corrosion types are pulled together, and the failure
frequencies obtained for pitting corrosion, stress corrosion cracking, and uniform corrosion are 1.41E-3 per km.yr, 5.52E-4 per km.yr, and 6.03E-5.t1.56 per km.yr, respectively.
Plots of corrosion failure rate over time for the pipeline are displayed in Figure 5.3.
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Little (1999) reported a value of 0.85E-3 per km.yr for corrosion failure in Western Europe petroleum pipelines, 0.6E-3 per.kmyr for UK cross country oil pipelines, and 0.53E-3
per km.yr for total failure of USA DOT liquid pipelines (around 1.06E-4 per km.yr if corrosion failure is taken as 20% of general failure). The difference obtained could be due to
the difference in location, physical and process properties of the pipelines. All of which
have been shown to have significant influence on frequency of failure of pipelines (Restrepo et al., 2009 and Little, 1999).

(a)

(b)

(c)
Figure 5.3: Failure rate due to: (a) uniform corrosion, (b) stress corrosion cracking, and (c)
pitting corrosion

Figure 5.3 shows the frequency of failure due to corrosion for PPL 1, PPL 2 and PPL 3
pipelines in the period of observation. Figure 5.3a shows that the occurrence of uniform
corrosion starts shortly before the second year and ends around the seventh year. Stress
corrosion cracking was observed from the first year and stopped after the seventh year of
observation, as seen in Figure 5.3b. Pitting corrosion on the other hand, was not observed until the second year of observation. Pitting corrosion failure however continued
consistently until the tenth year of operation as recorded in Figure 5.3c.
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Table 5.4: Summary of the analysis conducted for PPL 1, PPL 2 and PPL 3
Pipeline

PPL 1

Type of

Failure

Combined failure

Combine

failure

Parameters

(per km.yr)

MTBF (yr)

Uniform Corrosion

HPP

1.30E-3

Pitting Corrosion

NHPP

 = 7.08
 = 3.65

HPP

1.21E-4

Uniform Corrosion

NHPP

 = 3.63
 = 2.56

Pitting Corrosion

HPP

1.41E-3

Stress Corrosion Cracking

HPP

5.52E-4

Uniform Corrosion

NHPP

 = 2.12
 = 1.18

Pitting Corrosion

HPP

9.70E-4

Stress Corrosion Cracking

HPP

1.47E-3

Type of corrosion

Stress Corrosion Cracking

PPL 2

PPL 3

0.79 X 10-3

0.83

2.93 X 10-3

0.22

2.18 X 10-3

0.33

The result shown in Table 5.4 demonstrates that stress corrosion cracking generally follow homogenous Poisson process (HPP) for the three pipelines. Uniform corrosion and
Pitting corrosion change depending on the pipeline under study.

5.5.5 Probability of failure
The probability of failure can be estimated directly from frequency of failure provided
from the historical records of failure. The expression for calculating, probability of failure Pfi from the frequency of failure is given as:

Pfi  1  e LT

(23)

Where  is frequency of failure (per km.yr), L is length of pipeline (km) and T is planning period (yr.).
The probability of failure (per yr.) for a monthly planning period can be obtained from
eq. 22 for each pipeline. Monthly planning period is selected because it is representative
of the frequency of planning period at the company.
Probability of failure due to corrosion for PPL 2 (probability of failure of 0.3171) appears
to be the highest. This is expected based on its low mean time before failure (0.22 yr.).
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It is followed by PPL 3 (probability of failure of 0.2243), and then PPL 2, with probability of failure of 0.0956.
Reduction in the probability of failure can be achieved by carrying out inspection and
maintenance planning. There are different maintenance strategies that can be applied
based on several factors. Factors that drive maintenance strategy selection include the
type of failure, physical and process properties of pipeline, location of pipeline, budget of
the operating company, etc. Inspection and maintenance strategies for oil and gas pipelines will be discussed in chapter 8.

5.6

CONCLUSIONS

In this chapter, stochastic distributions in the occurrence of corrosion failures of three
petroleum pipelines have been studied. By carrying a test of hypothesis, the analysis
shows that the dynamics of corrosion incident can be described by either homogenous
Poisson process or non-homogenous Poisson process. A further analysis of rate of failure
shows that the curve of pipelines’ rate of failure follows a similar trend for pipelines having relatively equal installation date.
The result can be used in making integrity maintenance decisions. Based on the calculated MTBF and failure frequencies, maintenance managers could be in the position to
decide on most appropriate framework for maintainability (including design, redesign,
construction, monitoring, inspection, maintenance, reconstruction and demolition) of oil
and gas pipelines. The methodology can also be extended to other pipelines such as
chlorine pipeline, NGL pipeline, and water pipeline.

Chapter 6
RISK ASSESSMENT OF PIPELINES SYSTEMS

6.1 INTRODUCTION
A methodology for quantitative risk assessment of petroleum pipeline has been presented
and applied in this chapter. The proposed methodology consists of both the analysis of
probability of failure and associated consequences. The frequency of failure is obtained
statistically from historical failure records based on methodology presented in chapter 5.
The consequences of fatalities are analysed using commercial software CANARY v.4.2.
Based on the outcome of probability of failure and consequences, the individual and societal risk of pipeline is then estimated. The time of presence of an individual in the hazardous zone is taken into account during calculations of the individual risk. Societal risk
is represented by an F-N plot that defines the relationship between frequency and the
number of people suffering from fire and explosion due to fuel spills. Both individual
and societal risks are modelled using SAFETI FX 6.5.1 software by DNV. The methodology is capable of analysing quantitative risk of any pipeline, irrespective of location.
The approach has been applied to conduct quantitative risk assessment as well as study
the differences in consequences and risks arising from the failure of gasoline and natural
gas pipelines. The methodology is robust and can be broadened to cover different failure
factors.

6.2 Review on Risk Assessment of Petroleum Pipelines

6.2 REVIEW ON RISK ASSESSMENT

OF

110

PETROLEUM PIPELINES

Petroleum pipelines are generally subject to different degrees of failure and degradation
during operation and in their entire life cycle. Failure reduces the integrity of an operating pipeline, and consequently lowers its service life. In reality, maintenance resources
are usually limited and pipeline maintenance managers are constantly seeking cost effective means of allocating maintenance budgets to pipeline assets without compromising on
public safety.
According to Dziubinski et al. (2006), the safety level calculated qualitatively only represents minimum requirements that must be satisfied to reach some acceptable safety level
and for pipelines, quantitative or probabilistic risk assessments are usually required. Jo
(2005) described how regulatory agencies in many countries are moving from qualitative
techniques to quantitative risk assessments. Many regulatory agencies believe quantitative risk assessment is very thorough with more capability to improve the level of safety.
The methods for quantitative risk assessment of petroleum pipelines described in literature can be grouped into two: (i.) Analytical methods, and (ii) Modelling Methods. Analytical methods are based on the application of known mathematical methods or event
tree of failure to assess risk levels (Shebeko, 2007). The method can be data-intensive
and computationally demanding. Modelling methods (Ogutcu and Akin, 2004; Abes et
al., 1985) uses simulation means such as Monte Carlo method or specialist software such
as PHAST, EFFECT, SAFETI etc. to simulate hazardous events, and derive risk estimates.
The methodology presented in this chapter comprises the combination of both event tree
analysis and simulation techniques used to determine probability of pipeline failure and
their probable consequences, taking individual and societal risk into account. A unique
feature of the methodology is a combination of both statistical analysis (that is used to
determine probability of failure) and quantitative techniques of pipeline safety assessment. Specifically, varying types of hazardous events leading to pipeline rupture are considered and the approach enables a detailed analysis of consequences and risks.
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GASOLINE PIPELINE

The case study of three gasoline pipelines, PPL 1, PPL 2 and PPL 3 has been discussed
in Chapter 5 of this thesis. The frequency of failure based on historical records for the
pipelines have been determined in chapter 5. In a new case study, the quantitative risk
assessment methodology discussed in chapter 3, will be applied to model consequences
and risks that arise from loss of containment of one of the pipelines (PPL 1). The summary of the pipeline is presented in table 6.1 below:
Table 6.1: Features of Gasoline Pipeline under study
Properties

PPL 1 values

Diameter (inch)

12

Length (km)

1526.6

Service

Gasoline

capacity (m3)

10,200

Material

API 5L X42

Year

1995

Cathodic Protection

Ground bed sacrificial

External Coating

Coaltar Enamel

The pipeline, PPL 1 transports gasoline from the southern part of Nigeria to the other
parts of the country. The pipeline travels mostly onshore and regular subjected to both
corrosion failure, and external interference. The failure of the pipeline under the worst
scenario will be full-bore rupture. In other words, the consequence of full-bore rupture of
the pipeline is modelled using CANARY v.4.2. The consequences are considered in terms
of hazards to the people within the vicinity of the pipeline, the environmental damage,
and the financial impact.
In addition, individual and societal risks are calculated using SAFETI FX 6.5.1 software.
The individual risk takes into consideration the time of presence of individuals in hazardous zones with high level of the potential risk. The number of people residing in the
location of failure is considered, as well as the typical population density. Based on these
estimate, risk contours representing individual risk, and F-N curves representing societal
risk are plotted using SAEFTI FX 6.5.1.
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According to Shebeko et al. (2007), the hazardous factors typical for accidents resulting
from the transportation of oil product such as gasoline include:


Thermal radiation and Pool Fire – Occur as a result of thermal action of hightemperature products.



Overpressure – Occurs at combustion of vapour clouds due loss of containment.

The typical consequences of gasoline release may include: ignition, pool formation, spray
releases or migration into water (Dziubinski et al., 2006; HSE, 210).
During pool formation, two specific cases of ignition can be expected. These are:


Delayed ignition



Immediate Ignition

According to (Little, 1999), the pool of gasoline formed in the case of immediate ignition
grows until the mass burning rate over the entire pool is equal to the release rate. The
maximum pool diameter is given by:

Dmax  2

mr
λm f

Where:

m r = the rate of release of gasoline into pool in kg/s
m f = mass burning rate of gasoline per unit area in kg/s/m2
The pool in the case of delayed ignition is assumed to grow until the pool reaches a diameter of 100 m for all rupture and puncture, ignoring the effect of soil permeability.
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Location

Explosion

Consequences
Jet Fire (CS1) =8 e-3

Yes
0.05

Yes
0.16

No
0.95

Water 0.08

0. 1
Yes

Fire on water (CS2) = 1.2e-3

No
0.9

Water Pollution (CS3) = 1.1 e-2

Ground 0.92

Ground Pollution (CS4) = 1.4 e-1
Pool/Flash Fire (CS5) = 2.5e-2

Yes
0.06

Oil Spill
Small
leak
Large
leak
Rupture

yes
0.5

No
0.84

No
0.94

Water 0.08

0. 1
Yes

Fire on water (CS6) = 3.2e-3

No
0.9

Water Pollution (CS7) =2.8e-2

0.92 Ground

No
0.5

Water 0.08

Ground Pollution (CS8) = 3.6e-1
0. 1
Yes

Fire on water (CS9) = 3.4e-3

No
0.9

Water Pollution (CS10) = 3.0e-2

Ground 0.92

Ground Pollution (CS11) = 3.9e-1

Figure 6.1: Event Tree of product spill from Gasoline Pipeline

6.3.1 Event Tree
The event tree of loss of containment in the gasoline pipeline can be plotted under there
different scenarios, i.e. small leak, large leak and full-bore rupture (see Figure 6.1). The
event tree is developed based on the conditional probability of release under different
scenarios, namely, jet release, immediate ignition, liquid pool formation, delayed ignition,
location of the release, and explosion possibility.
The relative failure frequency of failure is further defined as: 49% for small leak, 39% for
large leaks and 12% for ruptures (HSE, 1999). For small and large leaks, mass release
rates are obtained based on source models, obtained from the mechanical energy balance
equation for discharge of pure liquid through a sharp-edged orifice. The equation is given by Center for Chemical Process Safety (CCPS, 2006):

  AC D 2g ( P1  P2 )
m
Where A is the area of the hole (m2), C D is the coefficient of discharge through the hole,
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 is the fluid density of substance being transported (kg/m3),
g is the gravitational constant (m/s2).

P1 and P2 is the pressure upstream and downstream of the hole respectively in Pa.
The release rate for ruptures is assumed to be approximately equal to the normal pumping rate during loss of containment. In effect, majority of leaks are often in form of
sprays, while ruptures are likely to be in form of jets. A conservative estimate conditional probability of release of 16% is therefore recommended for sprays (HSE, 1999).

6.3.2 Environmental Risk
The total frequency of failure for the pipeline is calculated as 3.6E-3 per km.yr. Total
environmental risk due to loss of containment is given in Table 6.2 below. From event
tree, Jet fire is obtained from Consequence CS1; Fire on water is the summation of CS2,
CS6 and CS9. Water Pollution is the summation of CS3, CS7 and CS10, consequence of
ground pollution is the addition of CS4, CS8 and CS11, while pool fire is CS5.
Table 6.2: Environmental Consequences for loss of containment
Consequence

Small leak

Large leak

rupture

Jet Fire

1.41E-05

1.12E-05

3.46E-06

Fire on Water

1.38E-05

1.10E-05

3.37E-06

Water Pollution

1.22E-04

9.69E-05

2.98E-05

Ground Pollution

1.57E-03

1.25E-03

3.84E-04

Pool Fire

4.41E-05

3.51E-05

1.08E-05

TOTAL

1.76E-03

1.40E-03

4.32E-04

It can be seen from Table 6.2 that ground pollution has the highest environmental risk
compared to other consequences. The value of environmental risk is due to its relatively
high likelihood of occurrence compared to other consequences.
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6.3.3 Modelling of Pool Fire and Overpressure
In this section, pool fire and overpressure resulting from gasoline leakage is modelled
based on the software CANARY v.4.2. The composition of gasoline, including physical
and chemical properties used in the model are summarised in the table 6.3 below. Gasoline is a flammable liquid, producing consequences related with flammability under failure. As explained by Muhlbauer (2004), typical hazards under gasoline pipeline failure
are overpressure and pool fire.
Table 6.3: Properties of Gasoline
Properties

Gasoline Values

Density (kg/m3)

740

Average molecular weight (kg/kmol)

90.87

Average boiling point (K)

319

Critical temperature (K)

546

Critical pressure (bar)

40.6

Upper flammable limit (% vol)

7.6

Lower flammable limit (% vol)

1.4

The explosion overpressure for a full-bore rupture of gasoline release at 0.1 m from pipeline surface was modelled. The temperature of the gasoline in the pipeline is assumed to
be 33 C , and pressure valued assumed is 100 bar. The confined (TNT) explosion model
is utilised at an efficiency yield of 10%. Figure 6.2a shows that the explosion overpressure falls drastically with distance from source of release, from 67 kPa to 1 kPa when the
distance from centre of confined volume increases from 30 m to 673 m.
Pool fire radiation for the gasoline pipeline is modelled at a wind speed of 4.1m/s and
relative humidity of 70%, which are typical figures for Nigeria (Adekoya and Adewale,
1992). It is assumed that the loss of containment will result in ground spills since the
pipeline is located onshore. The onshore pipeline is elevated from about 0.1 m and
therefore, the simulation is carried out at 0.1 m elevation of target from base.
The results reveal that pool fire radiation flux starts much later from the source compared to explosion overpressure, as seen in Figure 6.2b. Incident radiation flux is at the
peak at 50 m from the source and gradually falls to minimum at 150 m distance from
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source. Under the conditions modelled, the gasoline pipeline produced a flame 59 m in
length. The flame will tilt from the vertical for about 21.4 degrees. The least maximum
flux of 1Kw/sq.m is reached at 160.4 m downwind distance from centre of pool fire.

(a)

(b)

Figure 6.2: Consequences of Loss of containment in Gasoline Pipeline: (a) Explosion (b) Pool fire
radiation.

6.3.4 Analysis of Individual and Societal Risk
Individual risk arising from full bore rupture of Gasoline pipeline is calculated using
SAFETI FX 6.5.1 software. The values obtained range from 1E-5 to 1E-9 per year,
varying along the entire pipeline length. A plot of individual risk contour is given in
Figure 6.3. From the plot, it can be seen that the risk contours is quite evenly displayed
among all risk levels. This implies that if the acceptable risk level is 1E-6, then the region of safety will be significantly higher than the area below acceptable risk.
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Pipeline route

Figure 6.3: Individual Risk contours for gasoline pipeline failure

Similarly, societal risk values are obtained using SAEFTI FX 6.5.1. The combined societal risk for both indoor and outdoor presence range is displayed in Figure 6.4. The
population density assumed was 100/km2. The minimum and maximum risk criteria are
set at 1E-5/year and 1E-2/year respectively for 1 fatality. The F-N curve for gasoline
pipeline is well below the maximum criteria set at all times for a full bore rupture.
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Figure 6.4: Societal Risk (F-N plot) for gasoline pipeline failure
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A second case study involving natural gas pipeline is considered in other to compare the
type of hazards experienced for gasoline pipeline with natural gas pipeline. It will also
be interesting to assess the type of impacts each constituent will have on individuals and
people that are likely to be affected when the pipelines fail, as well as the environmental
impact.
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Table 6.4: Summary of attributes of Natural Gas Pipeline in case study
Pipeline Attributes

Value

Year of commission

1989

Type of Coating

Concrete Weight

Length

340km

Nominal Diameter

24”

Design Pressure

100bar

Operating Temperature

26.8 deg C

Flow rate

600MCFd

Figure 6.5: West African Gas Pipeline Network

The natural gas pipeline is located mainly in the Niger-Delta region of Nigeria, and supplies partially to the West African Gas pipeline (see Figure 6.5). The West African Gas
Pipeline is a natural gas pipeline that supplies gas from Niger-Delta, Nigeria to the West
African nations of Benin, Togo, and Ghana. For the sake of this analysis, the focus will
be only on the segment of natural gas pipeline within the Niger-Delta region of Nigeria.
The physical attributes and some process figures of the pipeline are shown in table 6.4.
The loss of containment due to potential hazards resulting in full-bore rupture of the
pipeline is modelled. Similar to the gasoline pipeline, consequences of failure and risk
values are modelled using CANARY v.4.2 and SAFETI FX 6.5.1 respectively. The same
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frequency of failure calculated for gasoline pipeline is used for the analysis. This will
provide a good comparison between the gasoline and natural gas pipelines, based on individual and societal risk values.
There are different consequences scenarios result after the release of natural gas (methane) from a pipeline. The most likely consequences are torch fire, thermal radiation
and vapour cloud dispersion (Muhlbaeur, 2004). The specific consequences analysed for
the case study are vapour cloud dispersion and torch fires.

6.4.1 Modelling Torch Fire and Vapour Cloud Dispersion
The vapour cloud dispersion model is performed at a temperature of 33 C and pressure
of 100 bar. In line with the work of Jegede and Lofstrom (1997), Pasquill-Gifford weather stability class of A (high temperature with some wind) is assumed for Nigeria. The
reference wind speed of 4.1m/s and relative humidity of 70% are assumed as well. For
the rupture scenario, the release is assumed to be continuous and unregulated for 10
minutes before operator’s intervention.
According to CANARY output for vapour cloud dispersion consequence, the distance
from centre of flammable cloud is 587 m before the overpressure becomes 1 kPa gauge
and impulse becomes 11.5 Pa-s. This implies that inhabitants located 587 m and beyond
from pipeline vicinity would experience less impact of fatality due to vapour cloud dispersion arising from loss of containment of natural gas pipeline, under the conditions
modelled.
The analysis of flare/torch fire emanating from natural gas pipeline is conducted under
the same physical conditions with the vapour cloud dispersion. The horizontal fire radiation isopleths is modelled. The pipeline produced a flame of length 5.3 m. The flame
tilts from the horizontal at 31.4 degrees based on the wind speed of 4.1 m/s. The maximum flux reaches a minimum of 1 Kw/sq.m at target height of 14.4 m. Figure 6.6 represents the flare/torch radiation flux versus distance plot.
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Figure 6.6: Flare/Torch Radiation Flux of Natural Gas Pipeline

6.4.2 Analysis of Individual and Societal Risk
Individual risk due to full bore rupture of natural gas pipeline is determined with
SAFETI FX 6.5.1 software. There is a sharp contrast between the result and the plot of
gasoline pipeline. Here, the values obtained range from 1E-5 to 1E-8 per year depending
on the location along the pipeline route, as can be seen in the risk contours given in Figure 6.7. A larger part of the risk contours falls within the 1E-5, and individuals have to
move outside this region to be at lesser risk levels.
The F-N plot shown in Figure 6.8 representing societal risk levels is plotted for the natural gas pipeline. The plot shows that expected societal risk level range between the minimum and maximum risk criteria. The F-N values for natural gas pipeline are relatively
higher than that of gasoline pipeline. For the gas pipeline, the frequency of 10 fatalities
is 2E-5 (against about 2E-6 for gasoline pipeline). The difference is due to the impact of
torch/flare radiation and vapour cloud dispersion, which has been found to be closer to
the society than explosion and pool fire.
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Pipeline route

Figure 6.7: Individual Risk contours for Natural Gas Pipeline

Figure 6.8: Societal Risk (F-N plot) for Natural Gas Pipeline failure

6.5 Comparison Between Gasoline and Natural Gas Pipeline

123

6.5 COMPARISON BETWEEN GASOLINE AND NATURAL GAS
PIPELINE
6.5.1 Analysis of Consequences
The consequences modelled for gasoline pipeline are pool fire and overpressure, and for
natural gas pipeline are torch fire and vapour cloud dispersion. The gasoline pipeline
produces a flame of up to 59 m length in pool fire. The maximum flux of 1 Kw/sq.m is
reached at 160.4 m downwind distance from centre of pool fire. However, the natural gas
pipeline produced a flame of 5.8 m length. The radiation flux coming from torch fire
reaches a minimum of 1 Kw/sq.m at target height of 14.4 m.
In addition, gasoline pipeline produces the minimum explosion overpressure of 1 kPa
when the distance from centre of confined volume is 673 m. The minimum overpressure
(1 kPa) for the flammable cloud emanating from the natural gas pipeline is reached at
587 m distance from the release source.
The result indicate that the impact due to rupture of gasoline pipeline is far reaching
than natural gas pipeline. This can be explained by the difference in molecular weight
for gasoline (n-octane, 114.22 g/mol) compared to natural gas (methane, 16.044 g/mol).
Also, gasoline flows on land or water surface when released and ignition flame would trail
the path of flow leading to increase in length of fire and vapour emissions.

6.5.2 Analysis of Individual and Societal Risk
The impact of increased population density is modelled for both pipelines. The population density was increased from 100/km2 to 1000/km2 to see how the individual and societal risk values change. With the population increase, the frequency of failure of 5 fatalities increases from 2.5E-6 to 2.5E-5 (Figure 6.9) for gasoline pipeline, while the corresponding increase for natural gas pipeline is from 7.5E-6 to 2.0E-5 (Figure 6.10) for natural gas pipeline. The result confirms that an increase in population density will lead to
an increase in frequency of failure for both gasoline and natural gas pipelines.
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Figure 6.9: F-N plot for Gasoline Pipeline

Figure 6.10: F-N plot for Natural Gas Pipeline
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6.6 Risk Management and Acceptability
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ACCEPTABILITY

Acceptable risk is calculated for pipelines in Nigeria in the next chapter. The acceptable
risk will be compared with the values of individual and societal risk calculated here for
acceptability. If the individual risk exceeds the acceptable risk, this risk is considered intolerable, and substantial measures for a risk reduction are needed.
If the individual risk is lower than acceptable risk, but not very considerably so then the
risk level will be treated as a zone of strict risk control. In such case, the risk is accepted
as tolerable, only when all reasonable measures for the risk reduction are undertaken.
Some measures are:


The population of people residing within the high risk area should be strongly
controlled and should not be allowed to exceed the present number.



People in places with a high potential risk level should reside there only temporarily, pending the time that alternative shelter will be provided.



The pipeline operator and local government council should have a good system for
emergency warning, and the people in the risk area should be trained on emergency response when safety issues arise.

If the individual risk is considerably lower than the acceptable risk level, then it will be
accepted to be unconditionally tolerable, and no additional protective measures will be
required.

6.7

CONCLUSIONS

Different alternatives to quantitative risk analysis of transportation pipelines, carrying
gasoline and natural gas have been highlighted in this chapter. Both the analytical and
modelling methods have been discussed. Furthermore, event tree analysis is utilised to
calculate the environmental consequences of product leakage from petroleum pipelines.
The consequences due to loss of containment of gasoline and natural gas pipelines are
modelled based on CANARY software. The consequences for gasoline pipeline are overpressure and pool fire and the software is used to determine the safe distance from the
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point of release to individuals residing along the pipeline route. Similar analysis for gas
pipeline is conducted for torch fire and vapour cloud emissions. The result indicate that
the impact due to rupture of gasoline pipeline is far reaching than natural gas pipeline.
This can be explained by the difference in molecular weight for gasoline and the fact that
gasoline flows on the land or water surface when released.
In addition, SAEFTI software is used to calculate individual risk (risk contours) and societal risks (F-N plots) due to fire and explosion risk for both gasoline and natural gas
pipeline. In overall, individual risk obtained for gasoline pipeline range from 1E-5 to 1E9 and for natural gas pipeline from 1E-5 to 1E-8. The risk contours of natural gas pipeline weigh more heavily on 1E-5 and 1E-6 and responsible for the larger part of the individual risk. In contrast, gasoline pipeline’s risk contours are more evenly distributed representing a larger part of lower risk values than natural gas pipeline.

Chapter 7
RISK ACCEPTABILITY

7.1 INTRODUCTION

In this chapter, the probabilistic methods have been used to produce a methodology capable to estimate the acceptable level of risk in a cost-benefit framework. The benefits
and the costs are weighed against associated risks to aid the decision making process on
risk acceptance. Thereafter, acceptable individual and societal risk levels are defined
based on historical trend of non-voluntary deaths and overall national fatalities. An example is used to explore the practical application of the method to critical infrastructures such as petroleum pipelines. The results show that the cost-benefit risk framework
provides a safety standard that is acceptable from both individual and societal perspectives.

7.2 PIPELINE RISK ACCEPTABILITY
The idea of acceptable risk for different countries and installations may be influenced by
historical catastrophic incidents. Individuals and society alike often set-up the so called
acceptable risk, with a view to mitigating the risk level to what can be termed “bearable”. The decision process on the acceptability of risk is generally based on the development of risk acceptance criteria, with the view of using such criteria as a tool to facilitate decision making, as shown by Kirchoff and Doberstein (2006). The definition of ac-
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ceptable risk is different for both individual and societal risk, since individual preferences
may allow for additional risks, which may not be acceptable to the society.
For example, in the Netherlands, third party or external risk level must be less than
1*10 5 per year to be adjudged acceptable for existing facilities, and 1*10 6 for new facil-

ities (Ale, 1991). In the United Kingdom, an individual risk level of more than 1*10 6 is
considered unacceptable, according to Health and Safety Executive (HSE, 2001). The
Western Australia’s maximum acceptable risk level also stands at 1*10 6 (Environmental
and Protection Agency, 2000). Hong Kong has acceptable risk of 1*10 5 (Hong Kong
Government Planning Department, 2008).
Probabilistic design theory provides a good standard for rational decision making in risk
assessment. The theory has found successful applications in different engineering structures (Kumamoto and Henley, 1996). To enable a proper decision making in the context
of risk evaluation of petroleum assets, a set of guidelines for risk acceptability is hereby
proposed based on probabilistic theory. The work is a contribution towards the definition of functional risk acceptance criteria for the Nigerian state in line with international
standards.

7.3 A FRAMEWORK FOR RISK ACCEPTANCE
The framework presents a set of rules that takes into account the cost-benefit and the
voluntariness aspect of risk in formulating risk acceptance levels. The assumption in the
model is that the pattern of accident statistics can be approximated as the outcome of
the cost-benefit weighting. The framework accounts for both acceptable individual and
societal risks.

7.3.1 Determination of Individually acceptable level of Risk
In modelling the correct level of personally acceptable level of risk, the trend is to look
for a balance between the cost for safety and the benefit for human life extension (Streicher et al., 2008). Similarly, Vrijling et al. (1998) demonstrated that the observation of
accident statistics has shown statistical stability in pattern over the years and approxi-
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mately equal, especially in western countries thereby indicating a consistent pattern of
preferences. Therefore, the personally acceptable level of risk for an individual can be
estimated by looking at the pattern of preferences for risk, observed in the historical data
of accident occurrences.
Based on the level of consistency observed over the years in the level of the death risks
discussed, a broader set of risk standards ranging from voluntary activities to more involuntary occurrences can be determined from the calculation of the personally acceptable probability of failure given by (TAW, 1985):

Pfi 

i .104
Pd

(per year)

(1)

fi

In other words, the criterion for acceptable individual risk will be:

Pfi * Pd

fi

 i *104

(2)

Where Pfi is the probability of death per year, Pd

fi

is the probability of being killed in

the event of an accident, and  i is the policy factor.
Table 7.1:Policy Factor based on the Degree of Voluntariness and Benefit

i

Degree of Voluntariness

Level of Benefit

Examples

0.01

None

None

Cross-country pipelines

0.1

None

Some

Factory

1.0

Neutral

Direct

Car driving

10

Voluntary

Direct

Motor biking

100

Completely Voluntary

Direct

Mountain Climbing

The policy factor (  i ) is 100, for completely voluntary activity with direct benefit to the
exposed individual. For an involuntary activity with little or no benefit to the affected
person,  i of 0.01 is acceptable. Installations such as cross-country pipelines are considered involuntary, because they do not necessarily offer direct benefits to individuals living along the pipeline route. Therefore, a  i value of 0.01 will be suitable. In table 7.1,
adapted from (Vrijling et al., 2005) is a proposal for the choice of values for the policy
factor for different activities.
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7.3.2 Determination of Societal Risk
Institute of Chemical Engineers (1985) defined societal risk as the relationship between
frequency and the number of people suffering from a specified level of harm in a given
population due to the realization of specified hazards. It is also defined as the likelihood
that a group of more than N people would be killed as a result of accident located within
the hazardous activity area (Bottelberghs, 2000). A simple measure of societal risk is
potential loss of life (PLL), given as:

E ( N )   x. f Ndij ( x).dx

(3)

Where E (N ) is the expected value of the number of deaths per year and f Ndij is the
probability density function of the number of deaths resulting from activity i in location
j per year.
Societal risk can be modelled by the frequency of exceedance curve of the number of
deaths (the FN-curve) due to a specified hazard, if the specified level of harm is limited
to loss of life. In an FN-curve, the probability of exceedance or cumulative frequency,
F ( N ), of N or more fatalities per year can be plotted, with F ( N )   f ( N ) , summed

from N to N max . Figures 7.1 (a) and (b) depict examples of probability mass function
and frequency of exceedance curve, respectively.
E ( N dij )  2. p

f

Ndij

1-p

1- f

VAR ( N dij )  2. p.Ln( N MAX )

Ndij

p

2p
x3

0 1

NMAX X

0 1

NMAX

X

Figure 7.1: (a) The probability density function for number of deaths by an inverse quadratic Pareto. (b) Probability of exceedance curve for number of deaths by an inverse quadratic Pareto.
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The basis for the societal risk is an evaluation of risks due to a certain activity on a national level, which is an aggregate of the risks from local installations or activities. The
acceptable level of risk is determined based on the assumption that the accident statistics of a society is a reflection of a social process of cost-benefit appraisal.
The nationally acceptable level of risk is given as:

Pfi .N pi .Pd

fi

  i .FN

(4)

Where N pi is the population exposed to activity i and FN is a country specific multiplication factor which is based on the value of the minimum death rate of the population,
the ratio of the non-voluntary accident rate excluding diseases to the minimum death
rate, the number of hazardous activities in the country (over an average of 20 sectors)
and the population size of the country.
Therefore, FN is calculated using the expression:
FN 

total annual deaths * (prob. of non  voluntary deaths/prob. of deaths)
no of hazardous activities

(5)

In addition to the nationally acceptable level of risk derived above, total risk (TR) can
be derived by considering the risk aversion in a society. TR accounts for risk aversion in
a society by adding the desired multiple k (called risk aversion index) of the standard
deviation to the mathematical expectation of the total number of deaths per year,

E (N ) . In other words, total risk is calculated as:
TR  E ( N )  k. ( N )

(6)

The nationally acceptable level of risk can then be re-defined as:
E ( N )  k. ( N )   i .FN

(7)

Where E(N) and  (N ) are the expectation and standard deviation of the total number of
deaths per year, respectively.
The standard states that an activity i is permissible as far as the number of deaths per
year associated with it is less than  i .FN . The norm with k =1,2, and 3 has been tested
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for several activities in the Vietnam by MaiVan (2010), and the support for the model
with a risk aversion index is found within the broad range of policy factors from 3 to 7.5
and FN of 450. Similarly, Vrijling et al. (1998) tested the norm with k = 3 for several
activities in the Netherlands and found a support for the model for risk aversion index
within the broad range of policy factors: 0.01  i  100 and FN  100 .
The Dutch Ministry of Housing, Spatial, Planning and Environment (VROM) sets a
minimal risk criterion for existing plants based on the number of resulting deaths. The
locally acceptable level of risk for such installations is defined as:

1  FNdij ( x) 

Ci

for all x  10

x2

(8)

Where x is the number of independent installations. VROM proposes Ci  10 3 .
It is assumed that national fatalities follow a Bernoulli distribution (that is, having an
outcome of zero or N fatalities) for the number of causalities at each of NAi independent
locations, with p fi probability of failure at a location and N dij f as the number of fatalities given failure. Based on the assumption, the nationally expected value and standard
deviation of the casualties are respectively:

E ( N di )  N Ai . p fi . p d i N dij f

 ( N di )  N dij f . N Ai . p fi .(1  p fi )

(9)

The expected value of the number of deaths is generally expected to be lower than the
standard deviation of deaths, and it follows from (8) that Ci can be represented by:

  .F
i N
Ci  
 k . N Ai







2

(10)

In other words, locally acceptable risk follows from nationally acceptable risk criterion
based on:
  .F
Ci
i N
1  FNdij ( x)  2 for all x  10 where Ci  
 k . N Ai
x





2

(11)
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7.4 SOCIETAL ACCEPTABLE LEVEL OF RISK: A CASE STUDY OF NIGERIA
7.4.1 Overview of Risk Policy in Nigeria
Nigeria produces over 10 million barrels of crude oil per day, and derives its basic revenue from proceeds generated from oil and gas commodities. Crude oil produced in Nigeria is mostly exported to western countries, including USA, Netherlands and UK. Similar to other oil producing nations, the country relies on pipelines to transport petroleum
products from one part of the country to another. Unfortunately, degradation due to
corrosion and intentional damage continue to cost the state billion worth of dollars in
product loss (NNPC, 2008).
In 2007 alone, over twenty cases of pipeline fatalities were recorded. In 2008, the failure
frequency had grown to over thirty per year. This rate of failure is unacceptable, both
personally and societally. The economic and strategic importance of oil and gas production in the country means the industry have to continue to be both efficient and effective
in its operations in other to guarantee the prosperity of the nation. Therefore, it is no
doubt that there has been a growing interest on the application of risk based decision
making in the global petroleum industry.
Up till now, the application of minimum risk standard, like – As Low as Reasonably Possible (ALARP) criterion have been explored in the industry and is part of the requirements of the National Department of Petroleum Industry (DPR) in citing new petroleum
facilities (DPR, 2007). However, there has not been any official guidance on how risk
should be quantified and what would constitute an acceptable risk. The framework developed in section 7.3 will be applied to develop acceptable risk, both individually and
societally in two contexts in Nigeria. First, risk acceptance criteria are developed for Nigeria and second, acceptance criteria for petroleum pipelines are developed. The results
would be beneficial in both short-term and long-term safety planning processes.

7.4.2 Acceptable Societal Risk in Nigeria
The historical data of pipeline failures in Nigeria emphasise the need for a standardised
way of defining societal acceptable risk for pipeline installations in the country. Figure
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7.2 below is the historical data of five regional cross-country product pipelines in operation in Nigeria.

Figure 7.2: Historical records of product pipeline failure

In addition, acceptable risk criterion can be used as input to maintenance optimization
equation. In the optimization analysis, a use-based maintenance criterion is applied to
calculate optimum maintenance interval for cross-country pipelines. Constraints can be
defined for the objective function in such a way that the acceptable individual and societal risk criteria for the installation are satisfied, while minimizing maintenance budget.
The acceptable level of risk for a society can be measured from historical records of accidents. This follows the argument in section 7.3, that the societal acceptable risk level is
based on the assumption that accident statistics is a reflection of social process of costbenefit appraisal. For critical infrastructures such as pipelines, if E (N ) and  (N ) can
be estimated from historical records of pipeline failure, then policy values of  i can be
obtained using equations (6) and (7).
The multiplication factor, FN given in eq. 5 is utilised to calculate the safety norm for
Nigeria, using the World Health Organization’s estimates of mortality (WHO, 2009).
From the data, the estimated probability of deaths is 13.1*10 3 per year (1.97 million
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deaths per 150 million population). The probability of deaths due to non-voluntary activities is given as 9.54 *10 5 per year based on the value of unintentional deaths, excluding road traffic accidents and other voluntary activities (14,400 deaths per 150 million
population). The result gives:

FN ( Nigeria ) 

1.97million * (9.54 * 105 / 13.1 * 103 )
 720
20

For pipeline installation with a i  0.01 , the norm is given as:

Pfi .N pi .Pd

fi

 7.2 or E ( N )  k. ( N )  7.2

(12)

In addition, the approach results in FN of 460 and 260 for male and female sub-group of
the population in Nigeria respectively. FN obtained for Nigeria is 720. The value compares favourably with FN of 100 and 750 obtained for the Netherlands and South Africa
respectively by Vrijling et al. (2005), and 450 obtained for Vietnam by MaiVan (2010).

7.5 LEVEL OF RISK ACCEPTANCE OF PIPELINE FAILURES IN NIGERIA
The establishment of the norm for the acceptable level of risk for technical installations,
such as gasoline stations and cross-country pipelines can be defined more realistically
based on the probability of death due to non-voluntary activities than on the number of
casualties due to voluntary activities, such as car driving. The application of the proposed model is illustrated to find the acceptable risk for pipeline installations (involuntary establishments) in Nigeria.
The average frequency of failure for Nigerian pipelines (calculated in chapter 5) is utilised. Similarly, consequences of hazards related to loss of containment are considered
and analysed to determine risk values. The individual risk is calculated based on loss of
containment of cross-country product (gasoline) pipeline, causing human life, environmental and financial consequences.
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7.5.1 Criteria for acceptable risk of Pipeline Failure
In establishing an acceptable risk policy, two points of view are considered. First is the
point of view of the individual who decides to undertake a risky activity, having a preknowledge of the consequences of such activities and weighting it with direct and indirect
benefits derived from its performance. Second, is the perspective of the society, in which
an activity is judged acceptable, based on the risk-benefit trade-off for the total population.
The individually acceptable level of risk based on the proposal of the Dutch Technical
Advisory Committee on Water Defences (TAW, 1985) could be adopted. That is, individual risk is found acceptable if:

IR  Pfi Pd

fi

 i *104

(13)

As explained in section 7.3, the value of  i varies with the degree of voluntariness of an
activity, and solely depends on the level of risk and individual is willing to take, irrespective of the nationality. Installations such as gasoline station or cross-country pipelines
which are considered involuntary and possess no direct benefit have a policy factor of

 i = 0.01 (see table 7.1).
In Nigeria, no direct benefit accrues to inhabitants based on the location of petroleum
pipelines within their community. Cross-country pipelines in Nigeria actually travel from
the refineries to the depot. It is the depot that takes charge of distributing petroleum
products to the fillings stations, from where people may buy directly. It is therefore safe
to assume a policy factor of  i = 0.01 for involuntary activities, such as gasoline pipelines
in Nigeria.
Substituting for  i = 0.01 in eq. (13), Maximum Individual risk in Nigeria for petroleum
pipelines will be:

IR  Pfi Pd fi  0.01 * 104

(14)

This implies that individual risk has to be less than 1 * 106 for pipeline installations in
Nigeria.
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The individual risk values obtained in chapter 6 ranges from 1 * 105 to 1 * 109 per year
for product pipelines. The risk value varies along the pipeline, and depends on the exact
location of an individual in the risk contour. The part of the contour with a risk value of

1 * 105 is less than the acceptable risk of 1 * 106 . The risk level can be reduced through
a reduction in the probability of failure, by applying adequate and well managed inspection and maintenance strategy.

7.5.2 Risk based Planning of Pipeline Location
The safety planning around the pipeline is formulated so that the population around the
pipeline does not exceed the acceptable risk. Considering eq. 12, the probability of failure ( Pfi ) for the pipeline is estimated based on historical records of failure. As proposed
in chapter 5, statistical data of failure history are fitted to homogenous Poisson process
and power law process to determine the best estimate for the frequency of failure. The
expression for calculating Pfi from the frequency of failure is given as:

Pfi  1  e LT

(15)

Where  is frequency of failure (per km.yr), L is length of pipeline (km), and T is planning period (yr).
Assume the probability of death given failure ( Pd fi ) of pipeline is 1.25E-3 for individuals
within 5 km radius of the pipeline and that the frequency of failure of a product pipeline
is 3.6E-3 per km.yr. The maximum number of people N max pi to be permitted within a
segment of the pipeline, say 20 km segment can be calculated as follows:
First, Pfi is estimated from eq. (14), giving Pfi = 0.07 per yr.
Then, Pfi and Pd

fi

values are substituted in eq. 12 to obtain N max pi .

Based on the analysis, the maximum population around the pipeline that will satisfy
the level of societal risk acceptance should not exceed the 82,000.

7.6 Conclusions

138

7.5.3 Sensitivity Analysis of risk parameters
For planning purposes, it will be beneficial to understand how population increase actually impact safety around the pipelines. The relationship established in eq. 12, indicates
that the probability of failure, probability of death given failure and number of inhabitants directly influence the risk level.
If one of these factors increases, a reduction in at least one of the other factors will be
required to maintain the acceptable risk level. A sensitivity analysis is thereby conducted to observe the robustness of the model, as well as measure the sensitivities of the factors with respect to overall risk.
The outcome (table 7.2) reveals that when other parameters are held constant, for every
rise in the number of habitants around the fatality zone, probability of failure Pfi must
reduce by the same margin in other to comply with minimum acceptable risk.
Table 7.2: Sensitivity outcome of probability of failure with population around pipeline
Probability of Failure

0.01

0.035

0.07

0.14

0.35

0.7

Change in population

400%

200%

X

0.5X

0.2X

0.1X

7.6 CONCLUSIONS
In this chapter, a framework for defining acceptable individual and societal risk criteria
for technical installations is presented. The approach is applied to the case study of
cross-country pipeline in Nigeria. In the case study, two points of view are considered.
These are individual and societal viewpoints.
Based on the analysis of historical non-voluntary and overall deaths, the safety norm
proposed for the Nigerian society is:

Pfi .N pi .Pd

fi

 720 *  i or E N   k. ( N )  720 *  i

When the risk consideration is from individual perspective, the norm:

IR  Pfi Pd

fi

 i *104 is found suitable.
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From the individual viewpoint, the policy factor  i has to be based solely on the amount
of risk the individual is willing to bear, after considering the direct and indirect benefits.
The individual risk for pipeline installations, with i  0.01 is therefore: 1 * 106
The results appear to reflect rational decision making based cost-benefit weighting. It
follows that for an individual, the safety level is dependent on the level of risk a risktaker is willing to take after weighing the benefits derived against the cost of risk. The
risk based decision for the society is based on the number of people at risk and the economic importance of the area.
The work aims to contribute to the present debate on risk management in the petroleum
industry, by demonstrating the usability of probabilistic methods in facilitating decision
making on the safety of technical installations. It should be noted however that the
quantitative analysis presented is only to aid policy makers in the decision making process, and not intended to replace stakeholder’s consultation, where required.

Chapter 8
RISK BASED MAINTENANCE OF A PETROLEUM PIPELINE

8.1 INTRODUCTION
A data-driven approach to find an optimal inspection interval for a product pipeline system is discussed and applied in this chapter. The approach accounts for the determination of both the probability of failure and associated consequences. A risk based integrity maintenance optimization of the pipeline is obtained by minimizing the pipeline economic while taking the human risk and maintenance budget as constraints. The proposed framework is utilised in the maintenance planning of a very long cross country
pipeline system. The outcomes are robust and well validated. The framework can be applied to any engineering system, including oil and gas pipelines that require inspection
and maintenance planning.

8.2 INTEGRITY MAINTENANCE OF PETROLEUM PIPELINES
Transportation and storage assets used in the production of oil and gas include the floating production, storage and offloading units (FPSOs), mobile offloading production units
(MOPU), tension leg platforms, production semi-submersibles, jack-ups, pipelines, etc.
The main production objective for these assets is to ensure that the system functions
without hindrance, and fully comply with appropriate safety standards. Generally, for
such systems it is often difficult to quantify the benefits of maintenance because stand-
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ards are set by the authorities to define acceptable failure frequency. Due to this, the
costs of maintenance are normally optimised.
In this case, the cost of maintenance will be optimised in order to meet the minimum
stipulated safety standards. Different approaches to maintenance optimization have been
proposed by different authors, ranging from simplified analytical methods (Vatn et al.
1996) to advanced mathematical models (Dekker et al. 1994, Tsai et al. 2001). Unfortunately, most of the advanced maintenance models available in academic literatures are
often too laborious, and difficult to apply in real applications that they are meant to
serve. Dekker (1996) claimed that the field of maintenance optimization has one of the
widest gap between theory and applications, and Scarf (1997) emphasised the need for
maintenance modelers to collaborate with practice engineers for academic maintenance
optimization models to have any real practical applications.
One promising maintenance optimization technique is the use-based maintenance model
(Git, 1992; TNO, 2005). In the model, total cost due to operation and failure of a production system is minimised so as to achieve an optimum maintenance interval for preventive maintenance of repairable systems (Taghipour et al. 2010). In addition, the B/C
ratio interval derived from performing preventive maintenance can be maximised to
achieve an optimum. The minimization and maximization of the total cost function and
the B/C ratio, respectively appears to be very promising, especially in finding the optimum maintenance interval for a production system, considering the preventive maintenance policy.
The methodology proposed in this work consists of risk estimation, maintenance strategy
selection, and maintenance optimization. Risk is defined as a combination of probability
of failure and its anticipated consequences. The statistical approach to reliability of repairable systems is utilised to determine the failure frequency of the system based on historical records of failure. Maintenance optimization decisions for each component of the
system is made based on the level of risk reduction obtained from implementing maintenance strategies. As opposed to most current methods of reliability centred maintenance, the proposed framework is based on real data, thus ensuring robustness in the optimization process. Furthermore, with enhanced accuracy in risk assessment due to the
use of real data, considerable cost savings in the inspection and maintenance planning
may be achieved.
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The proposed methodology is utilised to formulate the risk-based maintenance strategy
for a cross country petroleum pipeline system. A use-based preventive maintenance plan
is proposed to calculate the optimal maintenance interval for corrosion failures within
the pipeline, while satisfying the constraints of cost and risk minimization. The chapter
is organised as follows. In section 8.3, maintenance optimization models are briefly reviewed. In section 8.4, the proposed risk-based maintenance optimization approach is introduced and the steps that are involved in the optimization process are briefly discussed. Then in section 8.5, use-based maintenance strategy, the total cost function and
the optimization equation for a system are developed and discussed. In Section 8.6, the
example of corrosion failure of a petroleum pipeline system is used to show how the proposed optimization framework can be utilised to formulate inspection and maintenance
strategies for an operating pipeline. Lastly, section 8.7 discusses the results obtained,
and concludes.

8.3 MAINTENANCE OPTIMIZATION MODELS
Maintenance optimization models are mathematical models developed to determine either the optimum balance between the costs benefits of maintenance or the optimum
time to execute maintenance activities, while taking appropriate constraints into account.
Dekker (1996) expressed that maintenance optimization generally entails four aspects,
namely: (i) description of a technical system to be optimised, (ii) modelling of the realtime deterioration of the system, and its associated consequences, (iii) description of
available information about the system and the actions open to management, and (iv)
development of an objective function and a suitable optimization technique for the function. These steps are similar to the four steps presented in the utility approach proposed
by Vatn et al. (1996). The four steps entail problem definition, loss function description,
dependability modelling, and result compilation.
The conventional optimal maintenance approach involves fixing the interval that minimises the total expected cost for a planning period (Barbera et al., 1996; Castanier and
Rausand, 2006). The relationship between the costs and maintenance interval (  ) under
this assumption is displayed in Figure 8.1.

8.4 The Proposed Risk-Based Maintenance Strategy

143

In general, three types of maintenance models can be distinguished based on the failure
behaviour and whether the model allows condition monitoring by inspection. The three
models are condition-based model, failure-based model, and use-based model (Git 1992).
The condition-based model optimises the inspection interval of a component and predicts
when a maintenance action should be initiated, once a specified condition is attained.
The failure-based model results in corrective maintenance only and it is used to predict
maintenance action after the failure of a component. The use-based model is designed to
optimise the maintenance interval of a production system. Similar to the conditionbased maintenance, the use-based maintenance also results in both preventive and corrective maintenance.
The proposed framework in this chapter adopts the use-based maintenance model because it is particularly suitable for repairable systems, and particularly for components
whose failures are noticeable.

Total Cost

Costs

Corrective maintenance cost

Preventive maintenance cost



Maintenance interval

Figure 8.1: Maintenance interval plot for preventive maintenance and corrective maintenance.

8.4 THE PROPOSED RISK-BASED MAINTENANCE STRATEGY
Risk based maintenance methodology involves the inclusion of risk aspect into maintenance. In the methodology, a maintenance approach is selected, and then included into a
risk-based decision framework to achieve the optimum risk-based maintenance.
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8.4.1 Optimization Framework
The basic methodology and the building blocks of the optimization approach for a pipeline system is depicted in Figure 8.2. The approach presented here involves the use of
historical data to obtain direct estimates of the probability and consequences of failure,
which would allow risk calculation and maintenance optimization. It is based on the optimization of the total cost of failure subject to acceptable environmental and human
safety risks, with more emphasis on minimization of risks to human safety.

Select pipeline segment

Define segment attributes

Define failure mode

Calculate the probability of failure for
each failure mode

Define Failure hazards

Quantify economic
consequences

Quantify environmental
consequences

Quantify total consequence

Estimate total risk

Select maintenance option

Estimate risk reduction

Is there any other segment
Yes
No
Optimized Maintenance

Constraints:
Acceptability of risk
Maintenance budget

Figure 8.2: Maintenance Optimization Framework for a Pipeline system

Quantify safety
consequences
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8.4.2 Optimization Procedures
The Optimization process inherent in the framework consists of the following six steps:
(i) probability of failure estimation, (ii) determination of consequences of failure, (iii) estimation of risk of failure, (iv) calculation of risk reduction, (v) calculation of total cost
function, and (vi) determination of cost-optimal inspection frequency of the pipeline in a
preventive maintenance policy.

8.4.3 Probability of Failure Estimation
The objective of this step is to establish a stochastic model that can be used to determine the probability of failure. In achieving this, the pipeline system is divided into different segments based on a set of attributes. For each segment, typical failure factors
can be identified. The typical failure factors for pipeline ruptures include corrosion, third
party damage, operational errors, structural defects, and other minor failures. Each failure factor can be further divided into different categories, as appropriate. For example,
corrosion failures can be grouped into pitting corrosion, uniform corrosion, stress corrosion cracking, etc. (Freeman 2002).
The probability of pipeline failure can be computed in many ways. The method proposed is the statistical approach to the reliability of repairable systems, already described in chapter 5 of this thesis. The statistical approach is data-driven, and may not
be suited for equipment with insufficient failure data. If adequate failure data are lacking, decision models such as analytical hierarchical process (AHP), utility theory or expert judgment can be considered. If AHP is utilised, it is advisable to augment this
methodology with structured expert judgment to reduce subjectivity, as discussed in
Dawotola et al. (2011).

8.4.4 Consequences of Failure
In this step, the likely consequences of potential hazards are estimated by determining
the impacts of failures on human lives, the environment and economic profit.

These

three consequence components can be combined into a single measure of loss, and utilised to estimate the total loss of failure due to a given hazard.
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The failure of corroded petroleum pipeline may lead to oil spills or fires/explosions, or
even a combination of both. Shebeko (2007) analysed the hazardous factors typical for
accidents with fires and explosions on oil storages, which range from thermal radiation at
pool fires and torch fires, thermal action of combustion of vapour clouds at a flash-fire,
overpressure at combustion of vapour clouds, and high temperature of air, smoke and
toxic combustion products with low oxygen concentration.
The estimate of consequences of pipeline explosion involves rigorous and extensive mathematical computation. For example, Palazzi et al. (2004) explained that the evolvement
of hydrocarbon spills can be described according to three different time-evolution scenarios, namely instantaneous, continuous and semi-continuous. Each scenario requires different sets of complicated mathematical formulae to model the consequences of the spills,
hence the need for modelling tools. In chapter 6, CANARY v.4.2 and SAFETI FX 6.5.1
have been used to model consequences and risk values respectively, due to loss of containment in a pipeline

8.4.5 Total Risk
The risk of failure for each failure factor is estimated based on the results of failure
probability and consequence analysis, as earlier described. The level of risk calculated
thus signifies the total risk for the system. Total risk is estimated by summing the environmental, economic and human safety (individual and societal) risks for each hazard
cause and failure mode. Future risks can be determined by applying a discount factor to
the present value of the expected total risk over the first period. The total risk over an
infinite time horizon would become: R , in which R is the expected total risk over the
r
first period and r is the discount factor due to economic growth net of inflation. The
computed risk will then be evaluated against acceptable risk to determine its compliance
with the stipulated regulations.
Setting up acceptable risk criteria depends on a number of factors which include the criticality of the system, the requirements of the local safety authority responsible for maintaining the safety of critical infrastructures, and the level of risk that individuals located
within the facilities are willing to accept based on their personal cost-benefit analysis.
Any pipeline with risks exceeding the acceptable criteria will be re-evaluated after suita-
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ble maintenance plans have been proposed. The risk reduction due to maintenance effect
will also be considered and evaluated.

8.4.6 Risk Reduction
This step entails the calculation of the amount of reduction in the failure frequency for
the pipeline after integrity maintenance has been carried out. The failure frequency reduction is utilised to estimate cost savings due to risk reduction. This is a vital step in
the maintenance optimization loop, as it justifies the whole optimization process. If the
level of risk reduction falls below expectation, it implies that the proposed maintenance
plan is not effective enough in mitigating the failure frequency. In this case, a more suitable inspection and maintenance strategy has to be considered.

8.4.7 Optimum Maintenance Interval
The optimum maintenance interval of inspection and repair is evaluated by minimizing
the value of the expected total cost or maximizing the benefit-to-cost ratio, that were both
derived in chapter 4. In the expected total cost model, the optimization objective is to
solve for  that satisfies the equation (Eq. 8 in chapter 4), and that will give the most
profitable preventive maintenance structure for the system. If the benefit-to-cost ratio
model is used, the objective will be to find the maximum possible value for B/C ratio
(Eq. 14 in chapter 4) under the stated constraints.
For a risk-based maintenance optimization, constraints for the optimization equation are
set by imposing a limit on Individual risk, IRx , y and maintenance budget, C as appropriate.
Optimization objective is therefore defined as:
Minimise expected total cost, E[C |  ] or
Maximise B/C ratio
Subject to:
IRx, y  Rt (Risk criterion); C  Ct (Maintenance budget)
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Where Rt is maximum acceptable risk to life (t stands for target) and C t is the maximum
maintenance budget of the company.
The maximum individual and societal risks can be input into the optimization equation.
However, it should be noted that these values are valid only if the habitation around the
pipeline (for which the risk calculated was based) remains unchanged.

8.5 RISK-BASED MAINTENANCE OPTIMIZATION
SYSTEM

OF A

PIPELINE

The proposed risk-based maintenance strategy is applied to formulate a risk-based
maintenance strategy for pipelines described in Chapter 5. Corrosion history from 1999
to 2009 for the pipelines was collected and recorded. Basic features of the pipelines are
summarised in table 5.1. The pipelines are assumed to follow minimal repair models.
Trend test is applied to test whether HPP or NHPP is a suitable model to describe corrosion failure obtained from the pipelines.

8.5.1 Risk Analysis of Pipeline Systems
The corrosion failure history of pipelines PPL 1, PPL 2 and PPL 3 is sub-divided into
uniform corrosion, pitting corrosion and stress corrosion cracking. The statistical analysis failed to reject the null hypothesis that HPP is sufficient to describe the historical
corrosion failures due to stress corrosion cracking. It was also observed from the analysis that corrosion history of PPL 2 and PPL 3 exhibit similar stochastic behaviour in all
cases.
The calculated failure frequencies due to all types of corrosion for PPL 1, PPL 2 and
PPL 3 are 2.93 * 10 3 per km.yr, 0.79 * 10 3 per km.yr, and 2.18 * 10 3 per km.yr,
respectively. Individual risk is calculated using SAFETI FX 6.5.1 software. The values
obtained range from 1 * 10 5 to 1 * 10 9 per yr. for uniform corrosion, pitting corrosion
and stress corrosion cracking. Pitting corrosion generally has the highest individual risk
followed by stress corrosion cracking. A plot of individual risk contour is given in Figure
8.3.
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Figure 8.3: Individual Risk contours for oil spill due to corrosion

8.5.2 Optimum Maintenance Interval
A maintenance cost model is developed based on historical cost information for all the
pipelines. The model parameters used for the analysis are obtained from table 5.2. The
optimum point is achieved by minimizing expected total cost function, E[C |  ] derived in
Eq. 8 of chapter 4. Historical data of uniform corrosion of PPL 1 is best fitted to power
law distribution. The maintenance optimization result is based on expected total cost
function, and shown in Figure 8.4. It could be observed from the figure that an optimum point (maintenance interval) lies at 1.25 year which corresponds to an investment
of $0.45 million per maintenance cycle.
For the case of pitting corrosions of PPL 1 (Figure 8.5) which was governed by HPP, no
optimum period (yr.) was observed when using the same expected total cost function
model. Due to this limitation, the B/C ratio model, Eq. 14 was applied to the HPP
model instead. The result is an optimum maintenance interval of 1.21 yr. with a B/C
ratio of 1.44; corresponding to $2.30 million investment per maintenance cycle for pitting
corrosions (Figure 8.6), and maintenance interval of 1.95 yr., B/C ratio of 3.47, and
$1.21 million investment per maintenance cycle for stress corrosion cracking (Figure 8.7).

8.5 Risk-Based Maintenance Optimization of a Pipeline System

150

Similar procedures can also be carried out for PPL 2 and PPL 3 under varying types of
corrosion failures.

Figure 8.4: Maintenance Optimization of pipeline under uniform corrosion (used-based model)

Figure 8.5: Maintenance Optimization of pipeline under pitting corrosion (use-based model)

Figure 8.6: Maintenance Optimization of pipeline under pitting corrosion (B/C model)
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Figure 8.7: Maintenance Optimization of pipeline under SCC (B/C model)

8.5.3 Sensitivity Analysis of Parameters
One of the benefits of risk based optimization of pipeline integrity maintenance is the
potential for risk reduction. For an optimum maintenance, the level of risk reduction
achieved can be estimated based on the effect of maintenance activity on probability of
failure. In essence, quantifying risk reduction will be valuable tool in evaluating economic viability of proposed maintenance strategies.
A sensitivity analysis on preventive maintenance cost is carried out in order to estimate
the optimum replacement time and risk reduction (in terms of expected cost). Table 8.1
shows the sensitivity analysis results due to uniform corrosion, pitting corrosion and
stress corrosion cracking of pipeline (PPL 1). The initial optimum is indicated in italics.
The sensitivity analysis reveals that for uniform corrosion (described by NHPP) an increase in the preventive maintenance cost would lead to a corresponding increase in the
maintenance cycle in other to maintain the optimum point. The increase in the maintenance cycle would result in an increase in the level of risk.
The results for pitting corrosion and stress corrosion cracking (described by HPP) are
somewhat different. In this case, an increase in preventive maintenance cost would lead
to a corresponding increase in maintenance cycle. However, it was observed that B/C
ratio reduces when preventive maintenance cost increases. Thus the target for integrity
maintenance under the HPP scenario will be to maximise both risk reduction and the
B/C ratio.
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Table 8.1: Sensitivity analysis of preventive maintenance for PPL 1

Uniform Corrosion
Preventive cost (‘$000)

2,500

6,250

12,500

25,000

40,000

Duration (years)

0.75

1.00

1.25

1.50

2.00

Expected cost ($million/year) 0.15

0.28

0.45

0.70

0.90

Stress Corrosion Cracking
Preventive cost (‘$000)

2,500

6,250

12,500

25,000

40,000

Duration (year)

1.0

1.75

1.95

2.25

2.50

Expected cost ($million/year) 1.70

1.30

1.21

1.20

1.10

B/C ratio

3.59

3.52

3.47

3.39

3.33

Preventive cost (‘$000)

2,500

6,250

12,500

25,000

40,000

Duration (year)

0.50

1.00

1.21

1.30

1.50

Expected cost ($million/year) 3.90

2.70

2.30

2.20

2.00

B/C ratio

1.45

1.44

1.43

1.42

Pitting Corrosion

1.46

8.6 QUANTITATIVE RISK BASED MAINTENANCE VS. AHPCLASSICAL MODEL
The quantitative risk based maintenance optimization model presented in this chapter
can be compared with the AHP-Classical model utilised in chapter 4 under limited data
availability. The figures obtained under the two approaches, such as failure frequency,
consequences estimation, risk values, and maintenance optimization can be compared to
derive certain trends in the two methodologies. It has been argued before that AHPClassical model is presented as an extension to the existing AHP model in literature and
could be very valuable under limited data. Moreover, the application of AHP has been
extended in this thesis to enable its direct application to maintenance optimization of
petroleum pipeline.
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The failure frequencies obtained under the two approaches are somewhat different. In
The AHP-Classical model, the failure frequency obtained for different pipeline segments
range from 2.67E-5 per km.yr to 4.02E-3 per km.yr under corrosion failure. Based on
quantitative risk assessment, the corrosion failure frequency figures obtained range from
0.79E-3 per km.yr to 2.93E-3 per km.yr. Factors contributing to the difference include
the over simplication approach used by AHP-Classical model and the difference in process and physical parameters of the two pipelines.
The Optimization of pipelines based on AHP-Classical model was based on maximizing
the B/C ratio. This proves to be very suitable for the particular case study, as optimum
points were achieved for all the failure factors. The result reported in chapter 4 concludes that mitigation of failure due to external interference requires more frequent preventive maintenance cycle than corrosion, structural defect and operational errors. In
particular, external interference requires preventive maintenance every 2.5 yrs., corrosion
requires preventive maintenance every 3 yrs., structural defect every 5 yrs., and operational error every 5.5 yrs.
The maintenance optimization was applied only to corrosion failures due to the sparseness of failure data for other failure factors. Comparing the results under the quantitative approach to the AHP-classical model, it appears that the quantitative approach is
more conservative. The average maintenance cycle obtained for corrosion is 1.2 yr.,
which is less than 2.5 yrs. obtained under AHP-classical model. It is also interesting to
note the difference in the B/C ratios for the two approaches. For example, while quantitative approach promises a conservative B/C ratio of 1.4 to 3.5, the AHP-Classical model achieves a B/C ratio of 6.64.
Actual decisions are indeed dynamic and sequential; therefore, optimal maintenance interval will be expected to change over time as more information become available for the
pipelines. When updated data for failure frequency becomes available, potential risks
are calculated and actual decisions are made on whether to carry out preventive or corrective maintenance. Previous experience on the performance of different maintenance
actions will be a pointer to its suitability for future maintenance policy.
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8.7 CONCLUSIONS
This chapter attempts to model production loss of a cross-country petroleum pipeline
under pitting corrosion, uniform corrosion and stress corrosion cracking using available
data. The proposed framework is utilised to determine the risks of failure and the optimum maintenance interval for the pipeline. The framework combines the use-based
maintenance model, where the failure frequency changes with time following a nonhomogenous Poisson process, with a B/C ratio model that accounts for a constant failure
frequency (homogenous Poisson process). Individual Risk obtained for corrosion failure
for the pipeline range from 1 * 105 to 1 * 109 per year based on where an individual is
located within the hazardous zone.

Risk based integrity maintenance is proposed for

pipelines that fall within the zone with individual risk greater than the minimum acceptable risk of 1 * 106 per year.
The study reveals that for petroleum product pipelines, a homogenous Poisson process is
generally adequate to model failure due to stress corrosion cracking while pitting and
uniform corrosion can be fitted to either a NHPP or HPP, based on the characteristics of
the pipeline segment under consideration. Based on the outcome, it can be said that
minimizing the expected total cost of production systems will not always lead to global
optimization, especially for systems with constant failure frequencies. In such situation,
a good alternative will be maximizing the benefit-to-cost ratio. Furthermore, the results
obtained in an AHP-Classical model could be further validated by real data as demonstrated in this chapter.
The outcome of quantitative risk assessment and maintenance optimization in this chapter is compared with similar results from chapter 4. In comparison, the values obtained
from quantitative risk assessment are more conservative than the results from AHPClassical model. The trend of the results from both models are however relatively comparable. It can be said that under limited data, AHP-Classical model could be applied
in a maintenance optimization case; however, careful interpretation will be required to
reduce subjectivity. Additionally, the values obtained in the quantitative model could be
used to fine-tune the results of AHP-Classical model for the failure factors such as structural defects, operational errors and other minor failures with insufficient or lack of failure data.
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It is assumed in the quantitative risk model that pipelines follow minimal repair in the
sense that the system can be restored to as good as new condition after repair. It is also
assumed that the pipeline’s failure frequency is not altered after performing minimal repair. The limited maintenance records available for one of the pipelines actually confirm
this assumption. For a segment of the pipeline, no significant surge in failure occurrence
was observed after preventive maintenance. However, more data will be required in future research to observe how this impacts the failure frequency of other segments and the
entire pipeline.
The existing model does not dynamically capture changes in maintenance history, as it
relates to its impact on failure frequency reduction. This is an area of future improvement in the model. The impact of maintenance on different pipeline segments, and how
it translates to the entire pipeline will be worth investigating in the model. Also, the existing model assumes homogeneity of pipeline segments and pipelines with similar process conditions. Based on this assumption, pipeline segments are grouped according to
attributes, such as the physical and process conditions and year of installation. However,
the assumption of homogeneity may not be entirely accurate and future research will
need to take into account how to minimise assumption of homogeneity. One suggestion
will be to have further divisions based on the similarity of maintenance history.

Chapter 9
CONCLUSIONS AND RECOMMENDATIONS

9.1 GENERAL
This thesis deals with risk-based integrity management of cross-country pipeline systems.
A methodology has been developed that enables the extension of risk assessment and risk
evaluation methods to petroleum pipelines. The main objectives of this thesis are:


To develop a decision based framework for ranking segments of pipeline systems
under limited failure data. Similarly, under limited data, the decision model is
extended to carry our maintenance optimization of pipeline systems.



To investigate stochastic behaviour of corrosion mechanisms in pipeline systems
based on historical failure data. The goal is to calculate the frequency of failure
that can serve as input to risk assessment models.



To study consequences due to rupture of oil and gas pipelines, and to extend the
methodology to carry out risk assessment of pipelines.



To apply risk evaluation and assessment framework to develop acceptable risk
standards for a developing country, such as Nigeria and extend the same model to
critical infrastructures such as pipelines.



To develop a risk based maintenance framework for petroleum pipelines, and extend the model to calculate the optimum inspection and maintenance interval in
a risk-based approach.

9.2 Decision Analysis approach under limited data
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Risk assessment has been studied under two approaches. The first approach is based on
the combination of analytical hierarchy process and structured expert judgment decision
model. Based on this model, risk ranking of pipeline segments can be based on input
from pipeline experts. The model could be a powerful tool supporting decision process in
the area of pipeline maintenance under limited failure data. The second approach is
quantitative risk assessment model based on statistical analysis of historical data of pipeline failures. In the model, statistical analysis is used to calculate failure frequencies, and
simulation model is used to analyse consequences of pipeline rupture.
In risk-based maintenance model, risk estimate from quantitative risk assessment is utilised to prioritise pipelines for maintenance. The model is useful in providing guidelines
for effective inspection and maintenance of oil and gas pipelines. In addition, the framework can support decisions on pipeline integrity inspection and maintenance. The types
of decisions to be addressed in the methodology are the choice of inspection methods, inspection interval, and choice of maintenance actions.
Integrity maintenance decisions, in part have been based on subjective interpretation of
pipeline inspection data. The results on risk based maintenance will benefit decision
making for design, redesign, construction, monitoring, inspection, maintenance, reconstruction and demolition of petroleum pipelines. This is very helpful especially in developing countries like Nigeria, where data availability is limited and acceptable individual
risk and societal risk have not been well defined. The outcome will also help pipeline
operators and stakeholders in risk assessment of pipeline facilities, which will aid effective
allocation of inspection and maintenance efforts.

9.2 DECISION ANALYSIS

APPROACH UNDER LIMITED DATA

The rupture of pipelines occurs in most countries rarely, and as such data of failures are
often insufficient to carry out a thorough hierarchical approach. Moreover, when failure
data are gathered, the classifications may not cover all known failure factors and attributes. AHP can be used to conduct pairwise ranking of pipeline segments. However, experts input in AHP are subjective. Needless to say that experts sometimes find it difficult to estimate frequency of failure for failures with generally low probability of occurrence.
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A model can be constructed for risk management of transportation pipeline based on a
methodology that incorporates structured expert judgment and analytic hierarchy process (AHP). The risk model is capable to calculate frequency of failure and consequences
for different segments of pipeline, utilising inputs from pipeline experts. Specifically, the
Classical model was used to obtain frequency of failure due to rupture for an existing
pipeline system. Analytic hierarchy process is then used to rank segments of pipeline
risk-wise, by obtaining relative proportion of attributes with respect to the failure factors.
Five failure factors were considered. These are external interference, corrosion, structural defects, operational errors and other minor failures. The failure factors are further
sub-divided into attributes as follows:


External interference (sabotage and Mechanical Damage)



Corrosion (Internal and External Corrosion)



Structural defects (Construction Defect and Material Defect)



Operational errors (Equipment failure and Human Error)

The assumption in AHP model is that each expert would have equal weight in the final
decision making. However, the assumption may prevent optimum decision making, since
equal representation may not always lead to rational consensus.
It has been demonstrated that optimum decision can be achieved with the use of structured expert judgment based on the so-called Classical model. In chapter 4, the Classical model reveals that only three out of the six experts that participated in the analysis
actually contribute to optimum decision. In addition, subjectivity inherent in AHP can
be minimised through estimation of uncertainties in expert elicitation.
The case study in Chapter 4 reveals some interesting conclusions, which shows that location plays a significant role in pipeline integrity. In the case study, external interference
is found to be the most important failure criterion, representing over 50% of expected
failures. The high likelihood of failure by external interference is due to high likelihood
of sabotage acts and mechanical damage around pipelines located in the southern part of
Nigeria. Increased surveillance along pipeline’s right of way would help improve pipeline
reliability in this case.
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Furthermore, maintenance optimization models that are capable of reducing subjectivity
in the decision analysis framework are presented in Chapter 4. The first model entails
minimization of the expected total cost in an operating pipeline and maximization of the
benefit-to-cost ratio of a pipeline. The equations and building blocks of each of the two
models are also described. In particular, the benefit-to-cost ratio model was applied to
determine the optimum maintenance interval for failures due to Corrosion, External interference, Structural defects and Operational errors.
For pipeline segment -X1, the optimum duration of 2.5 yrs., 3 yrs., 5 yrs., and 5.5 yrs. is
found for external interference, corrosion, structural defects and operational errors respectively. The trend of results obtained in the optimization result somewhat confirm
the earlier result using AHP and structured expert judgment. Indeed, pipeline would be
inspected for maintenance more often in other to reduce external interference, which is
the failure factor with the highest likelihood of occurrence. Moreover, operational errors
possess the least failure threat to pipelines, and also require the least maintenance cycle.
Based on the results, it can be concluded that equal allocation of maintenance resources
to pipeline segments may not always yield optimal maintenance decision. When there is
lack of failure data to conduct quantitative risk assessment, company experts could be
valuable asset in formulating maintenance strategy. In addition, structured expert
judgment and maintenance optimization procedures could also prove valuable in reducing
subjectivity that may arise from expert participation in maintenance decisions. In conclusion, maintenance managers and other personnel responsible for asset maintenance
will find the decision based framework to be beneficial in formulating an annual inspection and maintenance policy for company’s assets.

9.3 ESTIMATION

OF

PIPELINE FAILURE RATES

Pipelines are repairable systems, in general. That is, they can be restored or repaired after failure. Therefore, statistical methods for the reliability of repairable systems can be
applied to model their failures. The times between failures could be independent or
identical, with either a spontaneous or time dependent failure distribution.

9.4 Risk Assessment of Pipeline Rupture
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Statistical analysis based on historical failures data can be particularly suitable to model
pipeline failures owing to the use of real data, which can enable a clearer understanding
of the stochastic behaviour of equipment failures. The model presented in chapter 5 applies statistical methods of repairable systems to model the frequency of failure of cross
country API5L X42 products pipelines.
The study analyses the trend of failure and the mean time before failures of the pipelines
from January 1999 to December 2009. Based on outcome of failure analysis, inspection
and maintenance recommendations are made. The model was used to study stochastic
distribution in the occurrence of corrosion failures of the three pipeline segments. Three
types of corrosion failures (uniform corrosion, pitting corrosion and stress corrosion
cracking) were considered.
By carrying a test of hypothesis, the analysis shows that the dynamics of corrosion incident can be described by homogenous Poisson process or non-homogenous Poisson process. Furthermore, it was observed that the pipelines’ frequency of failure follows a similar trend for pipelines/segments having relatively equal installation date.

9.4 RISK ASSESSMENT

OF

PIPELINE RUPTURE

Risk is estimated as a combination of the probability of failure and its anticipated consequences. Frequency of failure is calculated by assuming the pipeline follows minimal repair models. The Laplace test and the MIL-HDBK-189 are used to test the null hypothesis that the process is a homogenous Poisson process against the alternative that the intensity is increasing, following a power law. In determining risks due to loss of containment, the consequence associated with each form of failure is calculated taken into consideration effects on human life, economy, and the environment.
The consequences due to loss of containment of gasoline and natural gas pipelines are
modelled based on CANARY v.4.2 software. The consequences for gasoline pipeline are
overpressure and pool fire and the software is used to determine the safe distance from
the point of release to individuals residing along the pipeline route. Similar analysis for
gas pipeline was conducted for torch fire and vapour cloud emissions. The result indicate that impact due to rupture of gasoline pipeline is far reaching than natural gas pipe-
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line’s. This can be explained by the difference in molecular weight for gasoline and the
fact that gasoline flows on the land or water surface when released.
In addition, SAEFTI FX 6.5.1 software was used to calculate individual risk (risk contours) and societal risks (F-N plots) due to fire and explosion risk for both gasoline and
natural gas pipeline. In overall, individual risk obtained for gasoline pipeline range from
1E-5 to 1E-9 and for natural gas pipeline from 1E-5 to 1E-8. The risk contours of natural gas pipeline weigh more heavily on 1E-5 and 1E-6 and responsible for the larger part
of the individual risk. In contrast, gasoline pipeline’s risk contours are more evenly distributed representing a larger part of lower risk values than natural gas pipeline.
In addition, gasoline pipeline produces the minimum explosion overpressure of 1 kPa
when the distance from centre of confined volume is 673 m. While the minimum overpressure (1 kPa) for the flammable cloud emanating from the natural gas pipeline is
reached at 587 m distance from the release source. Furthermore, the impact of increased
population density is modelled for both pipelines. The population density was increased
from 100/km2 to 1000/km2 to see how both individual and societal risk values will
change. The result confirms that an increase in population density will lead to an increase in frequency of failure for both gasoline and natural gas pipelines.

9.5

ACCEPTABILITY OF RISK FOR CRITICAL INFRASTRUCTURES

The idea of acceptable risk for different countries and installations may be influenced by
historical catastrophic incidents. Individuals and society alike often set-up the so called
acceptable risk, with a view to mitigating the risk level to what can be termed “bearable”. The decision process on the acceptability of risk is generally based on the development of risk acceptance criteria, with the view of using such criteria as a tool to facilitate decision making. The definition of acceptable risk is different for both individual
and societal risk, since individual preferences may allow for additional risks, which may
not be acceptable to the society. It is therefore imperative that acceptable risk criteria
are defined for a country.
Up till now, the application of minimum risk standard, such as ALARP has been explored in the industry and is part of the requirements of the Nigerian National Depart-
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ment of Petroleum Industry (DPR) in citing new petroleum facilities. However, there
has not been any official guidance on how risk should be quantified and what would constitute an acceptable risk. The need therefore arises for a framework that will be capable of developing acceptable risk, both individually and societally in Nigeria. The requirements are two folds: (i) definition of risk acceptance criteria for Nigeria and (ii) definition of acceptance criteria for petroleum pipelines in Nigeria that could be used in
both short-term and long-term safety planning processes.
In chapter 7, the probabilistic methods have been used to produce a methodology capable to estimate the acceptable level of risk in a cost-benefit framework. The benefits and
the costs are weighed against associated risks to aid the decision making process on risk
acceptance. Thereafter, acceptable individual and societal risk levels are defined based
on historical trend of non-voluntary deaths and overall national fatalities. An example is
used to explore the practical application of the method to critical infrastructures such as
petroleum pipelines.
Based on the analysis of historical non-voluntary and overall deaths, the safety norm
proposed for the Nigerian society is:

Pfi .N pi .Pd

fi

 720 *  i or E N   k. ( N )  720 *  i

When the risk consideration is from individual perspective, the norm is:

IR  Pfi Pd

fi

 i *104

Therefore, the maximum acceptable individual risk for pipeline installations,
with i  0.01 is: 1 * 106
The results show that the cost-benefit risk framework provides a safety standard that is
acceptable from both individual and societal perspectives.

9.6 RISK-BASED MAINTENANCE MODEL
There is a growing awareness on the importance of risk awareness in maintenance decisions. Utilizing various models presented, a risk-based model was developed in chapter 8
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to incorporate the risk factor into inspection and maintenance decision models. In the
maintenance optimization loop, both the expected total cost and benefit-to-cost ratio
models developed in previous chapters were utilised. Thereby, a risk-based maintenance
framework was developed in chapter 8, and utilised to determine the risks of failure and
the optimum maintenance interval for the pipeline. The framework combines the usebased maintenance model, where the failure rate changes with time following a nonhomogenous Poisson process, with a benefit cost ratio model that accounts for a constant
failure rate (homogenous Poisson process).
The proposed risk-based maintenance strategy is applied to formulate a risk-based
maintenance strategy for corrosion failures of pipelines described in Chapters 5 and 6.
The corrosion failures studied were uniform corrosion, pitting corrosion, and stress corrosion cracking. The study reveals that for petroleum pipelines, homogenous Poisson process is generally adequate to model failures due to stress corrosion cracking while pitting
and uniform corrosion can be fitted to either a NHPP or HPP, based on the characteristics of the pipeline segment under consideration. From the outcome, it can be said that
minimizing the expected total cost of production systems will not always lead to global
optimum, especially for systems with constant failure rates. In such situation, a good alternative will be maximizing the B/C ratio.
Comparing the quantitative risk-based maintenance framework with the AHP-Classical
approach, the conclusion is that quantitative method results in a more conservative optimum point. One reason for the difference is due to the fact that real data are used in
risk estimation loop of the quantitative based framework compare to subjective inputs
from experts that were used in AHP-Classical model. Overall, both approaches show
some correlation, resulting in more frequent maintenance cycle for failure factors with
the highest likelihood of failure.

9.7 RECOMMENDATIONS

FOR FUTURE RESEARCH

This thesis has developed a framework for risk-based maintenance for oil and gas pipelines. Many questions have been asked and answered in the course of the research.
However, the research has generated further questions that can be further investigated as
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well. It is believed that the research directions followed in this thesis can be widened or
improved based on the following recommendation.
1. Model frequency of failure, consequences and risks due to other failure factors such as
external interference, mechanical damage, operator’s error etc. Stochastic distributions
due to corrosion have been studied for crude pipeline, and it will be interesting to collect
and analyse data of other failure factors for better understanding of pipeline failures.
2. Study the impact of different maintenance strategies on risk of failure. This thesis focuses mostly on use-based preventive maintenance strategy. In reality, other strategies
such as in-line inspection for internal corrosion would yield a different outcome. It may
be interesting to investigate the impact of different maintenance methods on frequency of
failure, and to study how initial preventive maintenance impacts subsequent maintenance
optimization recommendations.
3. Investigate financial consequences, including loss of reputation and develop a methodology to combine all consequences into one unique model. The benefit of minimizing
financial consequences is huge from the perspective of the pipeline operator, and the research direction can be widened by developing a methodology to combine all the consequences of failure: loss of life, environmental failure, and financial loss.
5. It may be interesting to investigate risk-based decision model from the perspectives of
both the pipeline operator and the regulators. While regulators may be more interested
in minimizing risk, operators would most likely prefer to maximise profit. A utility approach that will satisfy multi-criteria goals from these perspectives will be beneficial.
6. Extend the AHP-classical model to pipelines located in other countries. The study
has predominantly focused on Nigerian pipelines, and should be applied to pipelines located outside Nigeria. The model could also be extended to other production facilities
with limited historical failure records, such as FPSO.
7. Investigate further the consequences of Natural Gas pipeline and Gasoline Pipeline.
In addition, other petroleum products such as Natural Gas Liquid (NGL) and Heavy
Crude can be further analysed. The minimum safety distance that will maintain acceptable risk levels can be modeled under different failure scenario. Furthermore, the
impact

of

changes

in

population

on

safety

vicinity

can

be

investigated.
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As Low As Reasonably Possible
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APPENDIX III – EXPERT JUDGMENT QUESTIONNAIRE
WITH RESPECT TO LEADING CAUSE OF PIPELINE RUPTURE
1. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
External Interference and Corrosion?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
2. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
Structural Defects and External Interference?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
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3. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
Operational Error and External Interference?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
4. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
External Interference and Minor Failures ?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
5. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
Corrosion and Structural Defects?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
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6. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
Operational Error and Corrosion ?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
7. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
Corrosion and Minor Failures ?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
8. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
Structural Defects and Operational Error ?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
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9. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
Minor Failures and Structural Defects ?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
10. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
Operational Error and Minor Failures ?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
SECTION C: WITH RESPECT TO EXTERNAL INTERFERENCE
11. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
Sabotage and Mechanical Damage?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
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SECTION D: WITH RESPECT TO CORROSION
12. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
External Corrosion and Internal Corrosion?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
SECTION E: WITH RESPECT TO STRUCTURAL DEFECT
13. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
Construction Defect and Materials Defect?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
SECTION F: WITH RESPECT TO OPERATIONAL ERROR
14. WHICH WOULD YOU RATE MORE IMPORTANT BETWEEN
Equipment Failure and Human Error?
How many times more important?
(a) Equally important
(b) Between equally important and slightly important
(c) Slightly important
(d) Between slightly important and strongly important
(e) Strongly important
(f) Between strongly important and very strongly important
(g) Very strongly important
(h) Between very strongly important and extremely important
(i) Extremely important
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