the initiating event and follows sequences of event (consequences) until the possible events are

reached. Figure 29, illustrates a typical Bow-tie diagram for oil and natural gas pipeline.

Figure 29: Bow tie diagram for oil and natural gas pipelines in Nigeria (ET part was modified
after Shahriar, Sadiq and Tesfamariam, 2012) to incorporate oil pipelines as well.

4.2 Fault Tree Development

To be able to assess the risk due to oil and gas release from oil and gas pipeline in Nigeria, the
main failure factors and the different sub-factors were identified as well as their probabilities of
occurrences as presented in table 4. The oil and gas pipelines under study were divided into
segments based on the state where they are located in the Niger delta region. The various
information and history of the pipeline were collected. The flow chat in figure 30 was adopted to
estimate the failure probabilities of the factors responsible for oil and gas pipeline failure in
Nigeria.
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Table 4: Pipeline failure factors and their respective probabilities across four Niger delta states

in Nigeria.
Top event Probability | Basic events | Probability | Bayelsa | Rivers | Delta | Akwa
(TE) 1 (BE) 2 state state state | ibom
state
External Civil works 0.098 0.0122 0.0490 0.0348 | 0.0020
interference
0.327 Sabotage 0.175 0.0438 0.0542 0.0559 | 0.0211
Agricultural
activities 0.054 0.0133 0.0152 0.0235 | 0.0020
Incorrect Incorrect
operation process 0.092 0.0260 | 0.0200 | 0.0260 | 0.0200
0.248 conditions
Maintenance 0.156 0.0580 0.0390 0.0330 | 0.0260
deficiencies
Manufacturing | 0.038 0.0095 0.0095 0.0095 | 0.0095
Defects defects
Construction
0.132 defects 0.040 0.0100 0.0100 0.0100 | 0.0100
Operational
defect 0.054 0.0135 0.0135 0.0135 | 0.0135
Internal 0.133 0.0343 0.0343 0.0277 | 0.0367
Corrosion 0.293 External 0.160 0.0422 | 0.0406 | 0.0367 | 0.0406

These factors contributing to oil and gas pipeline failure in Nigeria range from design through

maintenance to environmental issues. They are basically grouped into two parts, leak (Corrosion-

internal and external) & (defects- initial and operational ) and rupture (external interference -

construction digging, sabotage)and (incorrect operation- operation and maintenance) (Dawotola
et al, 2009; Shahriar, Sadiq and Tesfamariam, 2012; Hang & Weng, 2010). These factors were

identified and used to develop the fault tree as presented in figure 31. The pipeline information

used were : (1) The purpose of the pipeline which tells the type of fluid being conveyed by the

pipeline (2) The year of pipeline commission (3) The type of coating applied on the pipeline (4)

The diameter of the pipeline segment under study (5) The design pressure of the pipeline .etc.
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| Formulate problem |

Divide the pipelines into segments according to |
purpose

| Collect pipeline information |

|

| Construct fault tree |

BEs division into 2 Groups(Ones with known
failure rate and ones with unknown failure rates)

{ 1A

Obtain probabilities from pipeline | Obtain aggregate Fuzzy

reliability data possibilities from expert judgement
Convert possibilities to probabilities]
by defussing them

Calculate MCs & the overall failure
probabilities of TEs

|

l Rank the MCs |

l

l Evaluate results |

Figure 30: Flow chat for oil and gas fuzzy fault tree analysis (Adapted from Lavasani et al, 2016
and made to suit the purpose of our work)

Having completed the fault tree, failure probabilities were assigned to the BEs and this was done
from three ways as recorded by (Lavasani et al, 2016): (1) From already established failure rates
(2) From pipeline data sources in this case from incidents recorded in Nigeria daily newspapers
(3) From expert judgements who have experience with oil and gas pipelines in the Niger delta
region. (Shahriar, Sadig and Tesfamarian, 2012; Lavasani et al, 2016; Dawotola et al, 2009;
Yuhua and Datao, 2005) elaborated the use of expert judgement to obtain fuzzy possibilities or
numbers which are finally converted to probabilities of BEs while Hang and Weng (2011) used
index system in obtaining the probabilities of BEs.

The probabilities of the different BEs are as presented in table 4. Having obtained the failure
probabilities of BEs, the probabilities of top events were obtained according to equation 1
(Lavasani et al, 2016)

P(T) =P (MCS1 U MCS2 Unrrvvveornnnn. uMCSh)
= P (MCSy) + P(MCS2) +........... P(MCSn) — P (MCS1n MCSy) + P (MCS11 MCSs) +.......P
(MCSin MCS;.....)..
T =X (Y oI (oL TSR Y [ 1Y) WO (1)
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Figure 31: Fault Tree Analysis for oil and gas pipelines in the Niger delta region of Nigeria.
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From table 4, the relative ranking of these factors were done and the result is as presented in
figure 32. External interference was the most predominant oil and gas pipeline TEs, contributing
33% of all the pipeline failures. Of all the external interference BEs, sabotage is the most
prevalent BE contributing 53.52% of all external interference BEs. Corrosion was the second
most prevalent TE, contributing to 29% of the total pipeline failures in the country. Incorrect

operation ranked third with 25% while defects is the lowest having a record of 13%.

External
Interferance
33%

Defects
13%

Incorrect
Operation
25%

Figure 32: Percentage distribution of factors responsible for oil and gas pipeline failure in the
four Niger delta states of Nigeria.

4.3 Event Tree (ET) Development

Many accidents arise from the release of oil and gas from a failed pipeline. This is because of the
combustible nature of the fluid being conveyed by the pipelines which poses serious threat to
humans and the environment near the failure location. This also comes with a lot of social unrest

and national security issues in some developing countries, Nigeria for instance.

Event Tree(ET) which is a logic sequence that graphically portrays the combination of events
and circumstances in an accident sequence, beginning with an initiating undesirable event and
tending towards a result or account (Sklavounous and Rigas, 2006) is used to analyze the

outcome events of oil and gas release from failed pipelines in the Niger delta region of Nigeria.
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For this study, ETs proposed by Sklavounous & Rigas (2006); Shahriar, Sadig and Tesfamariam,
2012 were adopted with some modifications made to incorporate oil release from pipelines. The
right-hand side of figure 25, comprises events taking place after oil and gas have been released
from pipeline. These events have been divided to take care of the time gap between gas leakage,
possible ignition and space confinement produced by the surrounding with binary situations
denoted as Yes (Y) or No (N), true (T) or False (F), Success (S) or Failure (F) to propagate the

event until the outcome is reached (Shariar, Sadiq and Tesfamariam, 2012).

The tree on the right-hand side shows all the possible outcome of events that results when there
is immediate ignition of oil and gas that were released. When this happens, gas clouds mixing
with atmospheric oxygen is usually limited, so the ignition happens at the outer layer which is
still within flammable limits while the inner core of the cloud is too rich with fuel for it to ignite.
As the burning continues, the buoyancy force of the gas begins to dominate thereby becoming
more spherical in shape and apparently turning into fire balls. This causes more mixing of the
gas with oxygen thereby causing more gases to get to their flammable limits and sustaining the
flame. Such fireballs are known to travel for miles until they are fully burned out.

However, when there is a delay in the ignition, there’s a thorough mixing of oxygen and fuel
which results to a faster burning cloud which burns from inner to outer layer. This sufficiently
mixed oxygen and fuel burns faster with a medium pressure. Such subsonic burning is termed
deflagration and it is only possible when the fuel-air mixture is within flammable limits.When
there is space confinement, the rate of mixture increases and the flame propagates at a supersonic
velocity developing a strong shock wave in the cloud which is characterized by abrupt high over
pressure front resulting in a blast (Philips, 1994). Such explosion in which a shock wave is
produced is termed detonation. The mixture exploding in confined space is termed confined
vapor cloud explosion (CVCE). When there is very poor or very rich fuel mixture which are still
within flammable limits, the flame front travels in the cloud in low velocity which results in
insignificant pressure increases. Such phenomenon is termed flashfire. For the case of oil release,
a delay in ignition leads to the spilling of oil on farmlands and water bodies that are close to the

pipeline and the natural habitats.
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4.4 Consequences

Several consequences arise from the release of oil and gas from a pipeline after an incident has
occurred. Such consequences pose threat to human life, national security in developing nations,
causes social instability, environmental damage, financial losses etc. These consequences are
investigated in the hazard zones of the output events during and after release. A hazard zone is a
region in which output events exceed critical threshold values and lead to negative effects for
people, environment and property (Dziubinski, Fratczak and Markowski, 2006). Figure 33,
represents a hierarchical framework for the consequences of output events in the Niger delta

region of Nigeria.

N G e 1 _—
e | e
i | e s

Figure 33: Hierarchical framework for consequences of output events in the Niger delta region
of Nigeria.

e Social Consequence
This is given the highest attention and relates to social criteria involving injuries to humans,
human cost, evacuation and social response etc. Several losses of life are recorded in Nigeria to
the acts of vandalism, as the casualty includes, the militants, youths, security agents, company
personnel etc. as observed in Rumuekpe, Bele, Obele-ibaa, Ogbakiri all in the communities of

Rivers state (Wilson, 2004). Such life loss comes in two forms:
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a. Either during gun battle between the host community youths, militants and the state security
agents while siphoning the crude oil from oil pipelines and well heads or
b. During fire outbreaks, which occurs during the siphoning of the crude oil or during the local
refining of the crude oil by the oil criminals. In Nigeria, the village opulation is mostly
comprised of the poor, making them very vulnerable to these fire outbreaks. Among these, the
women are the most hit followed by the children (Whitaker and agencies, 2006).

e Environmental consequence
These are the actual environmental damages which constitute biological effects and impacts on
the ecosystem. In the Niger delta region, these include, the air pollution, the water pollution from
toxins from petroleum products like mercury, chromium etc. which cause health problems to
human beings when consumed and the loss of the sources of their drinking water, the expanse of
vegetation destroyed with the corresponding loss of endangered species, the acid rain due to
gaseous emissions in the air.

e Economic Consequences
These not only relates to operational losses incurred during pipeline failure but also losses
incurred by the government as it regards the revenue that are supposed to be gained by the
government but have been lost due to pipeline incident and the emergency response in the case
of severe accident. The Nigerian National Petroleum Cooperation (NNPC) declared the loss of
#2.1tn equivalent of $7bn from January 2016 till date to the activities of militancy groups and oil
pipeline vandals in the Niger Delta region (NNPC report, 2016). Some other form of economic
losses come inform of reimbursement to customers for production interruption, revenue loss
from supply interruption, expenses required for labor, equipment etc., compensation for damage
caused to the third party etc. Etekpe and Okolo (2010), highlighted the various socio-economic
consequences pipeline vandalism poses to the people of Niger delta. The incessant declaration of
force majeure by oil multinationals operating in the region due to the acts of vandalism has
resulted in the reduction of Nigeria’s production and export capacity leading to a fall in oil
export revenue. This on the other hand increases the level of unemployment in the country due to
under-production capacity. The highest level of this, is the threat from some of these oil

multinationals to move their production to another country (Wilson, 2004).
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5 Discussion and Conclusion

5.1 Discussion

The objective of this research has been to establish an effective way to monitor/manage the
integrity of oil and gas pipelines since the lifecycle perspective cannot fully account for oil
bunkering, pipeline vandalization that is often experienced in developing nations. The first
approach towards achieving this objective was to identify the different leverage points where
necessary systemic changes needed to be effected. After studying the different leverage points,

four leverage points were adopted for systemic change. These are

e Pipeline design stage
e Pipeline operation and maintenance stage
e Pipeline monitoring and inspection

e The mindset or paradigm out of which the pipeline arises.

The identification of these leverage points for systemic change gave room for answering the
different research questions which are as stated below:

RQ 1. What are the major systemic risks to pipelines?
These are the different integrity threats that an operating pipeline faces over its entire lifecycle.
They fall under three categories:

e Time dependent threats
These are threats that grow over time. They include:
(1) Corrosion (internal and external) (2) Creep and crack mechanism

e Resident threats
These are threats that do not grow over time but act when influenced by another condition or
failure mechanism. They include:
(1) Mechanical damage from construction/fabrication (2) Material and construction defects like
pipe seam, pipe body and joint welds (3) Maintenance deficiencies (4) Third party activity like

sabotage
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e Time -independent threats
These threats are not influenced by time. They include:
(1) Human error (2) Incorrect operation (3) Device failure and malfunction (4) Excavation
damage (5) Earth movements such as earthquakes, landslides or telluric currents (6) Outside
forces or weather related threats like high winds, rough seas or cold/ hot temperatures.
It was established that Pipeline sabotage is the most predominant threat in developing countries
most especially, the Niger delta region of Nigeria where high poverty and negligence from the
government and the oil companies operating in the region are the main contributive factors to
sabotage that is often practiced in the region. Corrosion was also discovered to be the most
prevalent threat across US and Europe and accounts for the major pipeline losses that have been

incurred in those areas.

RQ 2. What methods are appropriate to address the integrity of pipelines during the delivery
phase of the oil and gas sector?

Various methods were adopted in this research to address the integrity of oil and gas pipelines
during the delivery phase. Such methods include:

e Failure mode and event analysis (FMEA)
This was adopted to identify and prioritize the root causes of these pipeline integrity threats and
the consequences that will result from the damaged pipeline in case a failure occurs. This was
achieved by carrying out a bow-tie analysis of the oil and gas pipelines in the Niger delta region.
The bow-tie analysis consists of two basic parts:
(1) Fault tree part: This was used to identify the main factors and sub factors that contribute to
pipeline failure in the Niger delta region. This led to the development of the event tree of
possible failure modes of pipelines.
(2) Event tree part: This was used to analyze the outcome events of oil and gas release from
failed pipelines in Niger delta region of Nigeria. The analysis resulted in three types of

consequences namely: social, environmental and economic consequences.
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e Integrity Performance Indicators
The need for the pipeline integrity to remain at a certain level or threshold was emphasized in
this work. This is because exceeding certain level or going below the threshold results in
catastrophic consequences. Therefore, pipeline integrity should not exceed certain level and as
well should not fall below the threshold level. For this to be ensured there is the need for
continues monitor of the integrity level. This is achieved using the pipeline integrity performance
indicators. The risk based integrity indicators were developed in this research to monitor the
integrity level of pipelines so as not to exceed or fall below certain level. This would help in
averting the consequences that results from the pipeline failure by ensuring that a good integrity
level is maintained.

e Condition based maintenance methods
Different techniques were adopted to monitor the condition of pipelines. These are of two types:
(1) Prognostics techniques: These are the different measures adopted to predict fault/failures
before they occur. They are the different inspection and monitoring techniques given to pipelines
to ensure its integrity. Such inspection or monitor are done using smart pigs. Smart pigs are used
to detect loss of metal and deformation in pipeline. They come in three dimensions: (a)
metal/thickness loss which monitors the thickness of pipelines (b) Crack detection which
monitors the pipeline for cracks (c) Geometry tool which gather information about the shape of
pipeline or its geometry. It also monitors the external surface of pipelines and dents as well.

(2) Diagnostics techniques: These are methods used to detect, isolate and identify faults or
failures in pipeline. They comprise the different leak detection methods discussed in this work
from the simplest method of using trained dogs to detect bleaks to the advanced method of using
satellite. These leak detection methods were categorized in three groups, namely:

(a)Hard ware based method: These utilize hard ware tools for the detection and localization of
leaks in pipes (b) Biological method which is a traditional method of leak detection where
experienced personnel or trained dogs walk along the pipeline looking for patterns like odour
emanating from the pipeline, listening to noise from the leaking holes in pipelines. (c) Software

based method which utilizes computer software programs for leak detection in pipelines.
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e Integrated operations

This method is utilized to monitor oil and gas pipelines from remote locations. It allows for

tighter integration of personnel that are involved as well as operators and service companies

working together to plan, operate and maintain the oil and gas pipeline. This is made possible by

modern information and communication technology and high band width fiber optics network

for real time data sharing between remote locations.

RQ 3. What indicators can support risk framework used to secure pipeline delivery system?

Risk-based leading and lagging indicators were developed for the different selected leverage

point to monitor the integrity level of oil and gas pipelines so as not to exceed a certain limit or

fall below the threshold level. These indicators are as presented in the following tables 5,6,7,8.

Table 5: Design Stage Integrity Performance Indicators

Design stage

Design Effectiveness

Compliance to statutory requirements

Lagging Indicators

Leading Indicators

Lagging

Lagging

*No. of incidents
associated with
changing threats and
failure modes not
considered during
pipeline design

Allowable size of
population along
pipeline route.

Environmental and
external loads on
pipeline

*No of incidents due
to improper route
selection

* Production loses
due to route
selection in difficult
terrain

Percentage cost saving
due to shorter route
selection

Time taken to get to
critical location

* No of incidents
linked to failure of
MOC

% pipeline section
changes suitably risk
assessed and approved
before installation.

Average time taken to
fully implement a
change once approved

*No. of incidents
where errors in
pipeline design are
identified as
contributory cause

No. of deviations from
applicable codes,
standards and regulations
governing pipelines in a
country

No. of post-startup
modifications required by
operations

% critical
equipment/systems fully in
compliance with current
design codes
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Table 6: Inspection/ Maintenance Integrity Performance Indicators

Inspection/Maintenance

Inspection strategy

Inspection effectiveness

Compliance to statutory rules

Lagging Leading Lagging Leading Lagging
indicators indicators indicators Indicators indicators
*No. of The *No. of % *No of incidents | Performance
incidents standard o incidents due | availabili ue to non- of inspection
dent tandard of dents d lability | duet f inspect
due to inspection | to lack of of compliance with | and
incorrect and inspection inspection rules and maintenance
maintenance | maintenanc | and and regulations by qualified
/ inspection | e strategy maintenance | maintenance and certified
strategy equipment personnel
The *No of incidents
rocedure . due to
?or Cgrr]]smt(_ency avoidance of
inspection Wrgcevc\jllrjlrt;in rectification _ Proper
and gn y recommendatio | documentatio
maintenanc : n n of
checklist . .
e of each inspection
section of information,
*No of the oil and activities and
incidents gas pipeline data
due to
involvement
of Syster_natic
unqualified appraisal to
3 party in determine
inspection compliance
and o with
maintenance “No. of *No of incidents | applicable
L due to operation | standard
incidents due - - standards
to overrun of | NO- Of of (ljnspectlon
: . inspections | @n
Involvemen | Inspection |~ maintenance
tof thira *No of maintenance | equipment
party _ 9d0 due | duly without
inspection | Incidents AUe | o oereq | complying to
bod to ¥
y i on schedule | the rules as
in inspection Stpulaied by
Written and testing | Strategy for equipment
No of scheme for uncomplete | Manual
. dio periodic d inspection
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due to
incorrect
application
of inspection
and
maintenance
strategy

inspection
and testing

Timely
performance
of
inspection
and
maintenance

Leak
sensitivity

?CNQ' of of pipeline

incidents due inspection

to . .... | tool

unavailabilit -

y of pipeline Logatlo_n

. estimation
maintenance -
: capability of

equipment . .
inspection
equipment

*Frequency

of leak alarm

generated by

pipeline leak

inspection

equipment

during leak-

free

operations.

*No. of

incidents due

to improper

location of

leaks in

pipelines
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Table 7: Operational Integrity Performance Indicators

Operational Performance Indicator

State of the pipeline

State of the Operating personnel

Lagging Leading Staff Effort
Indicators Indicators Competency Motivation
Lagging Leading Lagging | Leading
*No. of incidents | % tests of Indicators Indicators Indicators | Indicators
linked to failure | alarms/trips
of completed on
instrumentation | schedule *No. of Minimum Number | Percentage
or alarms incidents qualification | of of
linked to poor | before incidents | personnel
operation skills | recruitment | linkedto | who are
poorly promoted
motivated
*No. of % of Quality of on | operators | Individual
operational errors | procedures, « -the- job reward
due to plans reviewed | . N.O of training system
incorrect/unclear | and updated | Incidents received by available
procedures linked to poor operating for
% of communication | o oo el operating
emergency b_etW(_een the personnel
shutdown p'pe'”?e
*No. of (ESD) valves operatlngl Average
emergency and process personne salary of
response trips tested Leve;l of pipeline
elements that are | using a . guallty operating
not fully schedule . N_o. of Improvement companies
functional when | defined in a |_n(:|dents programs Job
activated in real relevant !lnked_ to given to security
emergency standard or the |ns_uff|C|entIy plpellr}e
pipeline safety trained operating
case personnel personnel
« .
permit to work equipment courses
process (PTW) dar_nage !'r.'ked m_atchlng
are identified as to insufficient | pipeline
contributory understanding, | requirements
CaLse knowledge or
experience of
correct actions
% PTWs
sampled
where all

83




hazards were
identified and
all suitable
controls were
specified

% PTWSs
where all
controls listed
were fully in
place and
functional at
worksite

Average
period
required to
become fully
competent
after
appointment
to a new
position

% of
personnel
sampled
who have
participated
in
emergency
exercise in
the past X
months

Proportion
of
professionals
in the
operating
company

Value added
per
professional




Table 8: Paradigm Integrity Performance Indicators

Paradigm Indicators

Corporate societal responsibility

Environmental Aspects

Lagging
Indicators

Leading Indicators

Lagging Indicators

Leading Indicators

*No. of pipeline
incidents linked
to youth
unemployment

% unemployed
youths in the pipeline
host community

*No of incidents linked
to poorly risk-assessed
pipeline section

Vulnerability and risk
assessment

% employment
offered by the
pipeline operating
company to the local
community

*No. of fatality
recorded due to poorly
estimated impact
during an incidence

Estimation of impact
during a period of
exposure

*No. of incidents
linked to lack of risk
management training
and education

Risk management
training and education

*No. of pipeline
incidents linked
to high level of
poverty within
the locality of
pipeline route

Poverty level in the
immediate locality of
the pipeline route

*No. of incidents
linked to poor
communication and
awareness of
environmental
implications of oil
spills and gaseous
emissions

Public information and
community
participation

*No. of incidents
linked to poor
infrastructural
development of
the pipeline host
community

Level of
infrastructural
development
provided by
operating company
and the government
to the host
community

Community
development
activities performed
by the operating
company and the
government

*No. of incidents
caused by the high
level of environmental
degradation due to the
activities of the oil and
gas pipeline operating
company.

Level of environmental
degradation caused by
the activities of the oil
and gas pipeline
operating company

*No of incidents that
are linked to incorrect
operation of pipeline
due to poor
understanding of the
environmental impact

Quality of
environmental training
and communication to
operating staff
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Paradigm Indicators

Corporate societal responsibility

Environmental aspects

Lagging Indicators

Leading Indicators

Lagging Indicators

Leading
Indicators

*No. of incidents
linked to breaches of
agreement between
the operating company
and the community or
between the host
community and the
government

Agreement breaches
between the pipeline
operating company
and the host
community

*The no. of incidents
whose causes were
not able to be
detected due to poor
environmental
auditing and
performance

The quality of
environmental
auditing and
performance

*No. of incidents
linked to improper or
misunderstanding
between the
government and the
host community
concerning the sharing
formula

Sharing formula for
proceeds from oil
revenue between the
government and the
host community

*No of incidents
linked to poor or
improper hazard
monitoring and
forecasting

Hazard monitoring
and forecasting
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5.1.1 Section Summary

From the failure probabilities developed across four different states of the Niger delta region of
Nigeria as presented in table 4, Akwa-ibom state has the least failure probability for sabotage but
with the highest number of incidents due to corrosion (internal and external put together). This is
attributed to the fact that oil and gas operation in this state is basically offshore which makes it

difficult for vandals to get easy access to the facilities.

Rivers state has the highest number of sabotage probability followed by Delta state since the
operations in these states are done on onshore locations which gives vandals easy access to the
pipelines. Construction defect probabilities are same across the states because it is assumed that
the construction is done by the company involved and has nothing to do with the state where the

pipeline is located.

Going by the above findings, in order to ensure that the integrity of oil and gas pipeline are
ensured in these four states and that the integrity level of these pipelines do not exceed a certain
limit or fall below the given threshold, the following are recommended:

e The design stage integrity performance indicators are recommended for all the four states
in the Niger delta region of Nigeria.

e The operational integrity performance indicators and inspection/maintenance integrity
performance indicators are recommended for Akwa-ibom state.

e The paradigm integrity performance indicators are recommended for Rivers state, Delta
state and Bayelsa state together with the operational integrity performance indicators and

inspection/maintenance integrity performance indicators.
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5.2 Conclusion

In this thesis, a review of the life cycle view of asset (pipeline) management has been presented.
To gain a good background of oil and gas pipeline failure modes, integrity threats with their
different control measures were presented as well.

Subsequently, in a bid to adopt an efficient method for managing the integrity of oil and gas
pipeline (since the lifecycle perspective cannot fully account for pipeline sabotage and vandalism
often experiences in developing nations like Nigeria), four leverage points in which to effect
systemic changes were explored and one of such leverage points incorporated the stakeholder
view to account for oil and gas pipeline sabotage and vandalism.

Failure mode and event analysis of oil and gas pipelines in four Niger delta states of Nigeria was
carried out using the bow-tie analysis risk framework which led to the development of fault tree

and event tree.

Finally, from the result of the failure analysis carried out on oil and gas pipelines in the Niger
delta region, sabotage was established as the major threat to oil and gas pipeline in that region.
Four leverage points in which to effect systemic change were studied in a bid to efficiently
manage this problem. Three of these leverage points are basically on the system (material
domain) while the fourth leverage point is external to the system (relational domain).

From findings, system (material) changes do little to change the systemic condition but moving
from (system) domain to external (stakeholder) or relational domain is equivalent to expanding
the boundaries of the system to include more opportunities for intervention. Therefore, in finding
an efficient way to fully account for oil and gas pipeline vandalization and sabotage that is often
experienced in developing countries, the lifecycle perspective which considers only the system
domain cannot fully account for sabotage, but extending the boundary to consider the
stakeholders (relational domain) of the system gives more room or opportunities for intervention
on the oil and gas pipeline system, thus making the fourth leverage point (paradigm), the highest
leverage point for systemic change.

The different interventions needed in this leverage point as well as the other leverage points were
discussed in this work and the performance indicators were developed as well to ensure that the
integrity of oil and gas pipelines in this region does not exceed a certain level or fall below the
given threshold.
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