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Preface to 3rd Edition

This is the third edition of the book; the first edition was published in 1999 and the
second edition in 2007. The author has since then returned to an adjunct profes-
sorship at University of Stavanger, Norway, teaching a course in applied offshore
risk assessment. Starting from January 2013, the author is also adjunct professor at
NTNU, Trondheim in marine operational risk. The author has been involved in
several significant research projects during the last few years. Several major
accidents worldwide have had considerable effect on the HES performance and
awareness, not the least the Macondo accident in 2010. This prompted a need for a
further update of the book.

Norwegian offshore regulations were profoundly revised around the beginning
of the new century, with new regulation becoming law from 2002. A limited
revision was implemented from 2011, mainly limited to the integration of onshore
petroleum facilities. This edition of the book captures some of the experience and
challenges from the application of the new regulations. The important aspects of
the new regulations are also briefly discussed, see Chap. 1.

About 30 major accidents and incidents are discussed at some length in Chaps. 4
and 5 (Macondo accident), in order to demonstrate what problems have been
experienced in the past. I have increased the emphasis on this subject in both the
second and third editions, because it is essential that also new generations may learn
from what occurred in the past. Where available, observations about barrier per-
formance are discussed in addition to the sequence of events and lessons learned.

It is often claimed ‘‘what is measured will be focused upon’’. This implies that
even if QRA studies have several weaknesses and limitations, quantification is the
best way to focus the attention in major hazard risk management. This is also one
of the lessons from the Macondo accident, in the author’s view. It has therefore
been surprising to realise how strong the opposition to QRA studies still is at the
end of 2012 from many professionals in major international oil companies. This
has to some extent given further inspiration to update this book, about a topic I
consider crucial for improvement of major hazard risk management in the offshore
petroleum industry.

Thanks are expressed to Springer London publishers, in particular Senior Editor
Anthony Doyle and his staff, for agreeing to publish the third edition of this book,
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and for providing inspiring and valuable advice and assistance throughout the
process.

Appendix A presents an overview of some of the important software tools that
are commonly used in offshore risk assessment. Thanks to all the consultancies and
software suppliers who have provided the information required for the update of
this appendix.

There are also several people who have kindly contributed with relevant
information on various aspects; Torleif Husebø, PSA; Prof. Stein Haugen, NTNU;
Celma Regina Hellebust, Hellebust International Consultants, Prof. Bernt Aadnøy,
UiS and Dr. Haibo Chen, Scandpower Inc. China. Many thanks for valuable
assistance to all of you.

Meihua Fang has been my assistant during the final stages of the revision work,
during her stay in Norway as the wife of a student at UiS in an international M.Sc.
program in offshore risk management. Meihua has a M.Sc. degree in safety
technology and engineering from China University of Geosciences in Beijing and
HES management experience from SINOPEC in China and Latin America, and
has been an ideal assistant. The main task has been the updating of Appendix A, in
addition to several other editorial tasks, which has been very helpful to finish the
revision work in a timely manner. I am very grateful for the excellent assistance
provided by Meihua.

Last, but not least, I am very grateful to those companies that responded pos-
itively when asked for a modest support in order to cover the expenses involved in
the production of this third revision. My warmest and most sincere thanks go to
these companies:

• Faroe Petroleum Norway
• Norwegian oil and gas association
• Total E&P Norway
• VNG Norway

Bryne, May 2013 Jan-Erik Vinnem
Adjunct Professor

University of Stavanger & NTNU
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Preface to 2nd Edition

This is the second edition of the book; the first edition was published in 1999. The
author has since then taken up a full professorship at University of Stavanger,
Norway, teaching courses in offshore risk analysis and management. This
prompted a need for an update of the book. The fact that several important
developments have occurred since 1999 also implied that a major revision was
required.

The oil price has reached its peak in 2006, at the highest level ever (nominally).
But the economic climate is at the same time such that every effort is made to
scrutinise how costs may be curtailed and profit maximised. This will in many
circumstances call for careful consideration of risks, not just an ‘off the shelf risk
analysis’, but a carefully planned and broad-ranging assessment of options and
possibilities to reduce risk.

Norwegian offshore regulations were profoundly revised around the beginning
of the new century, with new regulation becoming law from 2002. This second
edition of the book captures some of the experience and challenges from the first
4-5 years of application of the new regulations. The important aspects of the new
regulations are also briefly discussed, see Chapter 1.

The first Norwegian White Paper on HES management in the offshore industry
was published in 2001, and the second in 2006. One of the needs identified in this
paper was the need to perform more extensive R&D work in this field, and a
significant programme has been running in the period 2002–2006. Some of the
new results included in the second edition of the book result from that R&D
initiative.

About 20 major accidents, mainly from the North Sea, are discussed at some
length in Chapter 4, in order to demonstrate what problems have been experienced
in the past. I have put more emphasis on this subject in the second edition, because
it is essential that also new generations may learn from what occurred in the past.
Where available, observations about barrier performance are discussed in addition
to the sequence of events and lessons learned.

When it comes to management of risk and decision-making based upon results
from risk analyses, this is discussed separately in a book published in parallel with
my colleague at University of Stavanger, Professor Terje Aven, also published by
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Springer in 2007. Interested readers are referred to this work, ‘Risk Management,
with Applications from the Offshore Petroleum Industry’.

Thanks are also expressed to Springer London publishers, in particular Pro-
fessor Pham and Senior Editor Anthony Doyle, for agreeing to publish the second
edition of this book, and for providing inspiring and valuable advice throughout
the process. Simon Rees has given valuable assistance and support during pro-
duction of the camera-ready manuscript.

Appendix A presents an overview of some of the important software tools that
are commonly used. Thanks to all the consultancies and software suppliers who
have provided the information required for this appendix.

In preparing the second edition of the book, I have been fortunate to have kind
assistance from many colleagues and friends, who have provided invaluable
support and assistance. First of all I want to express sincere thanks and gratitude to
my friend David R Bayly, Crandon Consultants, who has also this time assisted
with improvement of the English language, as well as providing technical com-
ments and suggestions. I do not know how I could have reached the same result
without David’s kind assistance.

My colleague at UiS, Professor Terje Aven has contributed significantly to the
discussion of statistical treatment of risk and uncertainty. I am very pleased that
this important improvement has been made. Dr Haibo Chen, Scandpower Risk
Management Beijing Inc has contributed valuable text regarding the analysis of
DP systems on mobile installations.

Safetec Nordic AS has allowed use of several of their tools as input to the
descriptions and cases. I want to express my gratitude for allowing this, and in
particular express thanks to the following; Thomas Eriksen, Stein Haugen and
Arnstein Skogset.

There are also several people who have contributed with relevant information
on various technical details; Finn Wickstrøm, Aker Kvaerner and Graham Dalzell,
TBS3. My daughter, Margrete, has assisted in the editing of the manuscript. Many
thanks to all of you.

Bryne, January 2007 Professor Jan Erik Vinnem
University of Stavanger
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Preface to 1st Edition

From a modest start in Norway as a research tool in the late 1970s, Quantified Risk
Assessment (QRA) for offshore installations has become a key issue in the man-
agement of Safety, Health and Environment in the oil and gas industries
throughout the entire North Sea. While the initiatives in the early stages often
came from the authorities, the use is now mainly driven by the industry itself. The
QRA is seen as a vehicle to gain extended flexibility with respect to achievement
of an acceptable safety standard in offshore operations. The models may be weak
in some areas and the knowledge is sometimes limited, but studies are nevertheless
used effectively in the search for concept improvement and optimisation of design
and operation.

This book results from working with offshore QRAs for more than 20 years.
The author has, during this period, had the opportunity to practice and evaluate the
use of such studies from different perspectives; the consultancy’s, the operating
company’s, the researcher’s and the educator’s point of view.

The author has for several years taught a course in risk analysis of marine
structures at the Faculty of Marine Technology, NTNU, Trondheim, Norway. The
starting point for the manuscript was the need to update the lecture notes.

It is hoped that this book in the future also may be a useful reference source for
a wider audience. There has been for some years a rapid expansion of the use of
risk assessments for the offshore oil and gas activities. It is expected that the
expansion is going to continue for some time, as the offshore petroleum industry
expands into new regions and meets new challenges in old regions.

The oil price reached its lowest level for many years, during the first quarter of
1999. One might be tempted to think that the economic climate may prohibit
further attention to risk assessment and safety improvement. The opposite is
probably more correct. As a friend in Statoil expressed not so long ago: ‘Whenever
the margins are getting tighter, the need for risk assessments increases, as new and
more optimised solutions are sought, each needing an assessment of risk’.

In Norway, the beginning of 1999 is also the time when the Norwegian
Petroleum Directorate is preparing a major revision of the regulations for offshore
installations and operations, anticipated to come into effect in 2001. It has obvi-
ously not been possible to capture the final requirements of the new regulations,
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but an attempt has been made to capture the new trends in the regulations, to the
extent they are known.

There have over the last 10-15 years been published a few textbooks on risk
assessment, most of them are devoted to relatively generic topics. Some are also
focused on the risk management aspects, in general and with offshore applicability.
None are known to address the needs and topics of the use of QRA studies by the
offshore industry in particular. The present work is trying to bridge this gap.

The use of QRA studies is somewhat special in Northern Europe, and partic-
ularly in Norway. The use of these techniques is dominated by offshore applica-
tions, with the main emphasis on quantification of risk to personnel. Furthermore,
the risk to personnel is virtually never concerned with exposure of the public to
hazards. Thus, the studies are rarely challenged from a methodology point of view.
Most people will probably see this as an advantage, but it also has some draw-
backs. Such challenges may namely also lead to improvements in the methodol-
ogy. It may not be quite coincidental that the interest in modelling improvement
and development sometimes has been rather low between the risk analysts working
with North Sea applications.

This book attempts to describe the state of the art with respect to modelling in
QRA studies for offshore installations and operations. It also identifies some of the
weaknesses and areas where further development should be made. I hope that
further improvement may be inspired through these descriptions.

About the Contents

A Quantified Risk Assessment of an offshore installation has the following main
steps:

1. Hazard identification
2. Cause and probability analysis
3. Accidental scenarios analysis
4. Consequence, damage and impairment analysis
5. Escape, evacuation and rescue analysis
6. Fatality risk assessment
7. Analysis of risk reducing measures

This book is structured in much the same way. There is at least one chapter
(sometimes more) devoted to each of the different steps, in mainly the same order
as mentioned above. Quite a few additional chapters are included in the text, on
risk analysis methodology, analytical approaches for escalation, escape, evacua-
tion and rescue analysis of safety and emergency systems, as well as risk control.

It is important to learn from past experience, particularly from previous acci-
dents. A dozen major accidents, mainly from the North Sea, are discussed at the
end of Chapter 4, in order to demonstrate what problems that have been experi-
enced in the past.
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The main hazards to offshore structures are fire, explosion, collision and falling
objects. These hazards and the analysis of them are discussed in separate chapters.
Risk mitigation and control are discussed in two chapters, followed by an outline
of an alternative approach to risk modelling, specially focused on risk relating to
short duration activities. Applications to shipping are finally discussed, mainly
relating to production and storage tankers, but also with a view to applications to
shipping in general.

Acknowledgements

Parts of the material used in developing these chapters were initially prepared for a
course conducted for PETRAD (Program for Petroleum Management and
Administration), Stavanger, Norway. Many thanks to PETRAD for allowing the
material to be used in other contexts.

Some of the studies that have formed the main input to the statistical overview
sections were financed by Statoil, Norsk Hydro, Saga Petroleum, Elf Petroleum
Norge and the Norwegian Petroleum Directorate. The author is grateful that these
companies have allowed these studies to be made publically available.

Direct financial support was received from Faculty of Marine Technology,
NTNU, this is gratefully acknowledged. My part time position as Professor at
Faculty of Marine Technology, NTNU, has also given the opportunity to devote
time to prepare lecture notes and illustrations over several years. The consultancy
work in Preventor AS has nevertheless financed the majority of the work,
including the external services.

Thanks are also expressed to Kluwer Academic Publishers, Dordrecht, The
Netherlands, for agreeing to publish this book, and for providing inspiring and
valuable advice throughout the process.

Appendix A presents an overview of some of the important software tools that
are commonly used. Thanks to all the consultancies and software suppliers who
have provided the information required for this appendix. Appendix B is a direct
copy of the normative text in the NORSOK Guideline for Risk and Emergency
Preparedness analysis, reproduced with kind permission from the NORSOK
secretariat.

Some of the consultancies have kindly given permission to use some of their
material, their kind assistance is hereby being gratefully acknowledged. DNV shall
be thanked for allowing their database Worldwide Offshore Accident Databank
(WOAD) to be used free of charge, as input to the statistics in the book. The Fire
Research Laboratory at SINTEF has given kind permission to use illustrations
from their fire on sea research, and Scandpower has granted permission to use an
illustration of the risk assessment methodology. Safetec Nordic has given kind
permission to use results and illustrations from their software Collide.

I am particularly indebted to several persons who have offered very valuable
help in turning this into a final manuscript. My colleague Dr. David Bayly,
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Crandon Consultants, has reviewed the raw manuscript and contributed with many
valuable comments of both a technical and linguistic nature. The importance of
providing clear and concise text can never be overestimated, the efforts made in
this regard are therefore of utmost importance. This unique contribution has
combined extensive linguistic improvements with pointed comments and addi-
tional thoughts on the technical subjects. I am very grateful to you, David, for your
extensive efforts directed at improvement of the raw manuscript.

My oldest son, John Erling, has helped me with several of the case studies that
are used in the text, plus quite a few of the illustrations. My part time secretary,
Mrs Annbjørg Krogedal, has had to devote a lot effort to decipher a challenging
handwriting, thank you for enthusiasm and patience. Assistance with the proof
reading has been provided by Ms Kjersti G. Petersen, thanks also to Kjersti for
enthusiastic and valuable assistance. Finally, M.Sc. Haibo Chen has also helped
with the proof reading and checking of consistency in the text, your kind assistance
is gratefully acknowledged.

Bryne, May 1999 Jan Erik Vinnem
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Background and Risk Assessment Process



Chapter 1
Introduction

1.1 About QRA

‘QRA’ is used as the abbreviation for ‘Quantified Risk Assessment’ or ‘Quanti-
tative Risk Analysis’. The context usually has to be considered in order to
determine which of these two terms is applicable. Risk assessment involves (see
Abbre-viations, Page xxvii) risk analysis as well as an evaluation of the results.
‘QRA’ is one of the terms used for a type of risk assessment frequently applied to
offshore operations. This technique is also referred to as:

• Quantitative Risk Assessment (QRA)
• Probabilistic Risk Assessment (PRA)
• Probabilistic Safety Assessment (PSA)
• Concept Safety Evaluation (CSE)
• Total Risk Analysis (TRA), etc.

In spite of more than two decades of use and development, no convergence
towards a universally accepted term has been seen. QRA and TRA are the most
commonly used abbreviations. The nuclear industry, with its origins in the USA,
particularly favours the terms Probabilistic Risk Assessment or Probabilistic
Safety Assessment.

Concept Safety Evaluation (CSE) has been used since 1981 in Norway and
appears to have arisen as a result of risk assessment of new concepts. Total Risk
Analysis (TRA), also originated in Norway as a term implying essentially a
detailed fatality risk analysis.

It may be argued that all of these terms have virtually the same meaning. This
book will concentrate on the term ‘QRA’ as an abbreviation for ‘Quantitative Risk
Analysis’. An alternative would be to use ‘QRA’ as an abbreviation for ‘Quan-
titative Risk Assessment’, the difference between these two expressions being that
the latter includes evaluation of risk, in addition to the analysis of risk.

Use of QRA studies in the offshore industry dates back to the second half of the
1970s. A few pioneer projects were conducted at that time, mainly for research and

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
DOI: 10.1007/978-1-4471-5207-1_1, � Springer-Verlag London 2014
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development purposes, in order to investigate whether analysis methodologies and
data of sufficient sophistication and robustness were available.

The methodologies and data were mainly adaptations of what had been used for
some few years within the nuclear power generation industry, most notably WASH
1400 (NRC 1975) which had been developed 3–4 years earlier.

The next step in the development of QRA came in 1981 when the Norwegian
Petroleum Directorate issued guidelines for safety evaluation of platform con-
ceptual design (NPD 1980). These regulations required QRA be carried out for all
new offshore installations in the conceptual design phase. The regulations con-
tained a cut-off criterion of 10-4 per platform year as the frequency limit for
accidents that needed to be considered in order to define design basis accidents, the
so called Design Accidental Events.

When the design basis accidents had been selected and protective measures
implemented, the residual risk had to be assessed. These residual levels were to be
compared to the cut-off limit as stated above. Figure 1.1 shows a typical set of
results for a floating production concept where the annual frequency for events that
impair the different safety functions is given.

For many years, Norway was the only country using QRAs systematically. The
offshore industry and authorities in the UK persistently declared that such studies
were not the right way to improve safety.

The next significant step in this development was the official inquiry, led by
Lord Cullen in the UK, following the severe accident on the Piper Alpha platform
in 1988. Lord Cullen in his report (Lord Cullen 1990), recommended that QRAs
should be introduced into UK legislation in much the same way as in Norway
nearly 10 years previously.
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In 1991 the Norwegian Petroleum Directorate replaced the 1981 guidelines for
risk assessment by Regulations for Risk Analysis (NPD 1990) which considerably
extended the scope of these studies.

In 1992 the Safety Case Regulations came into force in the UK (HSE 1992),
and since then the offshore industry in the UK has been required to perform risk
assessments as part of the safety cases for both existing and new installations. The
use of QRA studies was rapidly expanded under the new regulations. It is worth
noting that the scepticism regarding the use of QRA studies which existed before
the Piper Alpha disaster is still strong in some fora.

The next step in this brief historical review is the blast and fire research carried
out as part of the (BFETS) programme (SCI 1998) which was undertaken in the
period 1996–1998, Blast and Fire Engineering for Topside Systems. This has
focused attention on the high blast loads caused by possible gas explosion sce-
narios on the platforms. As a result of this work considerable attention is now
being given to evaluating how explosion scenarios may be included probabilisti-
cally in QRA models.

NPD published a new set of regulations in 2001, which replaced the risk
analysis and technical regulations from 1st January 2002. The requirement for risk
analysis and other analyses are stipulated in the Health, Environment and Safety
(HES) Management regulations. These regulations have requirements for analysis
of risk as well as requirements for the definition of risk tolerance criteria. NPD was
divided into two organisations from 1st January 2004, the safety division of NPD
was separated as a new organisation, and given the name Petroleum Safety
Authority (PSA) [Norway]. At the same time, PSA took over the responsibility for
six onshore facilities in the petroleum sector, terminals and refineries. The HES
Management regulations are controlled by PSA.

The Safety Case regulations were modified in 2005; these revisions came into
force from 5th April 2006.

The structure of the Norwegian regulations changes in 2007, due to the need to
integrate more fully the regulations for offshore and onshore facilities. These
changes were temporary, and were superseded by permanent changes, when the
structure of the Norwegian regulations was changed again from 1st January 2011.
There is little or no material change for offshore installations in these two last
revisions, as the main purpose is to issue regulations for onshore petroleum
installations.

1.2 QRA in Relation to Other Analysis Methods

‘Risk analysis’ has been the term used by Norwegian authorities (NPD 1990) for
all systematic approaches to risk assessment, including qualitative as well as
quantitative analysis. This covers:

1.1 About QRA 5



• Hazard and Operability Study (HAZOP)
• Safety and Operability Study (SAFOP)
• Safe Job Analysis (SJA)
• Preliminary Hazard Analysis (PHA)
• Failure Mode and Effect Analysis (FMEA)
• Quantitative Risk Analysis (QRA).

The first five items on this list are essentially qualitative approaches, although
some of these techniques may be used in a semi-quantitative fashion. The last item
is a quantitative approach. It has been a disadvantage that no specific term has
been used in Norwegian legislation to differentiate QRA from the qualitative
techniques. Discussion of requirements has often been rather unclear, as no dis-
tinction has been made between the different types of risk analysis. Only the
quantitative approach, QRA, is discussed in this book.

1.3 Objectives

This book is essentially focused on applications of QRA in the offshore oil and gas
industry. The objectives of this book are as follows:

1. To provide guidance about the performance of QRA studies for offshore
installations and marine structures.

2. To show how tools, approaches and data may be used effectively to ensure that
QRA studies provide useful input to risk based decision-making.

3. To demonstrate how the best practice is being carried out.
4. To demonstrate what is new knowledge from recent research activities during

the last five years.
5. To provide some perspective on issues that have not yet been sufficiently

resolved.

The discussion of modelling is also application oriented. Modelling of hazards
is therefore related to the most prominent hazards for offshore installations:

• Fire
• Explosion
• Collision
• Marine hazards

Other hazards such as falling objects are also addressed, but somewhat more
briefly.

Risk to personnel is addressed most thoroughly, but also risk to the environment
and material damage risk are covered. The methodology for environmental risk
assessment is briefly discussed. But it is still an area where several approaches are
still being attempted.
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Most QRA work has been devoted to risk assessment during the design phase.
The use of risk assessment during the operations phase is also important and thus a
significant part of this book is devoted to this phase. Recent research has focused
on the operations phase, which will be discussed in some depth.

All illustrations and cases that are presented are mostly related to offshore
installations and marine structures involved in offshore oil and gas exploration,
production and transportation. Consideration is also given to aspects related to the
transportation of personnel and supplies to the installations.

1.4 Relevant Regulations and Standards

There are several countries that have legislation that call for the use of QRA
studies in the design and operation of offshore installations:

• United Kingdom
• Canada
• Australia
• Norway

The following is a brief summary of the requirements of the legislation in these
countries except for UK and Norway, which are discussed in some depth
throughout the remainder of this chapter:

• Canada (Newfoundland and Labrador offshore areas)

– In association with new development proposals, a Concept Safety Analysis is
required. The field development proposal needs to define how this will be met,
and state the ‘Target Levels of Safety’ that have been set as acceptance
criteria for risk.

– The development proposal shall also define a ‘Risk Assessment Plan’ which
should contain a listing of the various specific risk and safety analyses that
may be required as detailed design proceeds. It should also provide a plan for
the completion of these studies and analyses and an explanation of how this
process is integrated into the design process. Finally, it should provide an
explanation of the methodologies to be utilised and a discussion of their
validity and relevance in the overall process.

• Australia

– Petroleum (Submerged Lands) (Management of Safety on Offshore Facilities)
Regulations 1996, NOPSEMA (1996)

– These regulations call for Safety Cases to be prepared for all installations and
to demonstrate that risks have been reduced to a level that is as low as
reasonably practicable (ALARP).

– The National Offshore Petroleum Safety and Environmental Management
Authority (NOPSEMA) has also issued Safety Case Guidelines, NOPSEMA
(2004). NOPSEMA was established from 1st January 2012 as a follow-up of
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the Montara accident in 2009, it was previously known as National Offshore
Petroleum Safety Authority (NOPSA).

There are also several other countries where voluntary schemes are dominating,
for instance due to company policies, such as by the Shell Group worldwide.

A thorough overview and discussion of offshore regulations is provided by
Lindøe et al. (2013). The main emphasis in the following is on legislation in UK
and Norway, where the relevant requirements with respect to risk assessment and
risk management are briefly introduced.

1.5 Norwegian Regulations

PSA has since 2002 five regulations which control safety of design and operation
of offshore installations (slight modifications from 2007 to 2011 not considered):

• Regulations relating to health, environment and safety in the petroleum activi-
ties (the Framework regulations, PSA 2011a)

• Regulations relating to management in the petroleum activities (the Manage-
ment regulations, PSA 2011b)

• Regulations relating to design and outfitting of facilities etc., in the petroleum
activities (the Facilities regulations, PSA 2011c)

• Regulations relating to conduct of activities in the petroleum activities (the
Activities regulations, PSA 2011d)

• Regulations relating to material and information in the petroleum activities (the
Information duty regulations, PSA 2011e).

1.5.1 Framework Regulations

This is a high level regulation which has the overall principles that are spelled out
in more detail in the other regulations. One of the requirements is not found in any
other regulation, this is the Norwegian equivalent of the so-called ALARP eval-
uation (ALARP—As Low As Reasonably Practicable, see Sect. 1.6.1), see the
copy of Section 11 below.

It is in particular the first and second paragraphs of Section 9 that define
requirements for risk reduction that follow closely the interpretation of ALARP in
UK regulations.
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Section 11 of the Framework regulations were not focused on significantly in
the first few years after the regulations were stipulated. This was gradually
changed, starting from 2006.

Another subject which is focussed in the Framework regulations is emergency
preparedness. The overall requirements to emergency planning and dimensioning
of systems are not spelled out in more detail in other regulations.

1.5.2 HES Management Regulations

There are several sections in the HES Management regulations that are important,
with respect to analysis of risk, analysis of barriers, and risk tolerance (acceptance
is used by PSA) criteria.

Two sections in the Management regulations are particularly important with
respect to analysis of major accident risk and quantitative risk analysis, these two
sections are given in full below:

Section 11
Riskrisk reduction principles
Harm or danger of harm to people, the environment or to financial assets
shall be prevented or limited in accordance with the health, safety and
environment legislation, including internal requirements and acceptance
criteria that are of significance for complying with requirements in this
legislation. In addition, the risk shall be further reduced to the extent
possible.

In reducing the risk, the responsible party shall choose the technical,
operational or organisational solutions that, according to an individual and
overall evaluation of the potential harm and present and future use, offer the
best results, provided the costs are not significantly disproportionate to the
risk reduction achieved.

If there is insufficient knowledge concerning the effects that the use of
technical, operational or organisational solutions can have on health, safety
or the environment, solutions that will reduce this uncertainty, shall be
chosen.

Factors that could cause harm or disadvantage to people, the environment
or material assets in the petroleum activities, shall be replaced by factors
that, in an overall assessment, have less potential for harm or disadvantage.

Assessments as mentioned in this section, shall be carried out during all
phases of the petroleum activities.

This provision does not apply to the onshore facilities’ management of the
external environment.
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Section 16
General requirements for analyses
The responsible party shall ensure that analyses are carried out that provide
the necessary basis for making decisions to safeguard health, safety and the
environment. Recognised and suitable models, methods and data shall be
used when conducting and updating the analyses.

The purpose of each risk analysis shall be clear, as well as the conditions,
premises and limitations that form its basis.

The individual analysis shall be presented such that the target groups
receive a balanced and comprehensive presentation of the analysis and the
results.

Criteria shall be set for carrying out new analyses and/or updating existing
analyses as regards changes in conditions, assumptions, knowledge and
definitions that, individually or collectively, influence the risk associated
with the activities.

The operator or the party responsible for operating an offshore or onshore
facility shall maintain a comprehensive overview of the analyses that have
been carried out and are underway. Necessary consistency shall be ensured
between analyses that complement or expand upon each other.

Section 17
Risk analyses and emergency preparedness assessments
The responsible party shall carry out risk analyses that provide a balanced
and most comprehensive possible picture of the risk associated with the
activities. The analyses shall be appropriate as regards providing support for
decisions related to the upcoming operation or phase. Risk analyses shall be
carried out to identify and assess contributions to major accident and envi-
ronmental risk, as well as ascertain the effects various operations and
modifications will have on major accident and environmental risk.

Necessary assessments shall be carried out of sensitivity and uncertainty.
The risk analyses shall

(a) identify hazard and accident situations,
(b) identify initiating incidents and ascertain the causes of such incidents,
(c) analyse accident sequences and potential consequences, and
(d) identify and analyse risk-reducing measures.

The analyses shall in addition be used to set conditions for operation and
to classify areas, systems and equipment with respect to risk.

Risk analyses shall be carried out and form part of the basis for making
decisions when e.g.:

(a) classifying areas, systems and equipment,
(b) demonstrating that the main safety functions are safeguarded,
(c) identifying and stipulating design accidental loads,
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Section 5 deals with barriers or defences as they may be called. This section
concerns design as well as operation of installations.

Risk tolerance criteria are specified in Section 9 (called risk acceptance crite-
ria), including personnel, main safety functions (see Sect. 1.5.3), pollution and
damage to third party groups and facilities. The last aspect is not applicable for
offshore installations, but is applicable to onshore facilities that also fall under the
jurisdiction of the PSA.

(d) establishing requirements for barriers,
(e) stipulating operational conditions and restrictions,
(f) selecting defined hazard and accident situations.

Emergency preparedness analyses shall be carried out and be part of the
basis for making decisions when e.g.

(a) defining hazard and accident situations,
(b) stipulating performance requirements for the emergency preparedness,
(c) selecting and dimensioning emergency preparedness measures.

Section 5
Barriers
Barriers shall be established that:

(a) reduce the probability of failures and hazard and accident situations
developing,

(b) limit possible harm and disadvantages.

Where more than one barrier is necessary, there shall be sufficient inde-
pendence between barriers.

The operator or the party responsible for operation of an offshore or
onshore facility, shall stipulate the strategies and principles that form the
basis for design, use and maintenance of barriers, so that the barriers’
function is safeguarded throughout the offshore or onshore facility’s life.

Personnel shall be aware of what barriers have been established and which
function they are intended to fulfil, as well as what performance require-
ments have been defined in respect of the technical, operational or organi-
sational elements necessary for the individual barrier to be effective.

Personnel shall be aware of which barriers are not functioning or have
been impaired.

The responsible party shall implement the necessary measures to remedy
or compensate for missing or impaired barriers.
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1.5.3 Facilities Regulations

With respect to risk assessment, the main contributions from the Facilities regu-
lations are the principles for maximum frequency of events that impair the main
safety functions. The text of Sections 7 and 11 are shown below.

Section 6
Acceptance criteria for major accident risk and environmental risk.
The operator shall set acceptance criteria for major accident risk and envi-
ronmental risk.

Acceptance criteria shall be set for

(a) the personnel on the offshore or onshore facility as a whole, and for
personnel groups exposed to particular risk,

(b) loss of main safety functions as mentioned in Section 7 of the Facilities
Regulations for offshore petroleum activities,

(c) acute pollution from the offshore or onshore facility,
(d) damage to third party.

The acceptance criteria shall be used in assessing results from risk analyses,
cf. Section 17. Cf. also Section 11 of the Framework Regulations.

Section 7
Main safety functions
The main safety functions shall be defined in a clear manner for each indi-
vidual facility so that personnel safety is ensured and pollution is limited.

For permanently manned facilities, the following main safety functions
shall be maintained in the event of an accident situation:

(a) preventing escalation of accident situations so that personnel outside the
immediate accident area are not injured,

(b) maintaining the capacity of load-bearing structures until the facility has
been evacuated,

(c) protecting rooms of significance to combatting accidents so that they
remain until the facility has been evacuated,

(d) protecting the facility’s secure areas so that they remain intact until the
facility has been evacuated,

(e) maintaining at least one escape route from every area where personnel
are found until evacuation to the facility’s safe areas and rescue of
personnel have been completed.
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The main safety functions are more closely associated with design character-
istics, compared to for instance fatalities. But there are several aspects associated
with how these requirements have been worded that are not as clear as would have
been preferred. This is in particular associated with how to define areas and how to
sum over different event categories and areas.

1.5.4 Activities Regulations

There are no relevant requirements in the Activities regulations with respect to risk
assessment and management. From a broader HES management point of view, the
most relevant aspects are emergency preparedness, working environment, external
environment as well as drilling and well control and barriers.

1.5.5 NMD Risk Analysis Regulations

The Norwegian Maritime Directorate has issued ‘Regulations for risk analysis of
mobile units’, which applies to all mobile units that shall be registered in the
Norwegian register of ships.

The regulations apply to the owner of the unit, and have sections for execution
and updating of risk analysis. It covers risk analysis of the concept, construction
risk analysis, ‘as built’ risk analysis, in addition to reliability and vulnerability
analysis as well as emergency preparedness analysis. The regulations also contain
general risk tolerance criteria and design criteria for main safety functions.

Section 11
Loads, load effects and resistance
The loads that can affect facilities or parts of facilities, shall be determined.
Accidental loads and natural loads with an annual probability greater than or
equal to 1x10-4 shall not result in loss of a main safety function, cf.
Section 7.

When stipulating loads, the effects of seabed subsidence over, or in
connection with the reservoir, shall be considered.

Functional and natural loads shall be combined in the most unfavourable
manner.

Facilities or parts of facilities shall be able to withstand the design loads
and probable combinations of these loads at all times.
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1.6 UK Regulations

The offshore regulatory regime was completely rewritten as a consequence of the
Piper Alpha (see Sect. 4.7) in 1988, based on the recommendations from the in-
quiry chaired by Lord Cullen (1990). The following regulations have been issued:

• Safety Case Regula-tions (SCR), (HSE 2005)
• PFEER (Prevention of Fire and Explosion, and Emergency Response) Regula-

tions (HSE 1995a)
• Management and Administration Regulations (HSE 1995b)
• Design and Construction Regulations (HSE 1996).

1.6.1 Safety Case Regulations

The duty holder is required to identify hazards, evaluate risks and demonstrate that
measures have been or will be taken to control the risks such that the residual risk
level is as low as reasonably practicable (ALARP). The Safety Case should also
demonstrate that the operator has a HES management system which is adequate in
order to ensure compliance with all health and safety regulatory requirements.

There is no reference to QRA in the regulations themselves. QRA is mentioned
in some of the schedules, listing the documentation to be submitted. Further dis-
cussion on the use of QRA is however, found in ‘Content of Safety Cases—
General Guidance’. The use of QRA under this legislation is mainly to analyse:

• The risk of impairment of the Temporary Refuge.
• The risk to personnel directly, expressed in terms of PLL and AIR, or some

other fatality measures.

The main basis for the use of the QRA approach is actually implicit, as the duty
holder is required to demonstrate through the safety case that the risk level for
personnel on the installation is ‘as low as reasonably practicable’, abbreviated as
ALARP. This can only be effectively done through the use of QRA.

The approach to QRA under the SCR is virtually the same as under the Nor-
wegian regulations, with the exception that SCR applies to risk to personnel only,
whereas the Norwegian regulations apply to a set of risk dimensions include
personnel, environment and assets, as has been discussed in Chap. 2.

The Safety Case regulations were modified in April, 2005. The explicit
requirement for demonstration of ALARP was removed from the regulations. This
should not affect practice however, as the management of health and safety at work
act (HSE 1974) has a corresponding requirement for demonstration of ALARP.
Some of the other main changes are the following:
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1. Resubmission. Previously a SC lasted 3 years and then required to be resub-
mitted for assessment. Under the new SCR, it lasts the life of the installation; no
more resubmission. However, the duty to revise as appropriate remains. A new
duty to carry out thorough review at 5-year intervals or as directed is intro-
duced. HSE has gained powers to ‘direct a revision’ and to ‘suspend’ a SC.
Material change revisions to a SC will still require to be submitted and
accepted.

2. Combined Operations SC. Previously a COSC was required before any com-
bined ops. This is replaced by a simpler Notification and the operational SC will
include a generic description of the management of combined operations, if
any. If generic details are not included but combined ops are planned, a material
change revision will have to be submitted and accepted beforehand.

3. Design SC. Previously a DSC was submitted before a new fixed design was
completed. This has been replaced by a simpler, earlier, Design Notification. It
also applies to some conversions.

4. Abandonment SC. Previously an Abandonment SC was required before starting
decommissioning, defined to include e.g. activities for end of production such
as plugging wells. It has been replaced by submission of a SC revision spe-
cifically for dismantling. Other, earlier, activities will be dealt with by revising
the operational SC.

1.6.2 PFEER Regulations

The so-called PFEER (Prevention of Fire and Explosion, and Emergency
Response) Regulations (HSE 1995a) imply important requirements for active and
passive safety systems, as well as emergency preparedness systems and functions.
The purpose of these regulations is to ensure that measures to protect against fire
and explosion result in a risk level which is as low as reasonably practicable, and
that sufficient arrangements are in place in order to provide a good prospect of
rescue and recovery for personnel in all reasonably foreseeable situations. Oper-
ators are according to these regulations required to:

• Take measures to prevent fires and explosions and provide protection from any
which do occur;

• Provide effective emergency response arrangements.

The need for risks to be as low as reasonably practicable is the basis for using a
risk based design in relation to fire and explosion.

The need to provide facilities which give a good prospect of rescue and
recovery for personnel in all reasonably foreseeable situations may appear as a
probabilistic framework, but this is questionable. The way this requirement
appears to be implemented, is that any accidental situation which a lay person
would consider as reasonably foreseeable, is a reasonably foreseeable event. The
implication of this is that there is very little room for a probabilistic consideration,
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if the situation can occur, then the operator has to use the situation in a deter-
ministic way as the basis for the provision of ‘good prospects of rescue and
recovery’. If this is not possible, then the activity has to be halted until such
prospects may be restored. This is mainly associated with the possibility to provide
such ‘good prospects’ during periods of severe environmental conditions.

1.6.3 Management and Administration Regulations

The Offshore Installations and Pipeline Works (Management and Administration)
Regulations (HSE 1995b) (MAR) set out requirements for the safe management and
administration of an offshore installation, such as the use of permit to work systems.
The requirements are essential provisions in order to comply with the legislation,
but there are no requirements as such to risk assessment and management.

1.6.4 Design and Construction Regulations

The Offshore Installations and Wells (Design and Construction, etc.) Regulations
(HSE 1996) (DCR) are aimed at ensuring the integrity of installations, the safety of
offshore and onshore wells, and the safety of the workplace environment offshore.

1.7 National and International Standards

There is a small core group of international standards, by the International Orga-
nization for Standardization (ISO), reflecting a risk based approach to decision-
making in the offshore industry. The following standards have been issued:

• ISO 10418: Analysis, design, installation and testing of basic surface safety
systems for offshore production platforms (ISO 2003)

• ISO 13702: Control and mitigation of fires and explosions on offshore pro-
duction installations—requirements and Guidelines (ISO 1999b)

• ISO 15544: Requirements and guidelines for emergency response (ISO 2000a)
• ISO 17776: Guidelines on tools and techniques for identification and assessment

of hazards (ISO 2000b).

The ISO organisation has the responsibility to revise and reissue vital API
standards with respect to safety. For example, ISO 10418 replaces API RP 14C.
No other international standard organisations have issued standards for risk
assessment or risk based design. OGP (formerly E&P Forum) has, however, issued
guidelines on HES management (OGP 1994). Other ISO standards that are
essential:
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• Safety aspects—Guidelines for their inclusion in standards, ISO/IEC Guide
51:1999 (ISO 1999a)

• Risk management vocabulary, guidelines for use in standards, ISO/IEC Guide
73:2002 (ISO 2002)

• ISO31000—Risk management—Principles and guidelines (ISO 2009)

The terminology used in this book is accordance with the terminology of ISO/
IEC Guide 73:ISO (2002). The definitions given at the back, see Page 549, are
extracted from this standard, where relevant.

There are several national guidelines or standards for HES management, but
these are not covered here. The only national standard for risk assessment is the
Norwegian offshore standardisation organisation (NORSOK) document:

• Guidelines for Risk and Emergency Preparedness Analysis, Z–013 (NORSOK,
2010)

The presentation in this book is based on the NORSOK standard, for instance in
relation to terminology. There is some distinctions between the definitions adopted
in the NORSOK standard and the current Norwegian legislation, however the
NORSOK versions have been chosen.

1.8 Activity Levels

The International Regulators Forum (IRF) is briefly described in Sect. 6.5. The
data which is available from IRF may also be used in order to present what levels
of offshore activity that the different member countries have. This may be com-
pared against the total data reported by OGP, see Sect. 17.1.2. The sum of man-
hours from the IRF member countries in 2010 (Denmark and New Zealand
missing) is 442 million manhours. The total manhours reported from OGP member
companies is 886 million manhours, the IRF member countries is about half of the
manhours reported by OGP members (Fig. 1.2).

Almost half of the manhours reported by IRF members is from US. Brazil,
Mexico, Norway and UK are all around 50 million manhours, whereas the rest
have much lower activity levels.

1.9 Limitations

This book is focused on offshore risk assessment i.e., the analysis of offshore risks,
and the presentation and evaluation of results. The emphasis is first of all on risk to
personnel, secondly on risk to the environment and risk to assets is the least
emphasised subject.
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As a consequence of these priorities, there are some areas that are not focused
on or may be not considered at all. This section provides brief overviews of some
of these limitations.

1.9.1 Risk Management

Risk management is discussed in depth in the book Risk Management, with
Applications from the Offshore Petroleum Industry (Aven and Vinnem 2007). The
role of risk assessment in risk management is discussed in Chap. 3, within the
context of the ISO31000 approach. Apart from the discussion in Chap. 3, this
subject is not addressed in this book.

1.9.2 Emergency Response

There is a special Norwegian requirement for so-called emergency preparedness
analysis (see Sect. 1.5.2), which is a tool for emergency response planning. The
input to this process is partly from QRA studies, as discussed in Chap. 20. Apart
from that discussion the topic of emergency preparedness analysis is not addressed
in general in this book.
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1.9.3 Subsea Production

Deep water production implies subsea production systems tied into floating pro-
duction facilities or pipelines directly to onshore facilities. This book covers
extensively the floating production facilities and the associated hazards.

The subsea production systems are usually at a significant distance from the
surface facilities, in which case any failure of the subsea facilities is not a source of
risk for the personnel on the surface installations. Such failures may cause
hydrocarbon leaks, which may cause spill and subsequent oil pollution. This last
aspect is within the scope of this book. One crucial aspect associated with such
leaks is the detection of leaks, which may not be easy if not extensive.

Subsea production has traditionally included subsea wells and subsea templates.
The scope of subsea production will be increased with Statoil installs subsea
compression facilities for the Aasgard and associated fields within a few years.

The main challenge with subsea production facilities is the reliability of the
production function, due to the extensive costs and sometime delays involved in
maintaining subsea production facilities. This aspect is not considered at all in this
book.

1.9.4 Production Regularity

A subject which is closely associated with risk analysis is regularity analysis,
either as production and/or transport regularity. This aspect is coupled with risk to
assets, and has little direct connection to risk to personnel and risk to the envi-
ronment. Some of the hazardous events that may lead to fatalities or spills may
also cause production disruption, and thus have an impact on the regularity.
Traditionally, however, production regularity studies disregard such rare events in
any case. Production regularity is outside the scope of this book.

Moreover, the term ‘RAMS’ (Reliability, Availability, Maintainability, Safety)
is not covered in full, in accordance with what is discussed above.

1.9.5 Resilience

Several scientists have in recent years stressed the need for a different approach
within safety engineering that includes studying normal performance rather than
failure. This has become known as ‘resilience engineering’. This is said to rep-
resent a new way of thinking about safety. Woods (2006) describes resilience
engineering is a paradigm for safety management that focuses on how to help
people cope with complexity under pressure to achieve success. Rather than view
past success as a reason to reduce investments, resilient organisations continue to
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invest in anticipating the changing potential for failure because they appreciate
that their knowledge of the gaps is imperfect and that their environments con-
stantly change. One measure of resilience is therefore the ability to create fore-
sight, namely to anticipate the changing shape of risk before failure and damage
occurs (Hollnagel et al. 2006).

Resilience is an important topic, however, it has no obvious close connection to
QRA studies, and is therefore not addressed in this book.

1.9.6 High Reliability Organisations

A High Reliability Organization (HRO) is an organisation that has succeeded in
avoiding major accidents in an environment where normal accidents can be
expected due to risk factors and complexity. There are several characteristics
related to HRO. One is that they aggressively seek to know what they don’t know
(Roberts and Bea 2001). HRO organizations also use failure simulations to train
everyone to be heedful of the possibility of accidents (Roberts and Bea 2001).
Techniques similar to event trees may be used to simulate decision gates and
different scenarios related to precursor incidents. Accident investigation of pre-
cursor incidents can be used to communicate organisational concern with accidents
to reinforce the cultural values of safety, and identify parts of the system that
should have additional barriers. All the elements are characteristics of an HRO
organization. Organisations that have fewer accidents have developed systems and
processes for communicating the big picture to everyone in the organization. This
is a major challenge that begins with top management encouraging the culture to
be supportive of open communication. The reward and incentive system has to
reinforce an open flow of communication as well as support the open discussion of
organisational purpose (Roberts and Bea 2001).

HRO is an important topic for risk management, however, it has no connection
to QRA studies, and is therefore not addressed in this book.

1.9.7 STAMP

STAMP is the acronym for Systems-Theoretic Accident Model and Processes
(Leveson 2012). The accident analysis, hazard analysis, and system engineering
techniques built on STAMP can be used to improve the design, operation, and
management of potentially dangerous systems or products.

STAMP has so far no known applications in the offshore petroleum industry,
but may in the future be a possibility to refine analytical approaches. At the present
time, however, this topic is not addressed in this book.
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1.9.8 Inherently Safe

The person who is most closely associated with the term ‘inherently safe’ is Trevor
Kletz, Loughborough University (Kletz 2003). The best way of dealing with a
hazard is to remove it completely; this is significantly better option than attempting
to control a hazard. Principles to remove hazards completely are the main scope of
inherently safe. Some main principles of inherently safe design are (Lees 1996):

1. Intensification
2. Substitution
3. Attenuation
4. Simplicity
5. Operability
6. Fail-safe design
7. Second chance design.

Inherently safe design is very important in order to reduce risk to a level which
is ALARP, which is important in a risk management context. However, inherently
safe design has no connection to QRA studies, and is therefore not addressed in
this book.
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Chapter 2
Risk Picture: Definitions
and Characteristics

2.1 Definition of Risk

2.1.1 Risk Elements

2.1.1.1 Personnel Risk

When personnel risk is considered in the case of an offshore installation, only risk
for employees (historically usually called second party, but now often called first
party) is considered, whereas risk for the public (third party) is not applicable. For
risk to personnel, the following may be considered as elements of risk:

• Occupational accidents
• Major accidents
• Transportation accidents
• Diving accidents.

These elements are common for production installations and mobile drilling
units. It is stressed that these risk contributions statistically have to be considered
separately. The discussion below is mainly concerned with the risk to personnel on
production installations, relating to how such risk is commonly regarded.

Transportation from shore is also often considered. There are advantages and
disadvantages associated with this approach. One disadvantage is that important
variations associated with the installation may be masked by the risk contribution
from transportation. It may also be argued that the risk contribution from heli-
copter transport cannot be significantly influenced by the offshore operations.

In other circumstances, it is very relevant to include the risk contribution from
transportation. This occurs if two field development alternatives are being com-
pared, involving significantly different extents of transportation. Another argument
is that the risk contribution from helicopter transportation is a significant source of
risk for offshore employees, and as such should be included in order to illustrate
the total risk exposure. It should be noted that current Norwegian legislation

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
DOI: 10.1007/978-1-4471-5207-1_2, � Springer-Verlag London 2014
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actually requires that the risk from helicopter transportation should be included in
the overall risk estimation for offshore personnel.

2.1.1.2 Risk to Environment

The following hazards relating to production installations and associated opera-
tions may lead to damage to external environment:

• Leaks and seepages from production equipment on the platform as well as
subsea

• Excessive contamination from production water and other releases
• Large spills from blowouts
• Pipeline and riser leaks and ruptures
• Spills from storage tanks
• Accidents to shuttle tankers causing spill.

It is usual that the third, fourth and fifth of these items are considered in relation
to offshore installations. If two different transport alternatives are considered, then
number six in this list also has to be included. The two first elements are usually
considered as ‘operational discharges’, and are not included in environmental risk
assessment.

2.1.1.3 Risk to Assets

Risk to assets is usually considered as non-personnel and non-environment con-
sequences of accidents that may potentially have personnel and/or environment
consequences. It may be noted that modelling of risk to assets in many circum-
stances is relatively weak. The following types of hazards may cause accidental
events which have the potential to damage the assets:

• Ignited and unignited leaks of hydrocarbon gas or liquid
• Ignited leaks of other liquids, such as diesel, glycol, jet fuel, etc.
• Fires in electrical systems
• Fires in utility areas, accommodation, etc.
• Crane accidents
• External impacts, such as vessel collision, helicopter crash, etc.
• Extreme environmental loads.

Usually all of these types of accidental events are included in asset risk.
However, there may be a need to coordinate with a regularity (or production
availability) analysis, if such analysis is carried out.

A regularity analysis considers all upsets which may cause loss of production
capacity, both from unplanned and planned maintenance. Some accidental events
of the least magnitude, especially the utility systems, may be included in both
types of analysis. This is not a problem, as long as any overlap is known, implying
that double counting may be removed if a total value is computed.
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A summary of how the different risk elements are usually considered in QRA
studies for production installations is presented in Table 2.5, which distinguishes
between manned and unmanned installations. Risk associated with material han-
dling and diving are usually outside the scope of such studies.

2.1.2 Basic Expressions of Risk

The term ‘risk’ is according to international standards (such as ISO 2002) ‘com-
bination of the probability or an event and its consequence’. Other standards, like
ISO 13702 (ISO 1999), have a similar definition: ‘A term which combines the
chance that a specified hazardous event will occur and the severity of the conse-
quences of the event.’

Risk may be expressed in several ways, by distributions, expected values, single
probabilities of specific consequences, etc. Most commonly used is probably the
expected value.

An operational expression for practical calculation of risk is the following,
which underlines how risk is calculated, by multiplying probability and numerical
value of the consequence for each accident sequence i, and summed over all
(I) potential accident sequences:

R ¼
X

i

ðpi � CiÞ ð2:1Þ

where:
p = probability of accidents
C = consequence of accidents

This formula expresses risk as an expected consequence. The expression may
also be replaced by an integral, if the consequences can be expressed by means of a
continuous variable.

It should be noted that the expression of risk as expected consequence is a
statistical expression, which often implies that the value in practice may never be
observed. When dealing with rare accidents, an average value will have to be
established over a long period, with low annual values. If during 40 years we have
five major accidents with a total of ten fatalities, this corresponds to an annual
average of 0.25 fatalities per year, which obviously can never be observed.

The comment should also be made here that risk as expected consequence gives
limited information about the risk picture. Much more information is provided if
the distribution is provided in addition to the statistical expected value. We will
revert to this in Chap. 16.

The definition in Eq. (2.1) is sometimes called ‘statistical risk’ or technological
risk. Some authors have referred to this expression as ‘real risk’ or ‘objective risk’.
These two last terms give misleading impression of interpretation of risk. ‘Risk’ is
always reflecting interpretations and simplifications made by, for instance the
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analyst, and as such to some extent subjective. It is therefore misleading to give the
impression that some expressions are more objective than others.

‘Risk aversion’ is sometimes included in the calculation of risk, see for instance
Eq. (2.9). Risk will be a combination of the probability of an accident, the severity
of the consequence, and the aversion associated with the consequence. This is not
supported by the author. It is acknowledged that risk aversion is an important
aspect associated with the assessment of risk, in particular relating to the evalu-
ation of risk results. However, risk aversion should not be mixed with techno-
logical risk analysis. Risk aversion is a complex phenomenon. It is misleading to
give the impression that this complex process may be adequately captured by a
single parameter, risk aversion, a.

Further details about risk definitions, risk aversion and ethical adjustment of the
risk assessments are presented in Aven and Vinnem (2007).

2.1.3 Dimensions of Risk

When accident consequences are considered, these may be related to personnel, to
the environment, and to assets and production capacity. These are sometimes
called ‘dimensions of risk’, which are those shown in the list below. Some sub-
categories are also presented in the following:

• Personnel risk

– fatality risk (see Sect. 2.1.4 for definition)
– impairment risk (see Sect. 2.1.5 for definition)

• Environmental risk (see Sect. 2.1.6 for definition)
• Asset risk (see Sect. 2.1.7 for definitions)

– material damage risk
– production delay risk.

It might be considered that fatality risk is a subset of injury risk, and that the
latter is the general category. Fatality risk and injury risk are nevertheless quan-
tified in so different ways that it may seem counterproductive to consider these two
aspects as one category.

It should be noted that risk to personnel is mainly focused on fatality risk, or
aspects that are vital for minimisation of fatality risk. This reflects the focus of the
QRA on major accidents, as opposed to occupational accidents as noted in the
introduction. This focus may, on the other hand, underscore the fact that occu-
pational accidents are a major contribution to fatality risk. In Norwegian opera-
tions for instance, all fatalities on installations during the last 20 years have been
due to occupational accidents.
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There is no universal definition of the term ‘major accident’. One often used
interpretation is that ‘major accidents’ are accidents which have the potential to
cause five fatalities or more.

Somebody may react to the classification of ‘impairment risk’ as a sub-category
of ‘personnel risk’. Impairment risk is discussed in greater depth in Sect. 2.1.5. At
this point it is sufficient to note that although the impairment mechanisms are
related physical arrangements (such as escape ways), it is indirectly an expression
of risk to personnel.

2.1.4 Fatality Risk

Fatality risk assessment uses a number of expressions, such as; platform fatality
risk, individual risk, group risk and f-N curve. It should be noted that some of these
expressions are calculated in a particular way in the case of offshore installations.
The offshore way of expressing risk is the main option chosen, but differences are
indicated.

2.1.4.1 Platform Fatality Risk

The calculation of fatality risk starts with calculating the Potential Loss of Life,
PLL. Sometimes, this was in the past also called Fatalities Per Platform Year,
FPPY. PLL or FPPY may be considered as the fatality risk for the entire instal-
lation, if it is calculated for the entire installation. There are two ways to express
PLL:

• Accident statistics, PLL = No of fatalities experience in a period (usually per
year).

• Fatality risk assessment (through QRA), whereby PLL is calculated according to
Eq. (2.2).

From the PLL, either Individual Risk (IR) or Group Risk (GR) may be com-
puted. The PLL value can, based on a QRA, be expressed as follows:

PLL ¼
X

n

X

j

ðfnj � cnjÞ ð2:2Þ

where:
fnj = annual frequency of accident scenario (event tree terminal event) n with

personnel consequence j
cnj = expected number of fatalities for accident scenario (event tree terminal

event) n with personnel consequence j
N = total number of accident scenarios (event tree terminal event) in all event

trees

2.1 Definition of Risk 27



J = total of personnel consequence types, usually immediate, escape, evacu-
ation and rescue fatalities.

The types of personnel consequences which are relevant for analysis of fatality
risk may be illustrated as follows:

• Immediate fatalities Which occur in the immediate vicinity of the initial accident, or
immediately in time

• Escape fatalities Which occur during escape from the place of work prior to or
immediately after the initial accident back to a shelter area (temporary
refuge)

• Evacuation and rescue
fatalities

Which occur during evacuation from the installation or during rescue
from sea and/or evacuation means

A comment on the use of the expression ‘escape fatalities’ may be appropriate.
Sometimes (for instance in regulations) ‘escape’ is used as the process of leaving
the installation when orderly evacuation is not possible. ‘Evacuation’ may on the
other hand sometimes be used as the expression for the entire process of leaving
the workplace until a place of safety is reached. None of these alternative defi-
nitions are used in this book, which uses the interpretation stated above.

The annual frequency of an accidental scenario, fnj, may be expressed as fol-
lows, if it is assumed that the factors are related (dependent) as shown below:

fnj ¼ fleak;n � pign;n � pprotfail;n � pescal;n � nnj ð2:3Þ

where
fleak,n = frequency of leak
pign,n = conditional probability of ignition, given the leak
pprotfail,n = conditional probability of failure of the safety protective systems,

such as ESD, blowdown, deluge, passive fire protection, etc, given
that ignition has occurred

pescal,n = conditional probability of escalation, given ignited leak and failure
protective systems responses

nnj = fatality contribution of the accident scenario (fraction of scenarios
that result in fatalities)

Equation (2.3) reflects the failure of the five main barrier functions: contain-
ment, ignition prevention, protection, escalation and fatality prevention; see fur-
ther discussion in Sect. 2.5.2.

2.1.4.2 Individual Risk

There are principally two options with respect to the expression individual risk,
namely:
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• Fatal Accident Rate (FAR), or
• Average Individual Risk (AIR).

AIR is also known by other acronyms, such as IR (Individual Risk) or IRPA
(Individual Risk Per Annum). The following sections will use AIR.

The FAR value is the number of fatalities in a group per 100 million exposed
hours, whereas the AIR value is the average number of fatalities per exposed
individual. The following are the equations which define how the individual risk
expressions are computed:

FAR ¼ PLL � 108

Exposed hours
¼ PLL � 108

POBav � 8760
ð2:4Þ

AIR ¼ PLL

Exposed individuals
¼ PLL

POBav � 8760
H

ð2:5Þ

where:
POBav = average annual number of manning level

H = annual number of offshore hours per individual (on-duty and off-duty
hours)

It should be noted that 8760 is the number of hours in one year. The ratio of
8760/H is therefore the number of individuals required to fill one position offshore.
Three persons per position is quite common in Norwegian offshore operations,
whereby H is 2920 h per year, 1460 on-duty hours and 1460 off-duty hours. If the
schedule is 2 weeks ‘on’ [the installation]; 4 weeks ‘off’, three persons per posi-
tion is required, and an average of 8.7 periods are spent offshore each year.

From the definitions above it is obvious that AIR and FAR values are closely
correlated. The following is the relationship:

AIR ¼ H � FAR � 10�8 ð2:6Þ

If H is 2920 h and FAR is 5.0, then AIR equals 0.00015. Thus, it is without
consequence whether FAR or AIR is calculated. One may be derived from the
other, as long as the shift plan is known.

Onshore, H would not be summed over on-duty and off-duty hours, because off-
duty hours are not spent in the plant.

FAR and AIR values may be calculated as average values for different groups,
for instance the entire crew on an installation, or groups that are associated with
specific areas on the installation.

When ‘exposed hours’ are considered in relation to the definition of the FAR
values for offshore operations, this expression may be interpreted in at least two
ways:

• On-duty hours (or working hours) are most typically used for occupational
accidents, exposure to these are limited to the working hours.
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• Total hours on the installation (on-duty plus off-duty hours) are most typically
used for major accidents, exposure to these is constant, irrespective of whether a
person is working or not, used in Eq. (2.4)

• When helicopter transportation risk is considered, the exposed hours are those
spent in the helicopter.

If FAR values from different activities are to be added, then they must have the
same basis. This is discussed thoroughly later.

It should be noted that at present, the total number of working hours offshore on
production installations on the entire Norwegian Continental Shelf is just above 30
million hours per year. This implies that during a three year period, roughly 100
million hours are accumulated. In practical terms, we can therefore express that the
observed FAR value during the last 3 years, is the number of fatalities during this
period. This reflects occupational accidents only. For instance, only one fatality
occurred in the period 2009–2011, the average FAR value is around 1.0 for this
period. In a previous period, 2002–2004, the value was also one fatality. No
fatalities occurred on production installations between 2002 and 2009.

2.1.4.3 Example: Calculation of FAR Values1

For an offshore installation, the following are the main characteristics that
are used in order to form the example shown in Table 2.1.

• The average number of persons on the platform is 220.
• Each person has an annual number of 3000 exposure hours offshore.
• Elements of risk are shown in Table 2.1.

Table 2.1 presents frequencies of fatality consequences for five groups of
fatalities. The last line sums up the different contributions from occupational
accidents, immediate fatalities and evacuation fatalities, implying that
fatalities during escape and rescue have been disregarded.

The summed results are used as the basis in order to calculate the PLL,
FAR and AIR values for the installation, as shown in Table 2.2. The risk
values for the installation are the following:

• PLL = 0.386 fatalities per year
• FAR = 20.0 fatalities per 108 manhours
• AIR = 0.58 9 10-3 fatalities per year.

Since this is an offshore installation, the FAR value is calculated as an
average over all exposure hours, on-duty as well as off-duty. The personnel
stay on the installation continuously for 2 weeks at the time, before leaving by

1 Examples are marked with gray shading throughout the book.
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helicopter. This implies that the total exposure hours is 220 9 8760 = 1.93
million hours.

If this had been an onshore facility, this is more complex. There will
usually be shift crews as well as day crews, which have different exposure.
The day crew is typically for maintenance, modification, etc. The total
exposure hours will usually be equal to the on-duty hours. It is not common
to calculate FAR values for the sum of on-duty and off-duty hours, because
off-duty hours are not influenced by the risk exposure on the facility. The
total PLL value will usually have to be calculated for two periods, one period
being the time when both shift crew and day crew are present, the other
period is the remaining time with only one shift crew present at the time.

Table 2.1 Example, risk contributions

Location/accident type Average manning Fatalities per accident

1 2–5 6–20 21–100 101–220

Quarters
Occupational accidents

140 0.010 0

Fatalities, evacuation 140 0.001 0
Process/utility equipment
Occupational accidents

80 0.012 0

Immediate fatalities 80 0.010 0
Fatalities, evacuation 80 0 0 0.01 0.003 0.0008

Total
Occupational accidents

220 0.022 0

Immediate fatalities 220 0.010 0
Fatalities, evacuation 220 0.001 0 0.01 0.003 0.0008

Sum all groups 220 0.033 0 0.01 0.003 0.0008

Table 2.2 Example, calculation of PLL, FAR, AIR

Risk values Average manning Fatalities per accident

1 2–5 6–20 21–100 101–220

Sum frequencies 220 0.033 0 0.01 0.003 0.0008
Geometrical mean consequence 1 3.2 10 44.7 148
PLL contribution 0.033 0 0.1 0.134 0.118
Total PLL 0.386
FAR value 20.0
AIR value 0.00058
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2.1.4.4 Group Risk

The most common measure of risk is risk to individuals. Experience has shown
however, that society is concerned about the effects of accidents on society as a
whole. Some measure of risk to society i.e, the total effect of accidents on society
(or the affected group), is therefore required. This is what Group Risk (GR) is used
to express.

Risk tolerance criteria are usually expressed for individual risk levels. Sometimes
it is necessary also to be able to express tolerability for the group risk. A relationship
between individual risk and group risk is therefore sometimes necessary.

Group risk is often expressed in terms of an ‘f-N’ diagram, see example later in
this chapter. The derivation below shows how the f-N diagram may be connected
to individual risk measures in situations where there are a limited number of
people exposed to the risk. The derivation is a generalization of an expression first
described by Schofield (1993). The paper by Schofield includes consideration of
risk aversion, which is reproduced in the following, although the use of risk
aversion in not recommended in most risk calculations.

Let POB be the number of personnel on the installation at any one time (not
assumed in this illustration to vary).

Let FN denote the annual frequency with N or more fatalities.
Let fN denote the annual frequency of exactly N fatalities.

Then it follows immediately:

fN ¼ FN � FNþ1; N ¼ 1; . . .;POB� 1 ð2:7Þ

fN ¼ FN ; N ¼ POB ð2:8Þ

Consider FN to have the form:

FN ¼
F1

Nb
; 1� b� 1:3 ð2:9Þ

This equation is actually valid for all values of b C 1.0, but b = 1.3 is con-
sidered in relation to its interpretation to be an upper limit (Schofield 1993). The
factor b is usually called the ‘aversion factor’, which—as noted above takes
account of the fact that it is usually harder for a society to accept an accident with
10 fatalities than 10 accidents with 1 fatality each, even though the frequency of
the former is only one tenth of the latter i.e., the expected value is the same. With
b = 1.3, F10 = F1/20, whereas F10 = F1/10 with b = 1.0.

It is recommended that risk aversion is considered as a separate factor, then
b should be set to 1.0. The general expression is that b may exceed 1.0, but we
have advised against using an aversion factor in the calculation of risk. The
derivation of equations below is therefore based on the value b = 1.0. From
Eqs. (2.7), (2.8) and (2.9) it follows that:
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fN ¼ F1
1

NðN þ 1Þ ; N ¼ 1; . . .POB� 1 ð2:10Þ

fN ¼
F1

N
; N ¼ POB ð2:11Þ

Let AIR now be the average individual risk for an average employee on the
installation, expressed as the probability of death per annum. Let there be in total
K groups of POB persons, where each individual spends H number of hours
offshore per annum, such that:

H � K ¼ 8760 ð2:12Þ

Then, by combination, we have the following:

1
K � POB

XPOB

1

N � fN ¼ AIR ð2:13Þ

Combination of Eqs. (2.10), (2.11) and (2.13) gives the following:

F1 ¼ K � POB � AIR � 1þ
XPOB�1

1

1
N þ 1

" #�1

ð2:14Þ

By using (2.14) the FN-plot can be determined for any given set of values AIR,
POB, K, b. The frequency of fatalities in the range N1 B N B N2 is given by:

f ðN1;N2Þ ¼
XN2

N1

fN ¼ F1

XN2

N1

1
N þ 1

; N2\POB ð2:15Þ

fðN1;N2Þ ¼ F1 �
1

POB
þ
XN2�1

N1

1
NðNþ 1Þ

" #
; N2 ¼ POB ð2:16Þ

Please note that geometric mean may be used in the calculation of PLL, FAR
and AIR values (see Sect. 2.1.4.3), but shall not be used in the calculation of values
for the f-N curve (see Table 2.3). The actual lower limits of the intervals in
Table 2.1 are used directly in the calculation of values for the f-N curve, as shown
in Table 2.3.

2.1.4.5 Example: f-N Diagram Transformation

PLL, FAR and AIR values were calculated for the example installation
referred to on Page 30. Using the equation for F1 above, the FN values may
be calculated, and plotted in the diagram. Please note that f-N diagrams
commonly use logarithmic scales for both axes. The f-N diagram expresses
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the frequency of accidents with N fatalities or more, and as such is always a
cumulative frequency. This should not be confused with the distinction
between fN and FN in Eq. (2.7).

Please note that when using the bottom row of Table 2.1 to plot the f-N
curve, the values are summed from left towards right. The first value is the
frequency of at least 101 fatalities, which is 0.0008 directly from Table 2.1
(X = 101; Y = 0.0008). The second point from the left is frequency of at
least 21 fatalities, which is 0.0008 ? 0.003 = 0.0038(X = 21;
Y = 0.0038). The third point from the left has coordinates X = 6;
Y = 0.0138, whereas the fourth point from the left has coordinates X = 2;
Y = 0.0138. The last point from the left has coordinates X = 1;
Y = 0.0468. These five pairs of X-values and Y-values (see Table 2.3) give
the f-N diagram of Fig. 2.1.

An f-N diagram plotted in a double logarithmic diagram can never have
the value zero on any axis, because the logarithm of zero is 7?. The x-axis
usually starts on 1.0, and the y-axis usually starts with 10-x, according to
what is the lowest frequency. The curve will always be monotonously falling.
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Table 2.3 Example, points for f-N curve in Fig. 2.1

Location/accident type Fatalities per accident

1 2–5 6–20 21–100 101–220

Sum all groups (Table 2.1) 0.033 0 0.01 0.003 0.0008
Frequency of at least N fatalities

N = 101 0.0008
N = 21 0.0038
N = 6 0.0138
N = 2 0.0138
N = 1 0.0468
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2.1.5 Frequency of Impairment

Frequency of impairment is an indirect way to express risk aspects that are vital for
the safety of personnel. The aspects for which the impairment frequencies are
calculated are usually called ‘main safety functions’. ‘Main safety functions’ are
aspects that assist in ensuring the safety of personnel in the event of a major
accidental event. When frequencies of impairment are calculated, these may be
based on physical modelling of responses to accidental loading, and one will
thereby avoid the problems of explicitly calculating the consequences of an
accident in terms of fatalities.

The frequencies of impairment are usually calculated somewhat differently,
reflecting differences in UK and Norwegian legislation, but cover essentially the
same overall functions. The wording of the main safety functions is somewhat
different in the two countries’ legislation. Typically, the following are calculated:

• UK: Impairment of temporary refuge, including the following functions:
(according to Safety Case Regulations)

• Life support safety function
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Fig. 2.2 Risk tolerance limit in f-N diagram

2.1.4.6 Example: Calculation of AIR from f-N Diagram

An oil company has a risk tolerance limit for major accident risk on offshore
installations as shown in Fig. 2.2. The curve starts with 5 fatalities, and the
cumulative frequency is 0.01 for major accidents exceeding 5 fatalities. The
aversion factor, b, is 1.4. The installation has an average POB of 80 persons.
We want to calculate the AIR value that corresponds to the curve in Fig. 2.2.

Equation (2.13) with the values given above gives 5.4 9 10-4 fatalities
per year as the average individual risk for all employees.
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• Command safety function
• TR Egress safety function
• Evacuation safety function

• Norway: Impairment of several safety functions (according to Facilities
regulations):

• Impairment of Shelter Area
• Impairment of Escape ways
• Impairment of emergency control function
• Impairment of support structure
• Impairment of escalation function

Thus, only one impairment frequency is required to be quantitatively deter-
mined under UK legislation, whereas typically five are calculated in Norway. The
scope of what is covered is nevertheless virtually the same. The impairment fre-
quency, fimp, i, is calculated as follows:

fimp;i ¼
X

n

fn � pimp;n;i ð2:17Þ

where:
pimp,n,i = probability of impairment for scenario n with for safety function i

N = total number of accident scenarios.

2.1.6 Environment Risk

The environment risk from offshore installations is dominated by the largest spills
from blowouts, pipeline leaks or storage leaks. Process leaks, although more fre-
quent, are not normally capable of causing extensive damage to the environment.
The quantified risk to the environment is usually expressed as one of the following:

• Expected value of spilled amount.
• Frequency of events with similar consequences for the environment.

Consequence is often measured in restoration time. ‘Restoration time’ is the
time needed for the environment to recover after a spill, to the conditions existing
before the spill. This is further discussed in Sect. 6.10. Previously, the expression
‘expected spilled amount’ has been commonly used. Expected spilled amount per
year, Qsp, is expressed as:

Qsp ¼
X

n

fn � qn ð2:18Þ

where:
qn = amount spilled for scenario n.
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The accumulated frequency, fspill cons i, of events with similar consequences
(restoration time) is assessed as follows:

fspill cons i ¼
X

n

fn � pn;i ð2:19Þ

where:
pn,i = probability of environmental consequence i for scenario n.

2.1.7 Asset Risk

The asset risk is comprised of possible damage to equipment and structures, as
well as the resulting disruption of production. Risk is expressed similarly for
material damage and production delay. Asset risk is usually expressed as either of
the following:

• Expected damage to structures and equipment.
• Expected duration of production delay.
• Frequency of events with similar consequences, either in extent of damage or

duration of production delay.

Expected value of damage per year (or expected duration of production delay),
D, is expressed as:

D ¼
X

n

fn � dn ð2:20Þ

where:
dn = extent of damage (duration of delay) for scenario n.

The accumulated frequency, fdamage cons i, of events with similar consequences
is assessed as follows:

fdamage cons i ¼
X

n

fn � pD;n;i ð2:21Þ

where:
pD,n,i = probability of damage consequence i for scenario n.

The expected value of damage and production delay are, as for the expected
amount spilled, entirely artificial values, as the events are rare, and usually large,
once they occur.
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2.2 Risk Picture, North Sea

An extensive study of the risk levels on the Norwegian Continental Shelf (NCS)
was carried out 15 years ago (Vinnem and Vinnem 1998), concerned mainly with
accidents in the Norwegian sector of the North Sea, and covered risk to personnel,
environment, and assets. The following is a summary of the results for the risk to
personnel, limited to fatality risk, updated with the latest available data.

2.2.1 Overview of Fatal Accidents

There have been 83 fatal accidents and 268 fatalities in Norwegian offshore
operations since the start of oil and gas operations in 1966 until the end of 2012.
This excludes fatalities on shuttle tankers (which are used for transport of crude oil
and condensate to shore), but includes fatalities on attendant vessel and other
special vessels and barges that engaged in associated oil and gas activities. One
fatality on a survey vessel used for geophysical surveys is omitted. Figure 2.3
shows a condensed summary of the statistics.

It should be noted that Fig. 2.3 does not relate the number of accidents to the
level of activity. This is done later in this section.

The frequencies are presented for four ten year periods and the last seven year
period, where the following is shown for each interval:

• Average number of fatalities per year from occupational accidents (including
diving accidents)

• Average number of fatalities per year from major accidents (including helicopter
accidents).

The second period is strongly influenced by the capsize of Alexander
L. Kielland in 1980. The average number of fatalities per year is 17.4 if this accident
is included, 5.4 fatalities per year if it is excluded (see distinction in the diagram).

It may be observed that the overall frequency has been quite stable during the
last 20 years, when somewhat crudely expressed as average number of fatalities
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per 10 year periods. This may be further illustrated by the following number of
major accidents (including helicopter accidents) on the NCS, see also Fig. 2.4.

• 1966–1975 2 major accidents
• 1976–1985 6 major accidents
• 1986–1995 1 major accident
• 1996–2005 1 major accident
• 2006–2012 0 major accidents

It may be argued that the period 1965–1986 was a period with higher fre-
quencies, for occupational as well as major accidents. It is therefore appropriate to
discuss the period after 1986 more thoroughly.

2.2.2 Overview of Accidents to Personnel

The total number of fatal accidents in the period 1986–2012 is 30, with 45
fatalities. These fatal accidents on the Norwegian Continental Shelf have occurred
on the following different platform and vessel types:

• Production installations 9 fatal accidents 10 fatalities
• Mobile installations 6 fatal accidents 6 fatalities
• Attendant vessels: 9 fatal accidents 10 fatalities
• Crane and pipe-laying vessels 3 fatal accident 3 fatalities
• Diving 1 fatal accident 1 fatality
• Helicopter accident (maintenance) 1 fatal accident 3 fatalities
• Helicopter transportation (to shore) 1 fatal accident 12 fatalities

Accidents that have occurred inshore or at-shore are excluded from the values
considered, even though in some few cases similar accidents could have occurred
at an offshore location. In one case for instance, a lifeboat fell 20 m to the sea,
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fatally wounding the two onboard. Such an accident could also have occurred
offshore (and a few accidents of this type actually have occurred).

The average number of fatal accidents over the year period is 1.1 per year, with
1.7 fatalities per year (1.2 per year if the helicopter accident is excluded). It should
further be noted that except for helicopter accidents, no other fatalities in major
accidents have occurred in the period. The jack-up ‘West Gamma’ capsized under
tow in 1990, but all crew members were rescued from the sea. An accident in 1991
involved a helicopter which was being used for maintenance of a flare tip on a
fixed installation. The tail rotor touched the flare causing the helicopter to crash,
killing the three people onboard. This accident has been classified as an occupa-
tional accident. The distribution of fatalities over time is shown in Fig. 2.5.

If only occupational accidents are considered, it is obvious that more accidents
occurred before 1997, compared to accidents that have occurred since 1997. But
there is insufficient data to conclude there has been a statistically significant
reduction. This topic is further discussed in Chap. 13.

Figure 2.6 presents an overview of the main causes of fatal accidents in the
Norwegian sector in the period 1986–2012.

It is clearly demonstrated that persons being hit or crushed by/between moving
or falling objects is by far the most important cause of fatalities, a total of 20
fatalities in the period is due to this category alone.

The other main cause is helicopter crash, one case in the sea, and the other case
when a helicopter was used for maintenance purposes, as described previously.
Eight fatalities arose from persons falling, either to a lower deck, or in the sea, the
latter including the lifeboat maintenance accident where a conventional lifeboat
was undergoing maintenance and fell uncontrolled into the water from normal
height, due to failure of the prevention mechanism.
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2.2.3 Fatal Accident Rates

This section presents historic FAR levels for occupational accidents (except
helicopter and diving risk), averaged for all personnel on board. These rates are
based upon exposure only during working hours i.e., 12 h of exposure per 24 h of
offshore stay. These values are calculated as averages over the last 10 years
(2002–2011). The estimates of FAR levels are presented in Table 2.4. For crane
and pipe-laying vessels, the FAR values is based on the last 20 years, 1992–2011,
due to lack of fatal accidents the last 10 years. No diving accidents have occurred
in the period. Diving is therefore not included in any of the values given above.

The values are limited to occupational accidents, due to the fact that no major
accident with fatalities has occurred since the helicopter accident in 1997. A true
risk picture therefore needs to consider additional ways to predict risk levels,
especially for major accidents, see further discussion in Chap. 17.

2.2.4 Trends in Fatality Rates

An important aspect has been to identify possible trends in historic fatality risk
levels, in order to identify areas or operations where special efforts may be nec-
essary. Trends are based on activities which takes place on the installations and
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vessels. Thus fatalities in the Alexander L. Kielland accident and other major
hazard accidents are excluded. These trends have been established separately for
production installations, mobile drilling units and attendant vessels.

The FAR value is calculated based on fatalities and estimated exposure man-
hours (in the case of production, these values are available from PSA. For the other
activities, the values are mainly derived from activity levels).

FAR values for production and mobile installations are read against the primary
vertical axis in Fig. 2.7, and have come down from about 250 over the 40 years.
For attendant vessels, the values are read against the secondary (right-hand side)
vertical axis of Fig. 2.7, and the FAR values start around 750. The sharp falls in
FAR values took place before 1985 and since then the levels have been much more
constant.

The next illustration looks more closely at the second half of the period, from
1986; see Fig. 2.8. The values include all fatalities that have occurred in the
Norwegian sector of the North Sea, and are calculated as rolling ten year average
values.

For production installations there is a downward trend over the entire period,
although it could be argued that the level was stable until year 2000. The fre-
quency has been falling since year 2000. There were no fatal accidents in the years
2003–2008, 2010 and 2011, as in the years 1996–1998.

For mobile drilling units, there is a generally falling trend over the entire period.
Since 2000 there has been little or no difference between production installations

Table 2.4 Overview of FAR
values, average 2002–2011,
per working hours

Activity FAR value

Fixed installations 0.72
Mobile drilling units 1.11
Attendant vessels 4.8
Crane and pipe-laying vessels 8.2
Total for all (2002–2011) 1.21
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and mobile units. This has not occurred before. The last year with fatalities was in
2002.

The variations are actually the largest for attendant vessels, but it should be
noted that as fewer manhours are worked on these vessels one additional fatality
will have a larger influence. Still, attendant vessels is the group with the highest
number of fatalities in the period, see Sect. 2.2.3. The number of fatalities fell
sharply during the second half of the 1980s, then increased for almost 10 years,
and has been falling again since year 2000. It is still higher than on offshore
installations.

It should be noted that the attendant vessel owners and the oil companies in the
Norwegian sector worked together in 1998 and 1999 to improve the safety aspects
of attendant vessels. This has obviously had a major long term effect.

Years 2004, 2005 and 2006 were free from fatal accidents completely. It is the
first time that no fatalities have occurred in three consecutive years. This occurred
again in 2010, 2011 and 2012. There are thus several signals that the situation has
improved since year 2000.

What do these trends imply for the occurrence of fatal accidents in the future?
We do not know, but there are indications that we may hope that accidents will be
few and rare. This will also depend on actions taken by all parties involved. It
should be noted that taking the value calculated for the last year of a period, is
actually taking the average value for the preceding 10 years, due to the rolling
average calculation. Taking this average may be too optimistic, where there is a
clearly increasing trend. Where the trend is close to constant, this may be more
justifiable as an assumption.

The values in this subsection are used in the basis for the evaluation of risk to
personnel that is discussed in Chap. 17.
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2.2.5 Comparison Offshore: Onshore Activity

A brief comparison has been made between the average offshore fatality risk level
and the most appropriate onshore activity, namely oil refineries. This is more
relevant now compared to previously, because PSA is responsible for all offshore
installations and the main onshore petroleum facilities in Norway. A previous
comparison (based on Vinnem and Vinnem 1998) used only refineries in Norway,
for the period 1996–2005. For the period 2002–2011 the calculation of FAR value
is made for the eight onshore petroleum facilities that PSA has jurisdiction for,
refineries, oil and gas terminals and gas plants, including an onshore LNG plant.
The comparison is presented in Fig. 2.9. All estimates are based on actual working
hours, calculated on the basis of 12 h per day offshore and 7.5 h per day onshore
(less for shift personnel). The total number of working hours per year should be
about the same per person for both industries.

There have been two fatalities on offshore production installations and one
fatality on onshore petroleum facilities in the period 2002–2011. There is large
difference in manhours, about 279 million manhours on offshore production
installations, versus 130 million manhours on onshore petroleum installations. It
should be noted that manhours had to be guessed for the period 2002–2005, based
on the manhours reported for 2006, for the six facilities in operation and two being
constructed.

Figure 2.9 suggests that fatality risk level may be higher on refineries compared
to other onshore petroleum facilities. The only fatality on onshore plants occurred on
a gas terminal in the construction phase. The injury data in RNNP (PSA 2012a, b) do
not confirm that the injury rates on terminals are higher compared to the other
onshore facilities.
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2.3 Risk Presentation

The general requirement for the presentation of QRA results is that it should be as
detailed as possible. There are usually quite a lot of detailed results available from
a QRA, but they are seldom provided for the insight of the reader.

The main objective in the presentation of QRA results is to illustrate relative
comparisons of contributions and mechanisms that may show the elements of the
risk picture. Thus as many details and illustrations as possible should be presented.
Some general principles for presentation of results are stated below (Table 2.5).

The most important, in addition to overall presentations of results, is that
contributions to risk are illustrated in a number of ways. The following sections
present most of the relevant ways that risk may be presented, including the con-
tribution of the following parameters:

• Different types of scenarios
• Types of failures in an Man, Technology and Organisation (MTO) perspective
• Type of activity which contributes to risk
• Barrier failures that led to the actual scenario
• Location where the initiating accident occurred
• Relevant cause (where applicable) of accident initiation.

Table 2.5 Risk elements for production installations

Risk element Manned installation Unmanned or not
normally manned
installation

Comments

Accidents on the
installation

Occupational
accidents

Occupational
accidents

Major accidents Major accidents Including all types, related
to HC leaks, external
impact and
environmental loading

Accidents during
transportation

Accidents during
helicopter transport
from shore

Accidents during
helicopter transport
from shore

Required to be included
for offshore employees
as per Norwegian
regulations

Accidents during
shuttling between
unmanned and
manned installation

Usually included for the
not normally manned
installation

Accidents during
material handling
of supplies and
transport from
shore

Accidents during
material handling
of supplies and
transport from
shore

Usually not included

Diving accidents Not included Not included Usually carried out from
dedicated vessel, not
considered for the
fixed installations
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2.3.1 Fatality Risk

2.3.1.1 Overview

Fatality risk should, as a minimum, be presented using the following parameters,
irrespective of whether risk tolerance criteria are formulated for each of them or
not:

PLL PLL is the annual risk exposure of the entire installation, and is thus
an important measure of overall risk.

FAR/AIR FAR or AIR are alternative expressions of individual risk, and are
thus complementary to the PLL value. FAR and AIR are usually
average values for groups, such as the entire population and smaller
groups. Norwegian regulations require that risk is calculated for the
most exposed persons.

Group risk Usually presented as an f-N diagram (see illustration in the
following).

It should be noted PLL may sometimes be expressed for a particular group on
an installation during the execution of a particular task, thus it may occasionally
depart from what is referenced above, the entire population of an installation and a
whole year. It is then important to state clearly what is the reference for the PLL
i.e., what group and the duration of the operation in question.

2.3.1.2 Potential Loss of Life

Potential Loss of Life (PLL) values can be presented with the different contri-
butions, arising from the different hazards that are applicable, as shown in
Table 2.6.

This table also shows the relative contributions and the average size of the
accident in terms of fatalities per accident.

Figure 2.10 shows the contributions to total PLL from different accident
accidental effects:

• Immediate fatalities

– occupational accidents
– major accidents

• Helicopter accidents
• Fatalities during escape and evacuation.

The ‘immediate fatalities’ are those fatalities that occur as a direct result of the
initiating event, either in a major accident or an occupational accident. All fatal-
ities are virtually always ‘immediate’ in the case of an occupational accident.
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2.3.1.3 Average Fatality Risk

Relative contributions to FAR/AIR are often the same as the contributions to PLL.
FAR or AIR should be presented in respect of the following categories:

• for personnel located in each main area of the installation
• for each main group of personnel
• contributions to total risk from different accident types
• contributions to total risk from different phases of the accident.

Figure 2.11 shows typical FAR values for different areas of a platform. The
minimum that should be presented in this regard is:

• FAR value for personnel spending on-duty and off-duty time in accommodation
area.

• FAR value for personnel who spend on-duty hours in ‘hazardous’ areas on the
installation (i.e. outside accommodation area) and off-duty time in the accom-
modation area.

It is often appropriate to use FAR or AIR to compare different concepts or
different layout solutions. There are, on the other hand, some situations where it is
not appropriate to compare FAR (or AIR) values. Examples of such situations are
comparison of:

Table 2.6 PLL contributions from accident types

Hazard category Annual PLL values % Fatalities/accident

Blowout 4.1 9 10-3 27.3 5.3
Process accidents 9.6 9 10-4 6.4 0.7
Riser, pipeline accidents 5.3 9 10-3 35.3 4.1
External accidents 2.3 9 10-4 1.5 1.4
Occupational accidents 2.6 9 10-3 17.3 1.1
Helicopter accidents 1.4 9 10-3 9.3 2.8
Total all categories 1.5 9 10-2 100.0 2.3

Imm. maj.acc.
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helicopter

10 %Escape/evacu-
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Fig. 2.10 Contributions to
PLL from types of fatalities
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• Field development alternatives involving different numbers of personnel.
• Field development alternatives that are drastically different, for instance if a new

field can be developed with a separate installation or tied into an existing,
possibly with extensive modification being required.

PLL has to be used for comparison in these situations, in order to get an
understanding of the overall risk, as shown in the following example.

2.3.1.4 Activity Based Variations of Fatality Risk

Different activities have very different FAR levels. Figure 2.12 shows how the
average FAR level may vary for a worker who takes part in well intervention as
well as process operation. The FAR level during a short helicopter trip is also
shown. Further, he is only exposed to the structural failure associated risk level, as
well as the possible need for all onboard to evacuate, during sleep in the quarters.
Office employees working inside the accommodation block for the entire day
would also be exposed to this low risk level. The following points should further
be noted:

• The actual values shown are typical, and may vary considerably, depending on
the platform.

• The FAR level shown for helicopter transport (140 fatalities per 108 person
flight hours) is the current helicopter risk level in the North Sea (see Sect. 3.1.5).

• The well intervention FAR rate shown relates to moderately hazardous opera-
tions. Other well intervention activities may give FAR values almost as high as
during helicopter flights. These activities however often have relatively short
duration.
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2.3.1.5 Adding of FAR Values

It should be noted that FAR values may only be added if they apply to the same
time period. The FAR values shown in Fig. 2.12 can not be added, but the total
FAR for a 24 h period may be calculated in the following way:

FARtot ¼
X

FARi � ti ð2:22Þ

where
FARtot = total FAR value over a working day
FARi = FAR value for period i
ti = duration of period i

The calculation of the daily average FAR for the platform worker experiencing
the risk regime shown in Fig. 2.12 is shown in the Table 2.7.

The PLL for one such worker over a total working day is 0.89 9 10-5 fatalities
(per day), which is shown to correspond with a daily average FAR value of 36.9.

2.3.1.6 Example: Comparison of Field Development Schemes

There is a fixed installation which has been producing for some few years on
a field, producing mainly oil and some associated gas. A second part of the
field has been found, also with oil and associated gas, and two options exist
for development of this part of the field:

• Subsea wells tied back to the existing fixed installation.
• A Floating Production Storage Offloading (FPSO) unit.
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The comparison in these circumstances is focused on the additional PLL
that might occur due to production from the second part of the field,
including the modification phase and the remaining production period. If
subsea completions are to be used and the existing installation is to house
production from the second part of the field, then the following aspects need
to be considered:

• Increased fatality risk during the modification phase.
• Increased fatality risk during the production phase, due to new equipment.
• Increased number of personnel onboard during modification and during

production.

The total value of increased PLL in this case is compared to the total PLL
for the FPSO. The possible fatality risk to workers in the construction yards
is disregarded in both cases. This would, if included, add more risk for the
FPSO alternative, because considerably higher yard manhours would be
required, in order to construct a new hull. Figure 2.13 shows the calculated
PLL for the two alternative development scenarios.

The FPSO alternative is seen to add 33 % more PLL to the field devel-
opment and residual production phase, mainly due to the higher number of
personnel exposed to risk offshore.

This example assumes that the extra personnel needed during the modi-
fication phase can live on the installation itself i.e., that one hundred extra
beds are available. Some installations have this capacity, but not all. The
alternatives would be the following:
• Connecting a flotel to the fixed installation by bridge, in order to increase

the accommodation capacity, or
• Shuttling extra personnel to the platform each day either from onshore or

an adjacent platform.

These alternatives have significant implications for risk, as the next
example shows.

Table 2.7 Calculation of daily average FAR for offshore worker

Activity FAR Duration (h) PLL (910-8)

Sleeping 2.28 6 14
Well intervention 114.2 6 685
Process operation 17.12 6 103
Helicopter transport 140 0.5 70
Sleeping 2.28 5.5 13
Total value 36.9 24 885
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2.3.1.7 Example: Flotel vs Helicopter Shuttling

When offshore modifications or tie-ins are being carried out, it is sometimes
not possible to accommodate all personnel required for the work on the
installation itself. It is then a choice between shuttling the personnel to shore
or to another installation or providing a bridge-connected flotel beside the
platform.

Figure 2.14 is provided to illustrate the difference in fatality risk (PLL). It
is an add-on to Fig. 2.13, when it is assumed that the extra personnel during
the modification cannot be accommodated on the fixed installation. The
personnel will either have to be shuttled to shore or accommodated on a
bridge-connected flotel. The resulting total life cycle PLL values for the two
alternatives are shown in Fig. 2.14.

The life cycle risk is increased by virtually 50 % if all personnel have to
be shuttled to shore each day. Such an extent of shuttling is too extensive to
be the normal solution, but is used in order to illustrate the most extreme
case. As shown, this is the highest PLL value in Fig. 2.14, whereas the
alternative with flotel for provision of extra beds is almost as low as the
alternative using the fixed installation alone for all purposes. The flotel
solution will usually be quite expensive, but will probably have to chosen,
because it is unlikely that the shuttling of all personnel will be permitted.
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2.3.2 Group Risk

The group (or societal) risk may be presented by an f-N curve for fatalities. The f-
N function was introduced in Sect. 2.1.4.3, where the possibility to include risk
aversion also was discussed. Risk aversion is initially omitted from the discussion
in the following, but the importance of aversion is also illustrated. Figure 2.15
shows the usual shape of the f-N diagram, which is just a particular way to draw a
cumulative function.

It should be noted that the f-N diagram usually requires both axes to be drawn
with a logarithmic scale, because the range of values is usually several orders of
magnitude on both axes. Typically, fatalities can range from 1 to the maximum
present on board at any one time. On large installations this may reach several
hundred persons. Figure 2.16 shows how the same diagram would look, if linear
scaling were used on both axes. An actual example from a platform QRA is
presented in Fig. 2.17.

The two next diagrams (Figs. 2.18, 2.19) show important aspects of f-N dia-
grams. The first diagram illustrates the importance of risk aversion, if this is
included. The curves in Fig. 2.18 have been produced for the following case:

• POB 25
• Upper tolerability limit, AIR 1 9 10-3 per year
• Number of hours exposed offshore 3200 h per annum (50 % on-duty, 50 % off-duty)
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The two curves are developed in order to present the variation dependent on the
extent of risk aversion, ranging from no aversion (b = 1.0), to maximum aversion
(b = 1.3) (see Sect. 2.1.4.4). The difference between the two cases may seem
insignificant but for accidents with at least 20 fatalities, the difference is a factor of
1.8 (0.0009 vs. 0.0005 per year).

Figure 2.19 has been developed in order to show how differences in upper
tolerability limit for AIR (thereby also FAR) values affect the f-N diagram in sit-
uations where finite numbers of people are subjected to risk. No risk aversion has
been included in the presentation.

It is obvious from the diagram that the values of the diagram are linearly
dependent on the value of the AIR (or FAR implicitly). This is also obvious from
Eq. (2.14).
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2.3.3 Impairment Risk

Impairment risk is usually related to impairment of so-called ‘Main Safety
Functions’. There are often three to five main safety functions defined, each of
which has a separate impairment frequency. These frequencies should therefore be
presented individually. Typical contributions to annual frequency of impairment of
escape ways for a wellhead platform are shown in Table 2.8.

Impairment of escape ways is here presented per hazard category, as required
by Norwegian regulations. Also the total value is shown; this is not required by
Norwegian regulations. Impairment of escape ways is sometimes expressed on a
‘per area’ basis.

2.3.4 Risk to Environment

Table 2.9 shows one way to express results for risk to the environment. The table
must be accompanied by a definition of the consequence categories. These are
often based on the effect on the coastline bearing in mind the following aspects:

• Amount of oil reaching the shore
• Length of coastline affected by spill
• Extent of areas of special environmental value (including areas with particular

value) that are affected

Sometimes, the expected value of the spilled amount per year (at source or that
reaching shore) is given as a measure of risk. This would be a value such as
0.56 tons per year, if the amounts corresponding to the consequence categories in
Table 2.9 are used. It is clearly seen that such a value is virtually meaningless for
prediction purposes. There will never be anything like 0.56 tons spilled in any one
year, if we consider major accidents. Either the amount is nil, or a substantial
amount. The expected value is virtually useless when the probabilities are very
low, and the consequences are high values. This applies to prediction of future
spills. For some other purposes, like comparison of concepts or systems, the
expected values may be quite useful.

Table 2.8 Annual impairment frequency, escape ways

Hazard category Annual impairment frequency %

Blowout 7.3 9 10-5 48.5
Process accidents 8.2 9 10-6 5.4
Riser, pipeline accidents 1.97 9 10-5 13.0
External accidents 5.0 9 10-5 33.1
Total all categories 1.51 9 10-4 100.0

2.3 Risk Presentation 55



Another way to present risk to the environment is by the use of a matrix
presentation, as shown in Fig. 2.20, which uses the following consequence
categories:

• Minor damage: \2 years
• Small damage 2–5 years
• Moderate damage 5–10 years
• Significant damage 10–20 years
• Serious damage [20 years

There are also other alternative result presentations that may be chosen. The
blowout scenarios S1; S2; S3; imply different durations, as shown in the diagram.
There are four Valued Ecological Components (VECs) considered, these are
denoted VEC1; VEC2; VEC3; VEC4. There are different frequencies for each
consequence category for each VEC; this is indicated in the matrix by the results
falling in boxes, A, B and C.

2.3.5 Asset Risk

There are normally two dimensions of asset risk that are presented separately;
Material damage risk and Production delay (deferred production) risk. In actual
situations the production delay often dominates material damage if both are
converted to monetary values. Table 2.10 presents an example of material damage
risk contributions for a wellhead platform. The risk of production delay may be
presented in a number of ways:

Table 2.9 Annual frequency of environmental damage, for categories of spill effects

Environmental consequence category Corresponding amount spilled (tons) Annual frequency

Minor effect 10 3.4 9 10-3

Moderate effect 500 8.6 9 10-4

Major effect 10,000 9.7 9 10-6

Table 2.10 Annual frequency, material damage

Hazard category Annual damage frequency % total loss

Partial loss Total loss

Blowout 1.07 9 10-3 2.61 9 10-4 79.8
Process accidents 2.06 9 10-3 5.76 9 10-6 1.8
Riser, pipeline accidents 1.62 9 10-4 1.04 9 10-5 3.2
External accidents 9.62 9 10-3 5.0 9 10-5 15.3
Total all categories 1.29 9 10-2 3.27 9 10-4 100.0
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• Expected value i.e., expected delay per year due to accidents.
• Frequencies of consequences of different magnitude, similar to the presentation

for material damage above, see Eq. (2.21).
• Exceedance diagram showing the accumulated frequency of delays of a certain

duration or longer.

There are often four or five categories presented, the following are used in the
WOAD� database (DNV 1998), and could be considered a ‘standard’ to some
extent:

Total Total loss of the unit including constructive total loss from an insurance point
of view. The platform may be repaired and put into operation again

Severe damage Severe damage to one or more modules of the unit; large/medium damage to
load-bearing structures; major damage to essential equipment

Significant
damage

Significant/serious damage to module and local area of the unit; damage to
several essential equipments; significant damage to single essential
equipment; minor damage to load-bearing structures

Minor damage Damage to several non-essential equipments; minor damage to single essential
equipment; damage to non-load-bearing structures

Insignificant
damage

Insignificant or no damage; damage to part(s) of essential equipment; damage
to towline, thrusters, generators and drives
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Fig. 2.20 Risk matrix with results plotted
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Figure 2.21 shows an exceedance diagram for production delay. Three curves
are shown, the total, and the two most important contributions, blowout and process
accidents. There are also other contributions which are not shown. It should be
noted that the expected value for the exceedance curve, can be expressed as:

• 1.5 days of production delay per year.
• Equivalent of 0.40 % reduction of production availability.

About 60 % of the contribution to production delay comes from short duration
events, but there is also substantial contribution from events of longer duration and
rare occurrences. A more informative presentation of values is therefore as follows:

• On average 0.85 days per year of short duration delays (up to one week).
• 1 % probability per year of long duration damage; on average, 66 days delay.

2.3.6 Load Distribution Functions

The exceedance diagram is similar to the f-N diagram for fatalities, shown in
Fig. 2.17. Figure 2.14 presents the annual exceedance frequency for collisions with
a North Sea wellhead platform. This is similar to the presentation of production
delay, as shown in Fig. 2.21. There are four curves shown for the three contributions
from merchant vessels, shuttle tankers and supply vessels, and the total frequency.

It may be argued that the load distribution functions are not risk expressions, but
that they present intermediate results that are used in the further risk calculations.
This may be the case, but sometimes these loads correspond to what is seen as a
design requirement or feature, such that some persons may be interested in these
results as a risk output. For instance for collision loads, this may be the case. These
curves may be used as input to structural design against collision loads (Fig. 2.22).
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2.4 Uncertainties

2.4.1 Basis for Uncertainty Consideration

Risk quantification is often characterised by a mixture of the classical statistical
approach and the Bayesian (subjective) approach. Most professionals are trained in
the former approach, where the probability of end events is considered to be
independent of the analyst, and as a quantity characterising the object being
studied. The classical concept of probability implies that the results of the risk
analyses are calculations (estimations) of these ‘true’ probabilities.

The alternative is the Bayesian approach, where the concept of probability is
used to express the analyst’s measure of uncertainty or degree of belief. There is
still significant resistance among risk analysts to the idea that their results are not
‘objective’ risk results, but rather subjective values. Most risk analysts would,
however, accept that there are some elements of their work which are subjective
values. For example, subjectively assessed conditional probabilities are commonly
used for some of the nodes of the event trees, typically where simplifications of
complex physical phenomena are introduced.

The approach adopted in this book is the Bayesian approach, whereby the risk
values are considered to be expressions of the uncertainty related to whether
accidents will occur or not. The implication of this consideration is that uncer-
tainties shall not be quantified in QRA studies, because the risk assessment in itself
is an expression of uncertainty.

This does not, however, imply that the subject of uncertainty is without interest.
It will be important for the analysts to be aware of what is influencing the extent of
subjectivism in the analysis, in order to focus on results that minimise the inherent
uncertainty. We will therefore consider aspects and factors that are important for
the extent of subjectivism in an analysis. The difference is, however, that no attempt
is made to quantify these elements of uncertainty. A more thorough discussion of
these aspects is presented in ‘Foundations of Risk Analysis’, Aven (2003).
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2.4.2 Influence of Uncertainty

There will always be uncertainty as to whether certain events will occur or not,
what the immediate effects will be, and what the consequences for personnel,
environment, or assets may be. This uncertainty reflects the insufficient informa-
tion and knowledge available for the analysis, in relation to technical solutions,
operations, and maintenance philosophies, logistic premises etc. The uncertainty
will be reduced as the field development project progresses. But there will always
be some uncertainty about what may be the outcome of accidental events, even
when the installation has been installed and put in operation.

The uncertainties are expressed by the probabilities that are assigned. There is
as such no other expression of uncertainty. But it is nevertheless important to
consider and reflect on what are the sources of uncertainty.

It is generally accepted that there are three main sources of uncertainty in QRA
studies. The first source is related to variation in the populations being used in the
calculations i.e., whether there is a broad basis of relevant data available or not.
The second aspect of uncertainty causation is related to the extent of simplification
made in the modelling of risk aspects. The third element is related to completeness
of the knowledge about relevant phenomena and mechanisms.

It is important to consider how risk is calculated in order to understand the
influence of uncertainties. The calculation of event sequences (see further dis-
cussion of event sequences in Chap. 4) from an initiating event to a final situation
may be illustrated as follows:

Historically, the causes of events have often been omitted in QRA studies. For
example, the causes of a leak of hydrocarbons may not be addressed particularly.
This is discussed in detail in Sect. 5.1. One example of risk calculations relating to
an event sequence may be as follows:

The extent of assumptions that have to be made will usually increase as one gets
further into the accident sequence, and more and more uncertainty is introduced.
There are more sources of uncertainty associated with calculation of fatality risk
compared to physical accidental loads or consequences. This should also be
considered when choosing the risk parameters to be used in decision-making
(see discussion in Sect. 14.13).

The way to treat uncertainties in the analysis should be defined prior to per-
forming this evaluation. It is recommended here that the Bayesian approach should
be chosen. This implies that sensitivity studies should be carried out in order to
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illustrate uncertainties in the analysis, in relation to critical assumptions and data
used in the analysis.

The NORSOK Z–013 standard expresses that the ‘best estimate’ risk levels
from the risk analysis, rather than the optimistic or pessimistic results, should be
used as basis for decision-making. This is based on a classical statistical approach,
and some interpretation is needed. The implication of this requirement is that
expected values should be used, rather than alternative values.

Where the analyst considers that a particular evaluation, or calculation, is
particularly uncertain, it is common practice to aim to ‘err’ on the conservative
side. This is considered good practice, but care should be taken to ensure that the
conservatism is not exaggerated. For instance, if a maximum blast load is calcu-
lated as 1.2 bar, then we may be certain about what effects of fragments on
personnel may be (disregarding other effects in this example) and consider con-
servatively that 50 % of the persons present may be injured by fragments. The
conservatism in calculating the fraction of persons injured is OK, but we should
not apply conservatism on all the factors leading up to the frequency of blast loads
from such explosions.

2.4.3 Calculation Based on Observations

There is one situation where it may be appropriable to consider variability in a
statistical sense. This may be illustrated with the following example. Let us
consider three offshore installations that have been in operation for many years.
The number of hydrocarbon (HC) leaks (all leaks, also the smallest) that have
occurred over the years, is shown in Table 2.11.

Let us first of all calculate the average frequencies for the three installations
individually, as in Table 2.12. The average number of HC leaks per year is 50 %
higher on installation ‘A’ compared to installation ‘B’, whereas the number of
leaks per million manhours are quite similar for these two installations. The
average frequencies for installation ‘C’ are considerably lower. The question may
be whether these differences are statistically significant?

Based on an assumed Poisson distribution, we may now calculate 90 % pre-
diction intervals for the three installations (Table 2.13). This implies the intervals
that we can compare next year’s occurrences with, in order to conclude whether
there are significant improvements or increases.

Table 2.11 Experience data
for installation, manhours and
HC leaks

Installation HC leaks during
15 year period

Manhours during
15 year period (mill)

A 100 80
B 65 50
C 25 100
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The interpretation of statistical significance in this context is different from that
used in the classical interpretation of risk assessment. A 90 % prediction interval
means that if all sources and mechanisms of risk are unchanged in the future from
what is was in the past, the future observations (here number of leaks) will fall
within the interval given with an assigned probability of 90 %. If future obser-
vations fall outside the interval, we have strong evidence for concluding that that
conditions have changed to an extent that risk is influenced. This is referred to as
90 % confidence level.

It should be noted that this approach is different from the confidence intervals
used in the classical approach to risk assessment, although the approaches appear
to be the same. The basis for the confidence interval is an assumption that ‘true’
values exist, generated by averages of properties of an infinite thought-constructed
population of similar situations, which is not part of our assumptions here.

If there is one HC leak on Installation A next year, this will represent a sta-
tistically significant reduction. On the other hand, even if there are no leaks at all
on Installation B, there is insufficient data to conclude there is no significant
reduction.

If we, as a last illustration, calculate the average of Installations A and B, then
we have a larger database, and the basis for conclusions about significant changes
is broader, as shown in Table 2.14.

If next year there is one HC leak on each of the Installations ‘A’ and ‘B’, then
there is a significant reduction. Moreover, if there are three leaks on installation
‘C’ and 6 million manhours worked, then this corresponds to 0.5 leaks per million
manhours, which is a statistically significant reduction, compared to the average of
‘A’ and ‘B’.

We are now able to compare prediction intervals for these three installations. It
will be seen that all three prediction intervals overlap to some extent, implying that
possibly the differences in average number of leaks per million manhours are due
to statistical variations. Let us therefore consider 80 % confidence level in
Table 2.15. Now the prediction intervals of installations A and B do still overlap.
For Installation C, there is still a slight overlap with Installation A, and differences
may be due to statistical variations. With 70 % confidence level there would not
have been any overlap. This would imply that there is about 70 % probability that
the average FAR level on Installation A is higher than on Installation C. Finally,
the Fig. 2.23 shows the prediction intervals with 90 and 80 % confidence levels.

Table 2.12 Average number
of leaks for example

Installation Average number of
leaks per year

Average number of
leaks per million manhours

A 6.67 1.25
B 4.33 1.30
C 1.67 0.25

62 2 Risk Picture: Definitions and Characteristics



2.5 Basic Risk Modelling Concepts

This chapter has introduced some essential concepts related to calculation and
presentation of risk. Some further concepts are needed, for use in the modelling of
hazards and risks. ‘Defence in depth’, ‘barriers’, ‘root causes’ and ‘risk influencing
factors’ are discussed in the following. Further concepts and terms are given in the
Glossary section, see Page 549.

Table 2.13 Average number
of leaks for example

Installation Average number of
leaks per year

Prediction interval
(number of leaks per year)

A 6.67 2–11
B 4.33 0–8
C 1.67 0–5

Table 2.14 Average number
of leaks for Installations ‘A’
and ‘B’

Installation Average number of
leaks per installation
per year

Prediction interval
(number of leaks
per year)

Average of
A and B

5.5 2.5–8.5

Average per 1 million
manhours

1.27 0.58–1.96

Table 2.15 Prediction
intervals for installations A, B
and C, 80 % confidence

Installation Prediction intervals (80 %)

Lower limit Upper limit

A 0.38 1.69
B 0.00 2.10
C 0.00 0.45
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2.5.1 Defence in Depth

Defence in depth is a term that is closely associated with accident prevention in
complex industries. This principle has been introduced in different ways by several
authors in the past. Haddon’s ten accident prevention strategies (Haddon 1980) and
the principles of the investigation logical tree, Management, Oversight and Risk
Tree (MORT), reflect the same basic principles:

• Contain energy at source, AS WELL AS
• Stop flow of energy between source and target, AS WELL AS
• Protect targets against energy.

Professor James Reason (Reason 1997) has focused on organisational causes
which may result in a similar breakdown of defences, for instance by the TRIPOD
model. Kjellén (2000) provides an in-depth discussion of accident models and
principles.

If we adopt the ‘energy flow’ concept according to Haddon and MORT, barriers
are the instruments that may be used to contain energy, stop energy flows and
protect targets against energy. This interpretation implies that ‘barriers’ should be
regarded as physical ‘fences’. There are, on the other hand, many authors and
experts who regularly refer to ‘organisational barriers’. We will in this book
maintain the principle that barriers are those actions or functions that may control
(change) the flow of energy of some kind. This ties in with the term ‘barrier
function’, which is introduced in Sect. 2.5.2.

An illustration of the defence in depth is perhaps most easily achieved through
starting with a situation where this ability is completely lacking. The use of family
cars on single lane roads (one lane in each direction) is a system without any
defences in depth. If the operator (driver) loses control over the car, then other cars
may easily be hit, possibly with severe (fatal) consequences. We have over the
years made better cars, in the sense that there are zones that are specially designed
in order to absorb energy during a collision. This implies that we have the driver to
ensure that control over the energy is not lost, and we have some barriers on other
cars, in order to protect personnel inside in case of a head-on collision. But we do
not have any barriers in order to stop energy flow, if control is lost over a car.

So what can be done in order to provide in-depth defences? The solution to put
a physical barrier in the middle of the road was started in Sweden and has gained
wider application, at least in Scandinavia. The barrier between the lanes will stop
the uncontrolled energy of a car that loses control and enters the opposite lane with
head-on traffic. So we have a very effective barrier against head-on collisions. In
theory we could also install some detection equipment in order to try to detect an
unwanted development, before control is lost. This is not in widespread use. If we,
for instance, could have a detector that discovers when the driver is about to fall
asleep, we would improve the situation considerably. All these measures taken
together would at the end of the day imply that defence in depth is available
against head-on accidents.
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The approach to barriers is most commonly used in relation to fire and
explosion hazard, and may easily be illustrated in relation to this hazard. An
overview of barrier systems and elements is presented in the following.

2.5.2 Barriers

The terminology proposed by a working group from ‘Working together for safety’,
Norwegian Oil and Gas Association (2004), is used, involving the following
levels:

• Barrier function
• Barrier system
• Barrier element
• Barrier influencing factor.

The differences between these levels may be explained as follows:

• Barrier function: A function planned to prevent, control, or mitigate undesired events or
accidents

• Barrier system: Technical, human and/or organisational measures designed and
implemented to perform one or more barrier functions

• Barrier element: A component of a barrier system that by itself is not sufficient to perform a
barrier function

• Risk influencing
factors:

Conditions that influence the performance of barrier systems

The term ‘barrier’ is as such not given a precise definition, but is used in a
general and imprecise sense, covering all aspects. The main emphasis in relation to
barriers is often on barriers against leaks in the process area, comprising the
following barrier functions:

• Barrier function designed to maintain integrity of the process system (covered
largely by reporting of leaks as an event based indicator)

• Barrier function designed to prevent ignition
• Barrier function designed to reduce cloud and spill size
• Barrier function designed to prevent escalation
• Barrier function designed to prevent fatalities.

The barrier function may for instance be ‘prevention of ignition’, which may be
divided in sub-functions; gas detection; electrical isolation as well as equipment
explosion protection. One of the barrier elements in the gas detection sub-function
is a gas detector; the process area operator may be another example. If we consider
the process operator as the barrier element, there may be several barrier influencing
factors, such as working environment; competence; awareness and safety culture.
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The different barriers consist of a number of coordinated barrier systems and
elements.

The PSA regulations require the following aspects of barrier performance to be
addressed:

• Reliability/availability
• Effectiveness/capacity
• Robustness (antonym vulnerability).

The reliability/availability is the only aspect of performance which varies
significantly during operations, effectiveness/capacity and robustness are mainly
influenced during engineering and design. Slow degradation may over a long time,
on the other hand, change these values.

The following are aspects that influence reliability and availability of technical
barrier systems:

• Preventive and corrective maintenance
• Inspection and test programmes
• Management and administrative aspects.

Figure 2.24 shows a simple block diagram which outlines the main barrier
functions with respect to prevention of fatalities through fire and/or explosion
caused by loss of hydrocarbon containment.

The barrier functions listed for hydrocarbon leaks in the process area, are also
applicable to blowouts and leaks from risers and pipelines. For the blowout hazard,
the integrity barriers are well control barriers. Well control barriers are outside the
scope of the discussion in this chapter.

For marine and structural accidents, there are fewer barriers. The corresponding
barrier functions may be:

• Barrier function designed to maintain structural integrity and marine control
• Barrier function designed to prevent escalation of initiating failure
• Barrier function designed to prevent total loss
• Barrier function designed to prevent fatalities.

Figure 2.25 shows a similar diagram for the loss of station-keeping by
DP-operated shuttle tankers in tandem off-loading (see further discussion in
Sect. 11.4) with respect to prevention of fatalities due to collision between the
shuttle tanker and an FPSO.

The relationship between barrier function, barrier elements, failures of barrier
elements and risk influencing factors is illustrated in Fig. 2.26. The function is to
detect a valve in the wrong position, for which purpose there may be several
barrier systems or elements. These may have failures, as indicted by two basic
failure events in the fault tree. Risk influencing factors are shown as influences for
the failures of the barrier elements. The diagram is from the BORA approach,
see Sect. 6.2.6.1.
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2.5.3 Root Causes

A root cause is, according to the TapRoot� system, the most basic cause that can
reasonably be identified that management has control over, in order to fix, and
when fixed, will prevent or significantly reduce the likelihood of the problem’s
reoccurrence (Paradies and Unger 2000).

Root causes are the most essential element of accident and incident investi-
gations, because they are essential in order to prevent or reduce the likelihood of
reoccurrence. It may be claimed that identification of root causes is often a weak
element in the internal investigations made by the industry.

Prevent loss of
containment

Reduce cloud/
flow size

Prevent ignition
Prevent

escalation
Prevent fatalities

Fig. 2.24 Barrier functions for hydrocarbon leaks
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Fig. 2.25 Barrier functions for shuttle tanker station-keeping failure due to DP-system failure
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‘Immediate causes’ are often the main focus in internal investigations. Consider
for instance the following illustrations from an investigation of a gas leak on an
installation in the North Sea:

• Immediate cause Operation of the wrong manual isolation valve by process personnel.
• Underlying causes ‘Best practice’ for actual operation not described in manuals

Valves not labelled
Attitude on shift is not to use instructions for routine tasks

Are these underlying causes (as claimed by the investigation team) root causes?
No, they cannot be considered root causes, because they are not the most basic
causes that management can control. Possible root causes may have been ‘too high
time pressure’, ‘implicit acceptance by management that it is acceptable not to
follow procedures’, or simply ‘bad safety culture’.

2.5.4 Risk Influencing Factors

Risk influencing factors (sometimes called barrier performance influencing factors)
are factors that influence the performance of barrier systems and elements. Consider
as an example the manual gas detection function performed by personnel performing
manual inspection in the hydrocarbon processing areas. Factors that will influence
the ability of such personnel to detect possible gas leaks are as follows:

• Procedures for manual inspections
• Organisation of work, work patterns
• Training of plant operators
• Experience of plant operators
• Motivation of plant operators etc.

What we here consider as influencing factors will often be considered as
‘barriers’ according to some of the definitions that are used.

It may be discussed whether ‘causal factors’ and ‘influencing factors’ are syn-
onymous expressions, and to some extent they are. It may be argued that ‘influencing
factors’ is a wider term than ‘causal factors’, but little emphasis is placed on this.
Causal factors as well as influencing factors offer good opportunities to identify risk
reducing measures, which may have a significant effect on the risk level.
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Chapter 3
Risk Assessment Process and Main
Elements

3.1 Selection of Risk Assessment Approach

It is prudent that the selection of risk assessment approach reflects the technical
and operational challenges that the facilities are faced with. ISO standard 17776
(ISO 1999) suggests four levels of approach to risk assessment:

• Experience/judgement
• Checklists
• Codes/standards
• Structured review techniques.

These approaches are listed in order of complexity, implying that experience and
judgement may be sufficient for very simple facilities, whereas structured review
techniques (including risk analysis studies) are supposed to be used for the complex
facilities and operations. This book only addresses the structured review tech-
niques, whereas the ISO17776 standard addresses the top three approaches mainly.

In selecting the appropriate risk assessment tools and techniques, the nature and
scale of the installation, the stage in the lifecycle and experience of similar
installations should all be considered. The level of effort should be based on the
anticipated level of risk, the novelty of the operation and any limitations in
knowledge.

There may be facilities that are so simple that less demanding approaches may
be sufficient. Under the Norwegian regulatory regime however, this will never be
the case, as the regulations are risk-based, thus implying that risk assessment is a
required prerequisite in order to define dimensioning loads, for instance.

3.2 Quantitative or Qualitative Risk Assessment?

The purpose of risk assessment is primarily to decide on risk reducing measures
in the context of a structured, systematic and documented process. The docu-
mentation requirements for the safety case under UK legislation are in this respect

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
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the most explicit, when they require documentation of the outcome of the decision-
making process for risk reduction measures based on a risk assessment.

This overall purpose is often forgotten, in the sense that companies may think
that the purpose of risk assessment is to document that the risk level is tolerable.
Even worse, a risk assessment may sometimes be conducted in order to demon-
strate that it is acceptable to deviate from regulatory requirements or common
industry practice. This is what is referred to as ‘misuse of risk analysis’ (see
Sect. 3.13).

The next question is to what extent the risk assessment needs to be quantitative.
This question is very often repeated, it is sometimes argued that qualitative risk
assessment is better, because the numbers are often rather uncertain. This is
misunderstood in the present author’s opinion. There are usually several studies
that are used as input to decisions about risk reducing measures, the majority, if
not all, of these are normally quantitative. Many of them will analyse economic
consequences, and will definitely be quantitative.

It is therefore often essential that the risk assessment studies are quantitative, in
order to have the same precision level as the other studies that are used as input to
decision-making.

The author’s opinion is further that quantification improves the precision when
a study is carried out. A qualitative study will discuss various factors, but will
often not perform a detailed trade-off between the factors. When quantification is
needed, such a trade-off is needed as part of the quantification, and a more precise
answer is produced. The approach in ISO17776 is thus fundamentally wrong in
many cases, as quantification should be used in the majority of projects, not as the
least alternative as the ISO17776 suggests.

The proper attention to evaluation of uncertainty and evaluation of model
sensitivity is extremely crucial in quantitative studies (see Chap. 16). This applies
to quantitative risk assessment, but it certainly also applies to other studies that are
part of the basis for the decision-making about risk reduction measures. Uncer-
tainties are actually more often under-communicated in other studies of investment
costs, operating cost, production capability and so on.

The opponents of quantification argue that the quantification is not to be trusted.
Used properly with due consideration of uncertainties, it is the author’s clear view
that quantitative risk assessment is more trustworthy than qualitative risk assess-
ment. Qualitative risk assessments are easier to manipulate to conclude with
whatever some decision-makers will prefer, and such risk assessments will as
argued above not be capable of making trade-offs between opposing factors.

Some risk assessments are used in order to establish design accidental loads (see
Sect. 19.2.1.2), such as the structural resistance to impact and/or hat loads. It is not
possible to understand how qualitative risk assessments can be used in such cases.

But it should also be realised that there are some examples of use of quanti-
tative risk assessments that are as far from trustworthy as more or less possible.
One such case is presented in Sect. 3.12, and some other examples are mentioned
in Sect. 3.13.
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One final overall aspect of quantification may be added; the best use of such
studies is often to use ‘‘quantitative studies in a qualitative manner’’. Put differ-
ently, the quantification is not the goal itself, but just a means to achieve better
decision-making. The numeric values can be used to demonstrate what are the
important aspects and evaluations. This is the important output, not the actual
numerical values.

3.3 Risk Assessment Approach

There has been considerable focus in the past few years on models for risk
assessment in various industries, not the least the offshore oil and gas industry. The
most commonly used approach is the ISO31000 standard: Risk management,
principles and guidelines on implementation (ISO 2009). The same approach has
also been adopted in the NORSOK Z-013 standard: Risk and emergency pre-
paredness analysis (Standard Norway 2010). The same approach is also adopted by
the petroleum regulations in Norway, issued by PSA.

The main elements of the model for risk assessment according to ISO31000 are
presented in Fig. 3.1. The core of the process, in the yellow box, is consistent with
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common practice for many years, in the offshore petroleum industry. The elements
outside this core are new elements; establishing the context, monitoring and
review as well as communication and consultation.

The ISO17776 standard (ISO 1999) is not at all consistent with ISO31000, and
for several years, it has been completely overlooked. The most extensive and
explicit standard for offshore risk assessment is NORSOK Z-013.

There is an ongoing effort to revise ISO17776. The outcome of this work is
unknown, and this book is based on the current contents of the relevant standards,
not what may be the result of a log process with uncertain outcome.

Each of the main elements of this process is outlined in Sects. 3.4–3.10.

3.4 Establishing the Context

Establishing the context is both a new element in the risk assessment process as
well as an aspect that has been considered in the past. However, the context was
not focused upon until recently. Establishing the context covers all activities
carried out and all measures implemented prior to or as a part of the initiating
phase of a risk assessment process, with the intention of ensuring that the risk
assessment process to be performed is:

• Suitable with respect to its intended objectives and purpose
• Executed with a suitable scope and level of quality
• Tailored to the facility, system(s) and operations of interest
• Tailored to the required and available level of detail.

Focus on these aspects has often been lacking, especially before the require-
ment was formulated as the ISO31000 standard. In particular, authorities have
often claimed that risk analysis is unsuitable for its purpose. This is probably a
relevant criticism for many risk assessment processes.

Selecting an analytical approach that is suitable for its purpose is dependent on
the description and consideration of the context. In particular, the objectives of the
risk assessments, the required timing and the relevant stake-holders need to be
taken into account, when defining the scope of the risk assessment process.

The following example illustrates how this can fail dramatically. An oil com-
pany needed to decide whether to install a lift on a production installation in order
to improve working conditions. It was a difficult decision and management and
workforce were at odds with respect to which decision to take.

They agreed to perform a quantitative risk assessment. This was specified as the
scope of work for a risk analysis contractor that decided to carry out a standard
QRA approach for two alternatives, with and without the lift. However, they did
not consider what input data would be available for the study before they selected
the analytical approach.

When the contractor searched for the relevant incident data, they found only
one event which with some goodwill could be considered to be relevant, although
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not all would agree that even that one incident was relevant. The contractor
performed a standard QRA of the two alternatives, without any particular con-
sideration of the uncertainties or robustness of the conclusions, which was
appropriate considering the sparse data available. When this was discovered, the
client did not approve of the report at all, the study had to be scrapped completely,
and decision-making had to be made without input from risk assessment.

Ethics in risk assessment is another topic related to the establishment of the
context. Recent experience in Norway has demonstrated the importance of this
topic, and Sect. 3.12 therefore discusses ethics in risk assessment.

3.5 Hazard Identification

A comprehensive and thorough identification and recording of hazards is critical,
as a hazard that is not identified at this stage would be excluded from further
assessment. Well planned and comprehensive hazard identification (HAZID) is
therefore a critical and important basis for the other elements of the risk assess-
ment process. The objectives of hazard identification are:

(a) Identification of hazards associated with the defined systems and of the sources
of these hazards, as well as events or sets of circumstances that may cause the
hazards and their potential consequences.

(b) Generation of a comprehensive list of hazards based on those events and
circumstances that might lead to possible unwanted consequences within the
scope for the risk and emergency preparedness assessment process.

(c) Identification of possible risk reducing measures.

It is often claimed, especially by authorities, that too little emphasis is placed on
the identification of hazards. This may result in only well-known hazards being
identified, and nothing beyond those that are well known, in which case the hazard
identification has failed completely.

It is actually more important to search for unknown threats (sometimes referred
to as ‘unknown unknowns’), i.e., those hazards that nobody has any experience of.
Some 15 years ago two people died because of the narcotic effect of an unignited
hydrocarbon gas release inside a concrete shaft on an installation in the UK sector.
At the time, this was an unknown threat—nobody had been similarly exposed to
hydrocarbon gas at such a concentration before—and the lethal effect was not
generally known in the offshore industry. Today this is no longer an unknown
threat.

However, a warning about the inefficient use of hazard identification should
also be given. It is not necessary to ‘reinvent the wheel’ each time! On one hand,
we should guard against ‘Xerox engineering’ or more specifically ‘Xerox HAZID’,
i.e. just copying from a previous study. On the other hand, one should not spend
too much time on the identification of hazards from separators, compressors, heat
exchangers, and so on because this is very well known by experienced risk
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analysts. Sometimes, authorities imply that ‘the wheel needs to be reinvented’ for
each new project; however, this is misleading and it will not lead to the most
efficient result.

The intelligent use of resources reuses previous HAZIDs for well-known
hazards and systems, focuses the most extensive effort on those parts of the system
that are novel or unconventional, and aims to identify unknown threats.

Further information may be found in Sect. 15.1 of this book and in the
NORSOK Z-013 standard.

3.6 Risk Analysis

Figure 3.2 is a conventional diagram showing the main elements of risk analysis;
analysis of initiating events, analysis of consequences and establishment of the risk
picture.

The analysis of initiating events is the analysis and identification of potential
causes of initiating events, in other words, this aims to assess the probability or
frequency of initiating events occurring. This is further discussed in Sect. 14.3. It
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is extremely important to consider the purpose of the study, when the analysis of
initiating events is planned. If the purpose is to search for risk reducing measures
and quantify their effects, then an analysis based on failure statistics, is usually
insufficient and unsuitable for the purpose.

The term ‘analysis of potential consequences’ is used in a wide sense, covering
the entire accident sequence or sequences that may be the outcome if an initiating
event should occur. As the objective and scope of a risk assessment may vary, the
way to analyse potential consequences may range from detailed modelling (using
extensive event-trees including a comprehensive assessment of the various bran-
ches) to coarse judgemental assessment (by e.g., extrapolation from experimental
studies or from the available data). The analysis of potential consequences may
therefore be qualitative, semi-quantitative or quantitative, depending on the con-
text. The following are the objectives of consequence analysis:

(a) To analyse potential event sequences that may develop following the occur-
rence of an initiating event.

(b) To determine the influence of the performance of barriers, the magnitude of
the physical effects and the extent of damage to personnel, environment and
assets, according to what is relevant given the context of the assessment.

(c) To assess the possible outcomes of identified and relevant initiating events that
may contribute to the overall risk picture.

The purpose of establishing of the risk picture is to formulate a useful and
understandable synthesis of the risk assessment, with the aim to provide useful and
understandable information to the relevant decision-makers and users about the
risk and the risk assessment performed. Establishing the risk picture includes
reporting the risk assessment process. Further details are presented in Chap. 16.

3.7 Risk Evaluation

The purpose of risk evaluation is to assist in making decisions, based on the
outcomes of risk analysis, namely which risks need treatment and treatment pri-
orities. Risk evaluation involves comparing the level of risk found during the
analysis process with risk tolerance criteria, in relation to the context. Where a
choice is to be made between options, this will depend on an organisation’s
context.

Decisions should take account of the wider context of the risk and include
consideration of the tolerance of the risks borne by all involved parties. If the level
of risk does not meet risk the tolerance criteria, the risk should be treated.

In some circumstances, the risk evaluation may lead to a decision to undertake
further analysis. It may also lead to a decision not to treat the risk in any way other
than maintaining existing risk controls. Risk evaluation for personnel is discussed
in more depth in Chap. 17.
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3.8 Risk Treatment

Risk treatment involves selecting one or more options for addressing risks, and
implementing those options. It may involve a cyclical process of assessing a risk
treatment plan, deciding that residual risk levels are not tolerable, generating a new
risk treatment plan, and assessing the effect of that treatment until a level of
residual risk is reached which is one within which the organisation can tolerate
based on the risk criteria.

Risk treatment options are not necessarily mutually exclusive or appropriate in
all circumstances. The options include the following:

(a) Avoiding the risk by deciding not to start or continue with the activity that
gives rise to the risk

(b) Seeking an opportunity by deciding to start or continue with an activity likely
to create or maintain the risk

(c) Changing the likelihood
(d) Changing the consequences
(e) Sharing the risk with another party or parties (including insurance)
(f) Retaining the risk, either by choice or by default.

Risk treatment is outside the scope of this book, and it is not considered any
further here.

3.9 Monitoring and Review

The purpose of monitoring, review and updating the risk assessment is to monitor
the established context, with respect to its validity due to the decisions made, new
knowledge about the system or operation being analysed or other factors that may
jeopardise the validity of the context. The results from scoping or framing studies,
performed after the context was updated, or those from studies or assessments
performed as a part of the risk assessment process may also require the context to
be updated.

The purpose is further to update the context throughout the risk assessment
process if and when required, and to assure that the risk assessment process and its
various elements are executed based on an updated context.

A risk analysis is in general only valid as a basis for decision-making as long as
the basis for the analysis (its methods, models, input data, assumptions, limita-
tions, etc.) is assessed to be valid. Any deviation from the basis for analysis should
therefore initiate an assessment of the deviation with respects to its effect on the
risk and/or the validity of the analysis and its results, provided that the analysis is
intended to be used as a basis for future decisions. When updating an analysis (or
using an analysis as basis for sensitivity studies) all basis for the analysis should be
reviewed and documented.

78 3 Risk Assessment Process and Main Elements



Monitoring is discussed in more depth in Chaps. 22 and 23. Further details are
also presented in NORSOK Z-013.

3.10 Communication and Consultation

The objective is to involve the relevant internal and external stakeholders (relative
to the operator), at the right time and with the appropriate level of involvement
throughout the entire risk assessment process, as a measure to improve the quality
of the risk assessment process and its ability to be tailored and suitable for its
intended purposes. Experience transfer from personnel with operational knowl-
edge from the practical utilisation of critical equipment and systems is of
importance to establish a high level of safety and predictable risk assessment
outcomes.

Effective internal and external communication and consultation is carried out to
ensure that those affected by the hazards and those accountable for managing the
risk understand the established context on which the results are calculated and
evaluations are made, the risk picture, and the reason why particular priorities may
be needed in the risk treatment.

Communication and consultation is often a weak element in the risk assessment
process, see for instance the case study presented in Sect. 3.12. This case dem-
onstrates the complete failure of communication and consultation, not because it
was not performed, but because it was far from open and honest.

At the other end of the scale are the risk assessment studies for the abandon-
ment of the Frigg installations in the North Sea (Kierans et al. 2004). In this case, it
was decided, mainly based on risk assessment that three large concrete installa-
tions had to be left on site permanently due to the high probability of loosing at
least one of them during a possible refloating and transporting to shore. The
communication and consultation process with all stakeholders, including author-
ities in the UK and Norway as well as fishermen’s organisations and NGOs in two
countries was conducted in a very open, honest and forthcoming manner with an
extremely good atmosphere. This consultation process, which is mandatory
according to OSPAR and national regulations, was so successful that a unanimous
decision was reached to leave the installation in place without any disagreement.

Regulations may have requirements with respect to what communication and
consultation process is needed for the public.

3.11 Who Are These Requirements Applicable For?

The context of risk analysis studies in the offshore petroleum industry is often such
that there is a client (typically a project or a unit within an oil company) and a risk
analysis contractor. The client prepares the scope of work, a few potential con-
tractors bid for the contract, upon which one is chosen to perform the work.
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It is often assumed that the requirements in the risk analysis and assessment
process are mainly applicable to the contractor, who has the responsibility for
selecting the appropriate tools and data and performing the analytical work.

However, the client plays an important part in this process, and thus the
requirements of risk assessments are equally applicable to it as they are to the
contractor in the client—contractor relationship outlined here.

It is essential that the requirements in the risk assessment process are carefully
considered by the client, for instance, when the scope of work is prepared.

3.12 Ethics in Risk Assessment

The important ethical aspects of risk assessment are discussed based on a recent
case study from Norway. An extensive summary of the case is presented initially,
as a basis for the general discussion about ethical challenges.

3.12.1 Case Study

The case study relates to an LNG plant that began operations in 2011, which is
located on the west coast of Norway, in an urban area outside the city of Stav-
anger, about 4 km from Stavanger Airport. The LNG plant is an onshore facility
and is as such outside the scope of this book. It is nevertheless included because it
demonstrates some of the ethical challenges of risk assessment. The case study is
described in more detail in Vinnem (2010).

The part of this case of interest to the present discussion is the early planning
process, used to select the location of the plant and consider its risk exposure to
local communities. The actual site of the plant used to be a refinery jetty area: the
refinery was decommissioned around 2000. In addition to the LNG plant the
following facilities are also found in the Risavika bay area:

• Gasoline depot
• Offshore supply base with extensive shipping traffic
• Container terminal (new)
• Passenger cruise/ferry terminal (new).

The gas supply to the plant comes via a subsea pipeline from a large gas
processing plant at some 50 km away. LNG export from the LNG plant is by sea
and by road. Annual production is 300,000 tons of LNG, but capacity can be
increased to 600,000 tons if market conditions call for such an increase. The LNG
plant has the following main components, as shown in Fig. 3.3:

1. Pipeline landfall
2. Gas reception facilities
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3. Pre-treatment system
4. LNG production
5. LNG tank
6. Export facilities/jetty.

The LNG plant was built by a company consisting of 50 % private ownership
and 50 % ownership by a group of local communities; however, the private
ownership was terminated due to the economy of the project. The site is owned by
a company where local communities (some identical to the plant owners) have
about 49 % ownership.

Local politicians are heavily involved as non-executive directors of all the
companies involved. Several newspaper articles at the time raised questions about
the politicians’ behaviour, for example whether it would meet the standards of
Transparency International.

It is worth noting that all these companies acted as if they were private
enterprises, even though local authority ownership was 100 %. This must be seen
as a severe deficiency in the applicable regulations or democratic process, namely
that companies dominated or completely owned by local governments on behalf of
local communities are allowed to act as if they are private companies without any
restrictions or obligations to the public, thus completely avoiding the ‘open gov-
ernment’ policies that apply to the national as well as local governments in
Norway.
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3.12.2 Overview of Risk Studies and Risk-Informed
Decision-Making

During the early planning and engineering phases, the following risk studies were
carried out:

1. Several preliminary hazard analysis (PHA) studies (referred to in Norwegian as
‘ROS’ studies, risk and vulnerability studies, but essentially the same as PHA)

2. Initial QRA study
3. QRA study in detailed engineering.

The use of risk analysis studies in risk-informed decision-making for the LNG
plant in the early project phases is outlined below, focusing on the following
aspects:

• Choice between alternative locations
• Risk analysis results in relation to risk tolerance criteria
• Risk communication to the public
• Use of risk analysis in design process.

3.12.3 Choice Between Alternative Locations

Prior to the selection of the final location of the LNG plant, a decision-making
process was carried out in which, as far as it is known, two alternative locations
were considered. This process was carried out entirely without any public
knowledge or insight, in spite of the extensive involvement of local councils as
owners of the company responsible for the development. From what has been
revealed indirectly from this process, the decision seems to have been made
without any consideration of safety aspects. Market conditions and project cost
seem to have been the only factors taken into account. The two alternatives are
nevertheless known.

It should be noted that the two locations are quite different, especially from a
safety point of view:

• Location 1: Risavika (chosen site)

– Close to urban area
– Several other public and industrial facilities quite close, including an inter-

national ferry terminal
– Jetty located in the mouth of a long bay with extensive passing traffic of large

ships
– Unfavourable direction of prevailing wind with respect to densely populated

areas, such as the international ferry terminal.
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• Location 2: Mekjarvik

– Scattered houses, not an urban area
– Local topology favourable with respect to restricting the spreading of a gas

cloud and blowing it over open sea
– Easy to separate marine traffic from quay location
– Favourable direction of prevailing wind with respect to densely populated

areas.

In summary: no risk analysis was performed at that stage and no risk evalua-
tions seem to have been made in the process of choosing the location of the plant.

A comparison may be made with the location of petroleum facilities that fall
under Norwegian petroleum law. Risk evaluations are compulsory activities in all
stages of planning and preparation, according to the PSA management regulations.
Rigid requirements ensure public knowledge and involvement in the evaluation of
premises and decision-making at certain stages.

The LNG plant falls under the jurisdiction of the Norwegian Fire and Explosion
Prevention Act, which based on the case study, has severe deficiencies with respect
to ensuring that safety is integrated into early planning and screening processes.

In the present case, risk evaluations would probably have shown that Location 1
was significantly better from the point of view of major hazard risk, perhaps to the
extent that major hazard risk would have prevented Location 1 from being
accepted.

3.12.4 Risk Analysis in Tolerability Evaluations

The main presentation of risk in the initial QRA study presented the expected risk
level in relation to the upper and lower limits of tolerability, as included in
Fig. 3.4. A list of release scenarios contributing to the curve was also presented.

When an updated analysis was presented, the risk results were seen to have
increased as shown in Fig. 3.4. This further illustrates one of the problems with the
initial QRA study, namely a lack of robustness. The updated risk level shows that
the frequency of accidents with at least 100 fatalities increased by a factor of 56
compared with the results from the initial QRA study. It should be noted that the
initial QRA study was performed before engineering studies had started, whereas
the updated study carried out by the engineering contractor reflected all the
engineering details. This difference might be expected, given that the initial study
was a coarse study. However, this should have been recognised and due allowance
made for uncertainties.

The operator had adopted the risk tolerance limits proposed by HSE for the
study in question. The results were interpreted as ‘negligible’ in relation to these
risk tolerance limits, which were intended for use with respect to existing facilities.
Stricter limits, where risk aversion has been incorporated, have been stated for new
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facilities (HSE 2008). However, other risk tolerance limits may be used for a
broader illustration of the tolerability of risk, as shown in Fig. 3.4. This is dis-
cussed later.

3.12.5 Risk Communication with the Public

The communication of risk results to the public was one of the main problems of
risk communication in the present case. The initial risk results were not available
until one year after the public hearing of the planning proposal. For the input to the
public hearing, the enterprise conducted coarse PHA-type studies, where risks
were presented in a risk matrix (see example in Fig. 3.5).

The most severe consequence category was ‘critical’, which was translated as
‘more than one fatality’. Risk presentation of this nature is highly unsuitable for
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the characterisation of third party risk exposure from major hazards. Furthermore,
the analysis was limited to risk to employees on the LNG plant, although these risk
results were used by the enterprise in the compulsory communication to the
neighbours to present their risk exposure. Several complaints were made to the
enterprise and all involved authorities to the effect that employee risk was com-
pletely unrepresentative for the risk to the public, but none of the parties
acknowledged that this was so. The reason is difficult to comprehend, the most
obvious interpretation being a severe lack of competence.

3.12.6 Use of Risk Analysis in the Design Process

In several LNG plant studies, it was assumed that in the event of the impact of a
passing vessel on an LNG tanker loading at the jetty, the gas release would ignite
immediately, presumably by sparks generated by the collision itself. No expla-
nation was provided for how the ignition of very heavy and extremely cold gas
could occur physically. In fact, it is very hard to foresee how it could be caused in
this way. However, the implication of this assumption was that it was unnecessary
to consider in the studies any spreading of the gas cloud due to wind and heating of
the liquefied gas, with obvious consequences for the scenarios the public might be
exposed to. Such a critical assumption should at least have been subjected to a
sensitivity study in order to illustrate how changes in the assumption would affect
the results, and the robustness of the assumption discussed. None of this, however,
was provided in any of these studies.

In the case of the LNG plant the risk analysis was used to ‘prove’ that it was
safe enough not to follow the US practice for safety zones for LNG plants.
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This analysis rested on arbitrary assumptions about leak rates and durations and an
optimistic assumption that all safety systems would always function as intended.

The result of this approach was that a safety zone regarded by many as dras-
tically insufficient was adopted. Confirmation of its insufficiency came from the
updated QRA study that, in spite of several weaknesses, confirmed that the risk
level for the public had increased considerably, by a factor of more than 50 for
accidents with at least 100 fatalities (see Fig. 3.4).

The local authorities responsible for the planning permits raised no objections.
In this case, specialist authorities (the Directorate for Civil Protection and
Emergency Planning, DSB) also had no objections to this use of risk analysis.
They thus took a view contrary to that of the PSA who in November 2007 issued a
letter to the industry (PSA 2007) warning about the malpractice of using risk
analysis to demonstrate the acceptability of deviations from accepted practice and
regulatory requirements (see further discussion in Sect. 3.13). The approach taken
by the DSB may be interpreted as a lack of competence or a lack of professional
maturity.

The consultant performing the initial QRA used unrecognised software. This
was clearly identified by an independent verification of the risk analysis, but no
remedial actions were taken by the authority responsible for commissioning the
review. Recognised software was used in the updated QRA study, but not software
suitable for a detailed engineering stage. At that stage, one would expect more
detailed modelling based on computational fluid dynamics. Good practice would
be to use several models in order to illustrate robustness.

As stated above, in the case of the LNG plant the calculation of the safety zone
was based on a specific leak scenario with a short duration of only 30 s. Such a
brief duration assumes that all relevant safety systems (barriers) function exactly
as intended with no delay at all. Leak statistics from onshore and offshore
petroleum facilities have demonstrated clearly that gas leak cases rarely occur
exactly as ‘planned’. Delays in detection, or the failure of automatic isolation to
the effect that manual isolation is required is more the norm than the exception.

The approach taken in this case may be characterised as liberal (‘non-conser-
vative’). No sensitivity studies were conducted or the question of possible varia-
tions addressed, and the safety zone must therefore be considered to be an
unrealistic minimum case of 125 m radius. It may be mentioned that US author-
ities do not accept the use of risk analysis in the definition of safety zones but
stipulate a safety zone radius of up to about 1,600 m.

A robust definition of safety zones should probably be based on a leak with a
duration of several minutes, which should reflect scenarios where one or a few
barriers fail, at least partially, or where delayed response occurs. Of similar
importance would be the performance of sensitivity studies to assess the effect of
changes in assumptions and premises in relation to the dimensions of safety zones.

In the case of the LNG plant, the initial QRA study made assumptions about the
explosion strength of the closest buildings outside the safety zone, but the local
authorities did not ensure that this was followed up in the construction of the
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building in question. A contributory factor was the poor documentation of the
initial QRA study, making identification of what should apply far from clear.

3.12.7 Cause of Deficiencies

The summary of the case study presented above shows several serious failures of
competence on the part of the enterprise as well as the local and national
authorities. Some would argue that the failures are so conspicuous that the parties
involved cannot have absorbed any relevant professional experience from the past
20 years.

Current Norwegian legislation is aimed at fulfilling the EU Seveso II directive
in a prudent manner and ensuring that the public is not compelled to accept an
unreasonable level of risk exposure. In the present case the public was obliged to
do just this.

Several societal control systems have been designed to prevent third parties
from being subjected to significant risk levels without being consulted and to
ensure that their views are taken seriously. All these control systems failed in the
present case, with the result that the public was forced to accept exposure to risk
considered to be unreasonable by most of the neighbours. A complicating factor
was that the highest exposure would apply to passengers at the international ferry
terminal. For obvious reasons, these passengers have no spokespersons and their
voices were never heard in the process. The owner of the land on which this
terminal has been built is also the owner of the LNG plant and is therefore an
inappropriate person to represent the passengers in the terminal in an objective
way.

One of the most surprising and worrying aspects of the case is that all
authorities (local and national) failed to realise that the obligations under current
laws and regulations to allow the neighbours a substantial say in the matter had not
been observed, because the premises for the work were wrong. One of the argu-
ments in the present case centred on the assumption by the authorities that they
could not all be wrong and thus those who objected (including the present author)
had to be wrong, apparently because the majority opinion reflected the opposite
point of view.

However, there can be no uncertainty about the fact that qualitative analysis for
evaluation of third party risk exposure and determination of safety zones is grossly
insufficient. The practice in the Netherlands (Uijt de Haag et al. 2008) is a further
confirmation of this. Neither can there be any uncertainty about the unrepresent-
ativity of employee risk used to inform the public about their risk exposure. The
lack of satisfactory involvement of the public thus becomes a serious failure of
societal control systems.

It is a paradox that, in an industry where it is essential that authorities take
seriously the obligation to protect the public as a third party, the enterprise as well
the authorities in this case all failed completely to assume this responsibility,
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whereas in the petroleum industry the need for the careful consideration of third
party risk exposure is less pressing, yet companies and authorities all take this
responsibility seriously.

3.12.8 Main Ethical Challenges

The description above documented the serious failures and deficiencies on the part
of the enterprise and authorities. This is a separate discussion. When it comes to
ethical challenges, the focus is on risk analysis contractors.

If you are a risk analysis contractor and you are prevented by the client from
carrying out a risk assessment with scope of work in compliance with applicable
the regulations, do you have a responsibility to rectify this situation (or inform
authorities), or is it just fine to accept the client’s instructions? This is an ethical
challenge that the contractor for the LNG plant failed to meet in a responsible
manner. The result was an unethical risk analysis study, which the client used as if
it were in accordance with the relevant regulations.

Further, is it ethical for you as a risk analysis contractor, in order to please the
client, to hide a crucial assumption that may change the results dramatically so
well in an appendix, that the typical reader would never discover it? The question
mark is for rhetorical purposes, it is obvious what the answer is. However, this is
precisely what was done in the LNG case with the assumption that all leaks from
the tankers would ignite immediately. Not only is it a wrong assumption, but it was
hidden and not open for discussion and evaluation.

The first unethical aspect may have been made unwillingly based on the client’s
insistence and the contractor’s insufficient stamina. However, the second aspect
gives the impression of having been done deliberately, which would be even more
serious.

This second aspect illustrates the extreme importance of the assumptions and
premises usually adopted in substantial numbers during the execution of a detailed
risk analysis. There is a vast opportunity to manipulate these assumptions and
premises in an unethical manner. It is therefore extremely important that all risk
analysis contractors are aware of this aspect, and take all reasonable steps in order
to avoid such actions.

It does not make life any easier when you consider that many risk analysis
practitioners are young people with limited experience. A client that wishes to
influence strongly which assumptions to make, may thus have an easy task.

It is also considered to be unlikely that a scope of work not in compliance with
applicable regulations would be accepted if risk analysis contractor personnel are
well aware of their ethical obligations. It is therefore important for the education of
risk analysis specialists and for training in work practices for risk analysis con-
tractors that such issues are focused on.

Awareness is important, but practical guidance about what the principles imply
in practice is crucial. A quick search on the web for the leading Norwegian risk
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analysis contractors shows that only one company makes any public announce-
ments about its ethical values. This company displays the following information
(translated from Norwegian):

• Integrity

– We shall deliver what we promise
– We shall follow acts and regulations
– We shall be honest and open with our customers, and we shall maintain an

honest and open dialogue internally in the company.

It is commendable to have such principles openly communicated to the public
and customers. More companies should have the same. However, of equal
importance is that it is focused upon and debated in the companies how such
principles are interpreted in practice, especially in relation to the dilemmas facing
employees in their daily work.

3.13 Misuse of Risk Analysis

When the use of risk analysis started in the Norwegian oil and gas sector in 1981,
there were several cases that NPD had to censure. After some 25 years, the PSA
had to reiterate their warnings about misuse of risk analysis in November 2007
(PSA 2007). PSA issued a letter to all oil companies, engineering contractors and
suppliers of risk analysis services, with the following title:

• About unacceptable use of risk calculations in order to deviate from require-
ments in the regulations for health, environment and safety.

In this letter, PSA summarises the purpose of carrying out risk analysis for
installations on NCS, as follows:

• Identify what are the most important contribution to risk for personnel, envi-
ronment and assets

• Identify new and improved solutions
• Analyse and evaluate the risk level associated with specific technical solutions

and activities (individually as well as accumulated).

PSA further states that they during a period prior to November 2007 had seen
several instances where the offshore industry has used risk calculations as part of
the basis for deviating from the specific requirements in the regulations. This
practice or interpretation of the regulatory framework is not consistent with the
principles of health, environment and safety in the Framework Regulations
Chap. 3 in general and the Framework Regulations Section 9 about the principles
for risk reduction in particular. Since this malpractice had occurred several times,
they preferred to issue guidelines to the entire industry, in order to remove
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misunderstandings and assist the industry in the understanding of the requirements
and intentions with the regulations.

There are two specific situations that represent misuse of risk analysis that PSA
have focused on:

• Unacceptable use of risk calculations as an argument for deviating from specific
requirements in the regulations relating to health, environment and safety

• Unacceptable use of risk calculations as an argument for choosing solutions that
give inferior safety level compared to the established minimum level.

As an example of the specific requirements in the regulations, the requirement
to have fire partitions (H-0 as minimum) between main areas on an installation is
mentioned. This requirement is applicable even if a risk analysis could demon-
strate that no fire scenario had an annual frequency of at least 1 9 10-4.

Adherence to accepted norms in the industry is used as an example of possibly
choosing solutions that give inferior safety level.

It is further emphasised in the letter that challenging of accepted solutions is not
prohibited, as long as the objective is further improvement of the safety level. It is
only when the arrow is pointed in the opposite direction, deterioration of the safety
level, often with the underlying ambition to save money, that it becomes misuse of
risk analysis.

3.14 Risk Reduction Priorities

In the first set of unified regulations for NCS (NPD 1992), the following order of
priority for risk reduction was stated:

(a) Probability reducing measures, with the following order of priority:

(aa) measures which reduce the probability for a hazardous situation to occur,
(ab) measures which reduce the probability for a hazardous situation to

develop into an accidental event.

(b) Consequence reducing measures, with the following order of priority:

(ba) measures relating to the design of the installation, to load-bearing
structures and passive fire protection,

(bb) measures relating to safety and support systems, and active fire
protection,

(bc) measures relating to contingency equipment and contingency organisation.

This prioritised list has never been repeated in later regulations, but it is still
considered to be important rules; firstly that accident prevention is to be preferred
over mitigation of accident consequences and secondly, passive protective systems
are to be preferred over active protective systems.
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If these principles are implemented during the Front End Engineering and
Design (FEED) phase, this may imply an installation concept which is robust with
respect to major accident risk.

However, there are challenges with such an approach. One of these challenges
is related to documentation of risk reduction, and the requirements for such doc-
umentation. It may be that consequence risk reduction is much easier to document
compared with probability risk reduction, as the following example may illustrate.

Some years ago a new floating production installation with flexible risers was
being studied in a FEED study. The major hazard risk contribution from flexible
risers is often one of the highest. The project team had two options with respect to
major accident risk reduction from flexible risers:

• Change flexible riser material from multilayer Coflexip type to titan risers.
• Install Subsea Safety Isolation Valve (SSIV) on the flowlines/pipelines.

Both options involved considerable investment costs. The SSIV option in
addition may have significant operational costs, especially if replacement is
required. Titan was therefore considered to be a better solution, provided it could
be documented that there was a significant reduction in failure probability. Such
documentation was not available, and not easy to obtain, realising this would be
new technology.

The project decided at the end that installation of SSIVs was preferable,
because of the uncertainty about the documentation of the probability reduction
implied by the titan as a material for flexible risers. This illustrates how docu-
mentation requirements to some extent lead to what by many would be considered
as non-optimal solutions.

3.15 Norwegian and UK Approaches Suitable as Models?

The National Commission into the Macondo accident recommended that new US
regulations could be modelled based on UK and Norwegian legislation
(Commission 2011). It may therefore be valuable to discuss to what extent these
two approaches are suitable as models for other countries.

It may first of all be noted that the NORSOK standard Z-013, Risk and
emergency preparedness analysis (Standard Norway 2010) is the most detailed
standard for risk analysis, considerably more detailed than ISO 17776 (ISO 1999,
see also Sects. 3.1 and 3.2).

The author has for many years argued that the key document in the UK leg-
islation, the Safety case (HSE 2005) is an improvement over the Norwegian
system, which actually is lacking a document into which all risk assessment
arguments may be integrated.

The Norwegian regulations have an implicit higher safety level, which in some
respects call for more robust solutions and improved margins for the safety of
personnel.
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But the Norwegian system is not at all perfect. The two main principles of
Norwegian risk regulations in many societal activities and industries—including
offshore petroleum exploration and production—are risk-based regulations and
internal control. The case study summarised in Sect. 3.12.1 has demonstrated
clearly that risk-based regulation and internal control is a fragile combination,
which is a unique Norwegian combination. There is no other country that has a
similar combination. This ultimately implies that companies can set their own risk
tolerance criteria without interference from authorities, and perform the risk
assessment without needing to seek any approval from authorities. How bad this
may go is illustrated by the case study in Sect. 3.12.1. UK authorities have pub-
lished recommended risk tolerability criteria. Holland has gone even further, and
published failure data to be used and approved models for physical effects (Uijt de
Haag et al. 2008).

Norwegian legislation has focus on risk tolerance criteria as well as ALARP—
as low as reasonably practicable. But the industry has neglected the ALARP
approach for a long time, as least when it comes to main principles for major
accident prevention.

Another main principle in the Norwegian petroleum legislation is the require-
ment that companies shall focus on ‘continuous improvement’, in their new pro-
jects and during operations of existing installations. This implies that they should
strive for reduced likelihood of and consequences of accidents. This may be
functional in some respects, but certainly not on a broad basis, and not very
actively with respect to major accident hazards.

This may also be illustrated through reference to risk tolerance criteria, which
as mentioned above, the industry is free to define by itself. Section 17.6 documents
that revision of risk tolerance criteria virtually never occurs, and certainly not the
last 15 years. When ALARP is not used extensively, this implies that the risk for
major accidents has virtually been unchanged during the past 15–20 years.
Section 17.6 suggests how improved risk tolerance criteria could be developed.

There are thus various aspects of UK and Norwegian legislation that may be
models for other countries, but they will need to consider carefully which aspects
to copy or not.
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Chapter 4
Lessons from Major Accidents

4.1 Overview

Experience from major accidents in the past is an important source of information
to prevent the occurrence of similar accidents in the future. There have been a
number of major accidents in worldwide operations in the second half of the
twentieth century. There was a positive trend in the period 1980–2000, with fewer
and fewer major accidents. The trend has changed after year 2000, where the
number of major accidents starts to increase.

Some of the catastrophes that had a strong effect on the offshore industry
occurred several decades ago. This has the drawback that the important experience
gained from these occurrences may be forgotten and not be brought forward to
future generations. We have therefore seen it as important to document the
experience from major accidents in the past, in a concise but still comprehensive
manner. The information should be useful for modelling risks to offshore instal-
lations, but also as background information to explain why some of the require-
ments were implemented and why they may be important.

The main focus area is on hostile environments in North-west Europe, North
Atlantic, South China Sea as well as deep water operations elsewhere. But also
some of the major accidents in other areas have been included, where they are
considered to give important lessons or messages for the future.

Also some accidents that had major accident potential and near-misses which
could have developed into major accidents are covered, if they have important
messages for the prevention of similar occurrences in the future. These are all from
the North Sea, mainly from the Norwegian Continental Shelf.

For each accident we will describe the main sequence of events, as well as
focus on barriers, those that failed as well as those that functioned. The lessons
learned are, in addition, spelled out explicitly. For some of these cases, the
information is available in great depth, especially if an official commission was
appointed, or if a public inquiry took place. In other circumstances, comprehensive
investigations did not take place, and the available information is more limited.
The Macondo blowout is discussed in a separate Chap. 5 (Table 4.1).
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The events are grouped according to the type of event that initiated the
sequence of events, and secondly in a chronological sequence. The following are
the groups of hazards used:

• Blowouts
• Hydrocarbon leaks on installations, leading to fire and/or explosion
• Hydrocarbon leaks from pipelines/risers, leading to fire/explosion
• Marine and structural failures, possibly leading to total loss
• Other accidents.

The terminology relating to barriers is that which was introduced in Sect. 2.5.2.
The following classification is used:

Loss of containment, hydrocarbons
HL1. Barrier function designed to maintain the integrity of the process system
HL2. Barrier function designed to prevent ignition
HL3. Barrier function designed to reduce cloud and spill size
HL4. Barrier function designed to prevent escalation
HL5. Barrier function designed to prevent fatalities

Loss of structural capability
STR1. Barrier function designed to maintain structural integrity and marine

control
STR2. Barrier function designed to prevent escalation of initiating failure
STR3. Barrier function designed to prevent total loss
STR4. Barrier function designed to prevent fatalities

4.2 Ekofisk B Blowout

The description of this accident is based on a report on evacuation means (NPD
1998).

4.2.1 Event Sequence

A blowout occurred on 23rd April 1977, on the steel jacket wellhead platform
Ekofisk Bravo, during a workover on a production well. The BOP was not in place
on the platform, and could not be reassembled correctly in time. All personnel
were evacuated without injuries by means of evacuation capsules and one dinghy,
and were subsequently rescued by a supply vessel. The well was mechanically
capped 7 days after the blowout. The capping was performed by well control
specialists from the USA. The oil spill was approximately 20,000 m3, although no

4.1 Overview 97

http://dx.doi.org/10.1007/978-1-4471-5207-1_2
http://dx.doi.org/10.1007/978-1-4471-5207-1_2


oil ever reached shore. Production on the platform was stopped for six weeks to
allow clean-up operations. There was virtually no material damage to the platform.

The Ekofisk Bravo blowout is the only blowout in the Norwegian sector where
a substantial amount of oil was spilled into the sea.

4.2.2 Barrier Performance

The barriers that failed were well control barriers, which are outside the scope of
this discussion. It could be noted, though, that the barriers in question were
operational barriers. No other barriers except well control barriers failed.

The following barrier functions performed as required in order to prevent the
blowout from developing into a catastrophe with extensive consequences for
personnel:

• Ignition prevention
• Fatality prevention.

It is noteworthy that ignition was prevented in this case. The statistics at the
time when this blowout occurred indicated that one in three blowouts in average
would ignite. It would not have been surprising if an ignition had occurred, either
due to ongoing operations or due to equipment in the drilling area.

The Ekofisk B blowout is one of very few major accidents on the Norwegian
Continental Shelf which did not involve fatalities. The following barrier systems
performed successfully:

• Conventional evacuation means were used successfully without any injuries in
excellent weather conditions.

• Successful rescue operations (from evacuation means) were conducted by a
supply vessel in good weather conditions.

The following is a summary of barrier performance:

HL1. Barrier function designed to maintain the integrity of the well system: Failure
HL2. Barrier function designed to prevent ignition: Success
HL3. Barrier function designed to reduce cloud and spill size: Not applicable
HL4. Barrier function designed to prevent escalation: Success
HL5. Barrier function designed to prevent fatalities: Success
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4.2.3 Lessons Learned for Design

There are no lessons from this accident which are related to design.

4.2.4 Lessons Learned for Operation

The Ekofisk B blowout did not involve fatalities, and the material damage was
limited to spills that had to be cleaned up. It is therefore important to extract the
lessons which may be learned from the accident (see above for the evacuation):

• Mechanical capping of a blowout on a platform is possible, although it takes
time.

4.3 Ixtoc Blowout

This section is based on information posted on the web by the Hazardous Materials
Response Division, Office of Response and Restoration, National Ocean Service,
National Oceanic and Atmospheric Administration.

4.3.1 Event Sequence

On 3rd June 1979, the IXTOC I exploration well blew out in the Bahia de
Campeche, some 850 km south of Texas in the Gulf of Mexico. The IXTOC I was
being drilled by the Sedco 135, a semi-submersible drilling rig on lease to
Petroleos Mexicanos (PEMEX). A loss of drilling mud circulation caused the
blowout to occur. The oil and gas blowing out of the well ignited, causing the
platform to catch fire. The fire caused the derrick to collapse into the wellhead area
hindering any immediate attempts to control the blowout.

PEMEX hired blowout control experts and other spill control experts including
Red Adair, Martech International of Houston, and a diving company. The Martech
response included 50 personnel on site, the remotely operated vehicle TREC, and
the submersible Pioneer I. The TREC attempted to find a safe approach to the
Blowout Preventer (BOP). The approach was complicated by poor visibility and
debris on the seafloor including derrick wreckage and 3,000 m of drill pipe. Divers
were eventually able to reach and activate the BOP, but the pressure of the oil and
gas caused the valves to begin rupturing. The BOP was reopened to prevent
destroying it.

Two relief wells were drilled to relieve pressure from the well and to
allow response personnel to cap it. Norwegian experts were contracted to bring in

4.2 Ekofisk B Blowout 99



skimming equipment and containment booms, and to begin cleanup of the spilled
oil. The IXTOC I well continued to spill oil at a rate of 10,000–30,000 barrels per
day until it was finally capped on 23rd March 1980. The total volume spilled has
been estimated at 3,522,400 barrels.

Prevailing northerly currents in the western Gulf of Mexico carried spilled oil
towards the USA. A 100 km by 110 km patch of sheen containing a 90 m by
150 m patch of heavy crude moved towards the Texas coast. On 6th August 1979,
tarballs from the spill impacted a 17 mile stretch of Texas beach. As of 1st
September, all of the south Texas coast had been impacted by oil. A storm lasting
from 13 to 15 September removed the majority of the oil.

In the initial stages of the spill, an estimated 30,000 barrels of oil per day were
flowing from the well. In July 1979 the pumping of mud into the well reduced the
flow to 20,000 barrels per day, and early in August the pumping of nearly 100,000
steel, iron, and lead balls into the well reduced the flow to 10,000 barrels per day.
Mexican authorities also drilled two relief wells into the main well to lower the
pressure of the blowout.

PEMEX claimed that half of the released oil burned when it reached the sur-
face, a third of it evaporated, and the rest was contained or dispersed.

PEMEX contracted an aviation contractor to spray chemical dispersant on the
oil. Almost 500 aerial missions were flown, treating 1,100 square miles of oil slick.
Dispersants were not used in the U.S. area of the spill because of the dispersant’s
inability to treat weathered oil. Eventually the OSC requested that Mexico stop
using dispersants north of 25 �N.

In Texas, the emphasis was on coastal countermeasures protecting the bays and
lagoons formed by the Barrier Islands. Impact of oil on the Barrier Island beaches
was ranked as second in importance to protecting the inlets to the bays and
lagoons. This was done with the placement of skimmers and booms. Efforts were
concentrated on some selected locations. Economically and environmentally
sensitive barrier island beaches were cleaned daily. Labourers used rakes and
shovels to clean beaches rather than heavier equipment which removed too much
sand.

Ultimately, 71,500 barrels of oil impacted 162 miles of U.S. beaches, and over
10,000 cubic yards of oiled material were removed.

On 8th August 1979, the United States Fish and Wildlife Service (USFWS)
began training volunteers to handle oiled birds and implemented beach patrols on
South Padre Island. Bird cleaning stations were set up by the USFWS on Mustang
and South Padre Islands. An overall decrease in bird population densities due to
movement from their regular habitats along the oiled shoreline may account for the
fact that only a few dead, oiled birds were ever found. After the beaches were
cleaned, population densities increased, but not to expected levels. Contamination
of food supplies caused many birds to leave their habitats for the duration of the
spill. A total of 1,421 birds were recovered with oiled feathers or feet.

The US government had two months to prepare for the expected impact of the
IXTOC I oil on the Texas shoreline. During this time the government realised the
importance of coastline mapping with regard to oil sensitivity. This led to a
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mapping project which resulted in the first Environmental Sensitivity Index (ESI).
Placement of containment booms and other response equipment was done after
study of the environmental sensitivity as reported in the ESI.

The IXTOC I well blowout was an unusual situation with regard to responsi-
bility for, coordination of, and control and cleanup of the spilled oil. The U.S.
government publicly requested compensation from Mexico for damages associated
with the spill without first entering into negotiations with the Mexican Govern-
ment. Mexico denied being financially responsible for damages incurred, and
refused to help pay cleanup expenses to the USA.

Officials reported that tourism along the Texas beaches dropped by 60 % during
the course of the spill. The cleanup cost was 12.5 million USD.

The semi-submersible installation was extensively damaged; substructure,
derrick, drilling machinery, and box girders were completely destroyed. The
installation was declared a total loss and was later sunk in deep water in the Gulf of
Mexico.

4.3.2 Barrier Performance

In this case also the barrier failures related to well control measures. Loss of mud
circulation is an operational failure of well control. The loss of well control
occurred while tripping out of hole, which is one of the most hazardous conditions
relating to well drilling.

Another barrier function that failed was ignition prevention. It is not known
what the cause of ignition was.

The 63 workers on the rig were successfully evacuated. The barrier function to
prevent fatalities performed successfully.

The well control operation took over nine months to complete and involved the
drilling of two relief wells.

The following is a summary of barrier performance:

HL1. Barrier function designed to maintain the integrity of the well system: Failure
HL2. Barrier function designed to prevent ignition: Failure
HL3. Barrier function designed to reduce cloud and spill size: Not applicable
HL4. Barrier function designed to prevent escalation: Failure
HL5. Barrier function designed to prevent fatalities: Success
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4.3.3 Lessons Learned

Lessons learned for design and operation is unknown for this accident.

4.4 Enchova Blowout

The description of this accident is based on a report on evacuation means (NPD
1998).

4.4.1 Event Sequence

The Brazilian fixed jacket production platform Enchova 1 suffered a blowout and
fire on 16th August 1984. The platform was producing 40,000 barrels per day oil
and 1.5 9 106 m3 per day gas through 10 wells. Gas released during drilling
caught fire.

There were two fires. The first fire was under control when an oil leak appar-
ently caused the blast. The fire was extinguished the following day. The platform’s
drilling equipment was gutted but the rest of the platform remained intact.

The crew began to evacuate, but 36 were killed when a lifeboat was lowered.
One falls lashing was not properly released, and then broke causing a shock load,
which broke the bow hook. The lifeboat hung vertically until the stern support
broke and it then fell 10 m into the sea. Six other crew were killed when jumping
30–40 m into the sea.

207 survivors were rescued from the platform and lifeboats by helicopters. A
total of 42 people were killed, all from the two incidents during evacuation.

4.4.2 Barrier Performance

The causes of the blowout are outside the scope of the present discussion. The
causes of the apparent subsequent oil leak and the ignitions are unknown. The only
barrier function failures that may be observed are the following:

• Prevention of loss of containment
• Prevention of fatalities (through evacuation)

The failure to prevent fatalities was through human failure associated with
launching of lifeboats, which demonstrates the vulnerability of the conventional
lifeboats launching mechanism.

102 4 Lessons from Major Accidents



There is no information about barrier successes known for this event. The
following is a summary of barrier performance:

HL1. Barrier function designed to maintain the integrity of well system: Failure
HL2. Barrier function designed to prevent ignition: Failure
HL3. Barrier function designed to reduce cloud and spill size: Failure
HL4. Barrier function designed to prevent escalation: Success
HL5. Barrier function designed to prevent fatalities: Failure

4.4.3 Lessons Learned for Design

This event demonstrates the criticality of the use of conventional lifeboats for
evacuation purposes. There are also other accidents where hooks have been broken
due to various reasons, thus exposing the users to extreme risks.

4.4.4 Lessons Learned for Operation

The causes of the failure to operate the lifeboat properly are unknown in this case,
and the following are speculative causes. Lacking competence is an obvious
possible explanation of the failure to operate the release mechanism correctly;
panic may be another potential explanation.

4.5 West Vanguard Gas Blowout

The presentation of this accident is based on the official investigation report
published, NOU (1986), and the author’s visit to the installation shortly after.

4.5.1 Event Sequence

The semi-submersible mobile drilling unit West Vanguard experienced a shallow
gas blowout on 6th October 1985 while conducting exploration drilling in the
Haltenbanken area in the Norwegian Sea.

Drilling of a 12� inch pilot hole had commenced earlier the same day, 6th
October 1985, at 13:00 h, with the marine riser connected, but no BOP installed,
according to normal practice. Just before 21:00 h the bit entered a thin gas layer
236 m below the sea bed. There was an influx of gas into the well bore, followed
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by a second gas influx about one hour later. The third influx caused a gas blowout,
which occurred at 23:00 h.

When the drilling crew realised what was happening, they started pumping
heavy mud and opened the diverter valve to deviate the flow of gas away from the
drill floor. Just a few minutes’ erosion in the bends of the diverter caused these to
leak and the gas entered the cellar deck from below. Attempts to release the marine
riser wellhead coupling on the seabed were not successful, due to the perceived
ignition hazard in all areas on the platform.

Ignition probably occurred in the engine room just before 23:20 h, setting off a
strong explosion, subsequent fire, and further explosions. The damage to the
engine room is visible in Fig. 4.1. It can be seen that the outer wall of the engine
room is completely blown away due to the blast load.

Lifeboat 2 was being launched when the explosion occurred, Lifeboat 1 fol-
lowed immediately thereafter. The platform manager tried to release four anchor
lines just after the initial explosion although only three lines were released. The
stability manager and the platform manager subsequently escaped by climbing
down one of the forward columns, wearing survival suits.

One of these two managed to swim about 100 m to the standby vessel; the other
had to be picked up by the FRC from the standby vessel, as he was drifting away
from the vessel.

The personnel in the two lifeboats were transferred to the standby vessel after
1�–2 h, there being no hurry in good weather conditions. The standby vessel gave
priority in the first hours to the search for one missing person, who was never
found.

Fig. 4.1 Engine room on
west Vanguard after
explosion, looking out to sea
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4.5.2 Barrier Performance

Barrier failures in this accident are several, the initiating failures are related to well
control during drilling through shallow zones. This is outside the scope of the
present discussion, but it may be noted that drilling through shallow zones is now
usually done without a marine riser, if a BOP is not installed.

The diverter failure is also associated with well control measures in a shallow
gas blowout scenario, the details are outside the scope of this discussion.

The second failure of a barrier function is the failure to prevent ignition of the
gas cloud around the installation. The most likely cause of ignition was one of
the diesel generators in the engine room, in spite of the flame arrestors installed on
the diesel engine.

The barrier function to prevent fatalities during evacuation was successful, with
one exception. One person was never found after the accident, it was suspected
that the person could have been blown overboard in the initial explosion.

Barriers to prevent escalation of the initial explosions and fire were also suc-
cessful. The engine room was completely burned out, but this was the only room
that was completely destroyed.

The rescue operations were also successful; all personnel from two lifeboats
were rescued successfully in good weather conditions, even though it was dark.
The rescue of two persons wearing survival suits from the sea was reported as a
success, but somewhat more critical, at least for one of the two who started to drift
away from the standby vessel. The following is a summary of barrier performance:

HL1. Barrier function designed to maintain the integrity of the well system: Failure
HL2. Barrier function designed to prevent ignition: Failure
HL3. Barrier function designed to reduce cloud and spill size: Not applicable
HL4. Barrier function designed to prevent escalation: Failure
HL5. Barrier function designed to prevent fatalities: Mainly success

Limited failure

4.5.3 Lessons Learned for Design

The lessons learned were in this case particularly related to well control and
operations, as discussed in the following subsection.

4.5.4 Lessons Learned for Operation

An official investigation was also conducted by a commission of enquiry and an
official report published, NOU (1986). The focus was primarily placed on drilling
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technology and management. However, from a risk analysis point of view, there
were several lessons to be learned, as below:

• Launching of conventional lifeboats was shown to be successful in good
weather conditions in spite of the serious and dramatic accidental conditions.

• It was shown to be important to rescue personnel in the sea rapidly, even though
they may be uninjured, wearing survival suits and focusing their efforts on
survival.

• The rescue of personnel from undamaged lifeboats proved to be a standard
procedure when the weather conditions were good in spite of the darkness
(probably quite a lot of light available from the fire).

• The problems caused by noise from the accident had been underestimated.

4.6 Ocean Odyssey Burning Blowout

There is documentation available from the investigation of the Ocean Odyssey
accident (Ireland 1991). The report is focused on the events that led to the
occurrence of the gas blowout and the death of one of the radio operators. Fire and
explosion loads are not discussed explicitly, and some of the information has
needed to be inferred rather than observed.

4.6.1 Event Sequence

The semi-submersible drilling rig Ocean Odyssey suffered a serious fire as a result
of a subsea blowout on 22nd September 1988. The rig was drilling in the Fulmar
area of the North Sea, some 160 km from Aberdeen, Scotland.

The rig was drilling a reservoir with abnormally high gas pressures and the well
drilling programme was designed accordingly with special equipment installed.
For nearly two weeks before the blowout there had been no drilling as gas levels
on the rig had been consistently high and the well was just being kept under
control. It was suggested in the inquiry that ineffective gas monitors had disguised
the severity of the situation. At 12.00, on reaching a drilling depth of 4,900 m, the
drilling took a kickback. According to the company, annular preventers were
closed and heavier mud was being circulated down the drill pipe and back through
the choke line. It is thought that the choke line developed a leak; gas flowed to the
surface and exploded underneath the rig, possibly also damaging the hydraulic
BOP control system.

The first event (reported to be an explosion) came from the mud processing
module, suggesting that gas had somehow been ignited as it was dissolved out of
the mud. A second event (also reported to be an explosion) occurred beneath the
surface of the water, shown by a large bubble of gas, indicating the beginning of
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the blowout. A fire followed the blowout and swept up from the moon pool to
affect the cellar deck and the mud pump room. The accommodation module also
suffered severe damage. The fire burned for 10 h. Collapsed drill pipe on the drill
floor showed that the temperature there had reached 500EC, but intact drill collars
showed it had not reached 700EC.

The 67 men on board were put on alert when the kick was taken and all but 10
essential personnel were in lifeboats in anticipation of any problems while the kick
was dealt with. It was reported afterwards that no one knew what to do when in the
lifeboats, no orders were given and no checks carried out, and that there was total
confusion about the evacuation process. In fact it was suggested in the inquiry that
the captain of the rig did not recognise the screaming noise of gas being vented as
a blowout.

Three lifeboats were launched, and only one person was injured while freeing
the jammed lifeboat release system. The standby vessel Notts Forest picked up 38
survivors in total. Its fast rescue craft (only one was available) first recovered eight
of these survivors from the sea after they were forced to jump from the burning rig.
It then took in tow a lifeboat which was drifting towards the flames. These sur-
vivors were eventually transferred to MODU Sedreth 701, which was drilling
nearby. The anchor handling tug, the British Fulmar, came from 2 miles away to
pick up 28 men from the other two lifeboats.

A radio operator died in the incident. Having been in a lifeboat, he was ordered
back to the radio room by the captain. He had not been trained to use the breathing
equipment, which might have saved him from dying of smoke inhalation. A
communication problem seemed to exist, and he probably did not understand or
hear the final command to abandon the rig.

Stadive, a semi-submersible emergency support vessel, was brought onto the
scene to help control and extinguish the fire. Anchor lines were later cut with
explosive charges and the rig was towed clear of the well.

It was suggested in the inquiry that the safety supervisor had no formal safety
training and no authority with which to carry out his job. The crew had not been
required to have survival training certificates before working on the rig.

4.6.2 Barrier Performance

Well control barrier failures are outside the scope of the present discussion. The
barrier function to prevent fatalities did not succeed completely, but would have
succeeded if an untrained person had not been ordered out of the lifeboat. This
appears to be a human failure.

The rescue operations were conducted without failure. Also the operations to
salvage the installation were partly successful. The installation was declared a
‘constructive total loss’, but was later repaired and modified into a floating rocket
launching facility, called ‘Sea Launcher’. This is the barrier performance:
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HL1. Barrier function designed to maintain the integrity of the well system: Failure
HL2. Barrier function designed to prevent ignition: Failure
HL3. Barrier function designed to reduce cloud and spill size: Not applicable
HL4. Barrier function designed to prevent escalation: Success (?)
HL5. Barrier function designed to prevent fatalities: Mainly success

Limited failure

4.6.3 Lessons Learned for Design

No relevant lessons for design were concluded from this event.

4.6.4 Lessons Learned for Operation

There is no official reporting of this accident, the available documentation is from
the investigation carried out by the Sheriff Principal of Grampian, Highlands and
Islands (Ireland 1991). This investigation is focused on legal aspects, rather than
identification of lessons to be learned in a HES management context. The focus
was primarily placed on drilling technology and management. However, from a
risk analysis point of view there were several lessons to be learned, as below:

• Launching of three conventional lifeboats was shown to be successful in good
weather conditions in spite of the serious and dramatic accidental conditions.
One person received a back injury during attempts to free a jammed hook from
the lifeboat.

• One lifeboat needed to be towed away, in order to prevent it from drifting back
into the flames, the inferred condition being that engine power was not
available.

• No fatalities occurred during evacuation in good weather conditions, the only
fatality was caused due to failure to evacuate from the accommodation, due to
smoke.

• The rescue of personnel from undamaged lifeboats proved to be a straightfor-
ward procedure, when the weather and light conditions were good.

• The noise from the accident was also a complicating factor.

4.7 Treasure Saga 2/4–14 Underground Blowout

The underground blowout near the Albueskjell field in 1989 may be called the
‘forgotten accident’. No official investigation report is publically available, and the
main source for this summary is a recent Master’s thesis (Blaauw 2012), the paper by
Aadnøy and Bakøy (1992) and a textbook in Modern Well Design (Aadnøy 2010).
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4.7.1 Event Sequence

Saga Petroleum started to drill a wildcat exploration well, 2/4-14, with the semi-
submersible mobile drilling unit Treasure Saga in October 1988, 9 km (northeast)
of the Albueskjell field in the southern Norwegian North Sea, with a 68 m water
depth. Drilling operations went smoothly until they reached the 8 �00 section at a
depth of 4,713 m near the top of the reservoir, where the pore pressure increased
rapidly from 1.65 s.g. to 2.11 s.g. The maximum gas reading was 68 %.

A high pressure kick occurred at a 4,734 m depth, with a 6.5 m3 influx, and the
well was shut in. A cement plug was installed in the wellbore. During the sub-
sequent coiled tubing operation, the plug failed, and in combination with equip-
ment malfunction, this caused the loss of the control with the well.

The shear rams were activated at 16:40 on 20th January 1989. The wellhead
pressure subsequently reached more than 700 bar. Altogether, 38 of the 75 people
on board were evacuated by helicopter to the nearby Ekofisk centre, while the
remaining personnel worked to stabilise the well. Another 10 people were evac-
uated later that evening.

An attempt to kill the well with heavy mud was performed the following day
through the kill line. The flexible hose ruptured at the gooseneck, and the well
blew through the kill line for one minute before the fail-safe valves closed and the
well was shut in. All communication with the well was then lost, and Treasure
Saga was pulled away to make room for another installation.

Treasure Saga then subsequently started drilling a relief well (2/4–15 s) on 31st
January, 11 days after the kick, and about 1,200 m from the 2/4–14 well location.
The jack-up Neddrill Trigon was mobilised, modified and approved for killing
operations at the end of April. Wellhead pressure measurements showed that the
shut-in pressure had decreased to 210 bar, but no spill into the environment was
observed.

The fishing inside the wellbore for the coiled tubing started on 12th May.
Indications of flow inside the well were discovered, a packer was blown out when
they tried to install it, and the underground blowout was confirmed through logs
and shallow seismic. The flowrate was 2,900 m3 per day (verification impossible),
with ruptures of the 95/800 and 133/800 casings most likely. The well started to
collapse during further fishing operations, and the casing ruptured at a depth of
around 870 m in mid October 1989. Fishing operations were therefore stopped
permanently in order not to destroy the well further, which could have resulted in a
seabed blowout with significant environment spill. From this point, the successful
killing of the underground blowout was fully dependent on the relief well.

The relief well drilling from Treasure Saga took a long time, much longer than
planned, mainly due to three sidetracks that had to be performed. The drilling crew
was ready for the final section (8–10 m distance between the two wellbores) of the
well to be drilled in early December 1989. Communication between the two
wellbores was immediately established. The 2/4–14 well was then declared dead
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and stable on 13th December 1989. The fishing and stabilising of the well then
continued for another three months before the well could finally be abandoned in a
safe state.

4.7.2 Barrier Performance

Since the incident was limited to an underground blowout, most of the surface
barrier functions were not relevant. There were no injuries during the well oper-
ations on either of the rigs, but one person was killed on Treasure Saga in con-
nection with the handling of drill pipes on the drill floor. The performance of the
main barrier functions is summarised as follows:

HL1. Barrier function designed to maintain the integrity of the well system: Failure
HL2. Barrier function designed to prevent ignition: Not applicable
HL3. Barrier function designed to reduce cloud and spill size: Not applicable
HL4. Barrier function designed to prevent escalation: Not applicable
HL5. Barrier function designed to prevent fatalities: Not applicable

4.7.3 Lessons Learned for Well Operations

This accident does not seem to have been easily preventable. There are few distinct
errors as the main causes, somewhat in contrast to several recent blowouts and
well incidents. However, knowledge on these aspects may be limited due to the
absence of an investigation report in the public domain.

However, there is some anecdotal information on some overlooked signs that
occurred a few hours prior to the initial kick, which could have warned about
instability in the well. These were not detected from the logs until long after the
blowout.

The failure of the initial cement plug is an unwanted incident, but it can-not be
completely prevented. The well had high pressure as well as high temperature,
which at the time may have been new and unconventional. It was the first high
pressure high temperature (HPHT) well drilled in the Norwegian sector. Three
more HPHT wells were drilled in the same reservoir, including the relief well.
These three additional HPHT wells were drilled successfully. Aadnøy (2010)
describes that the theories and models developed for the relief well drilling has
been used for relief well drilling since 1989.

The failure of the flexible hose in the kill system was also an unwanted incident
that contributed to the negative consequences. The causes of this rupture are
unknown. There is some anecdotal information on operational errors that were
made during the attempted control actions.

110 4 Lessons from Major Accidents



The casings were partially eroded because of hydrocarbon induced stress
cracking, due to using high strength material, which is no longer used in casing
designs.

4.8 Temsah Burning Blowout

10th August 2004, the Global Santa Fe operated Adriatic IV jack-up MODU was
on location over the Temsah gas production platform, operated by Petrobel, off
Port Said, Egypt in the Mediterranean Sea. The rig was drilling a gas well when a
blowout occurred during drilling operations (Versatel 2012). Apparently, there was
an explosion followed by fire which was initially contained on the jack-up. The fire
then spread to the production platform where it continued to rage for over a week
before being brought under control. More than 150 workers on the jack-up and
platform were evacuated with no casualties, due in part to the prior recommen-
dation that production activities be ceased as a precautionary measure. Both
installations were total failures. Requests for information have been submitted to
ENI Norway, but no information has been made available about the accident.

4.9 Snorre Alpha Subsea Gas Blowout

4.9.1 Event Sequence

An uncontrolled subsea gas blowout occurred on Snorre Alpha platform in the
Norwegian North Sea on 28th November 2004. The gas plume came up around
the installation and gas was detected on the lower deck of the installation, but the
blowout did not ignited. The blowout was killed by pumping heavy mud into
the well within a few hours. The accident was investigated by the operator Statoil
as well as PSA (2005d); the latter is the main source of this section.

Snorre Alpha (SNA) is a steel hull Tension Leg Platform (TLP), in operation
from 1992, and has had several operators, starting with Saga Petroleum until 2000.
Norsk Hydro took over in 2000, and Statoil took over the operatorship from 1st
January 2003. SNA is an integrated drilling, production and accommodation
platform, with 42 wells immediately below the installation and two subsea tem-
plates with production and injection wells. The total annual production at the time
was around 200,000 bbls of oil per day.

The P-31 well was drilled as an observation well in 1994. There were several
problems during the drilling operations, which also resulted in two to three small
holes in the 95/800 casing, a so-called scab-liner (a pipe with smaller diameter used
for repair) was installed and the maximum allowable operating pressure in the well
was reduced. The well performed satisfactory until 2001 when several problems
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occurred, also at the end of 2003 there were problems and a plug was installed
above the reservoir section. The operation planned to be carried out in 2004 was to
drill a new well through the same well slot. The planning of the new well started in
the spring of 2004, and the well operations on SNA started on 16th November
2004. A new drilling contractor, Odfjell Drilling, took over the well drilling
contract on the installation from 1st November 2004. They also took over 80 % of
the personnel from the previous drilling contractor, according to legislative
requirements.

Swabbing (an unwanted piston effect in a well when pipe sections are retrieved)
was observed several times during retrieval of production string parts from the
well in the period up to the blowout. Mud was circulated through the well each
time in accordance with normal practice, and the well was observed for any
influxes (of oil or gas), which were not observed. However, there were several
losses of mud to the formation observed throughout the afternoon, and the BOP
annular preventer was closed once.

A reverse circulation was attempted around 18:00, but increase in mud return
was observed and the BOP was closed again, which also caused a significant
pressure build up in the well.

An emergency platform management meeting was called around 19:00, and
they took the decision to manually shut down the production around 19:30, main
power generation and water injection were not stopped. At that time the muster
alarm was released and onshore operations and authorities were notified about the
situation.

Gas was detected below drill floor at 19:42, based on gas leaking gradually
through the BOP. Working pressure in the hydraulics was increased in order to
stop this leak.

Precautionary evacuation of non-essential personnel was carried out by heli-
copter to nearby installations by helicopters; the manning level was thus reduced
from 216 to 75 people, the remaining personnel being drilling crew and emergency
management.

Several gas alarms were observed at 21:20, and personnel detected that the sea
around the installation was ‘cooking’ with gas. This caused manual shutdown of
the installation to be initiated, main power generation was stopped and emergency
power generators started. Emergency evacuation (by free fall lifeboats) of
remaining persons was considered, but not activated.

The main power generation was restarted around midnight, and additional 40
people were evacuated by helicopter shortly after. The well was observed
throughout the night, and preparations for the final well killing operation were
made. The final bullheading of mud down through the drill string started at 09:15
on 29th November, at 10:22 zero pressure reading was recorded in the drill string
as well as in the annular space outside. At that time the only remaining mud
onboard was less than 10 m3, implying that if this attempt had been unsuccessful,
full evacuation was the only option left.

It was realised that gas had leaked through the formation, which was confirmed
later by several craters that were found on the seabed under the platform. The most
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critical hazard in this context is associated with the anchoring structure for the
tethers in each corner of the platform. If the foundation below one of the four
anchoring structures had failed, the anchor’s holding capacity might have been
suddenly reduced to zero, thus reducing the tension in the tethers in one corner to
zero. The dynamics of the situation could have caused capsizing of the installation,
which in the worst case scenario could have collapsed and sunk on top of the 42
wellheads immediately below. The likelihood of additional blowouts from wells
with failing safety valves would have been very high. Any such blowout would
have required drilling of relief wells, as the access to the wellhead would have
been completely prevented by the sunken wreck of the installation. The stopping
of the blowouts would have been very time consuming, possibly over several
years, depending on the number of blowouts to be stopped.

There was also an explosion and fire hazard on the installation when gas was
detected in several places on the lower deck. This detection lasted for less than
30 min. There was additional fear of gas on the installation around midnight, when
the wind changed direction and was briefly reduced to zero wind speed.

4.9.2 Barrier Performance

The PSA investigation found 28 deviations from the regulations that had con-
tributed to the subsea blowout, and also a number of improvement suggestions.
The deviations found indirectly cover a number of barrier functions that failed.
The full list of deviations is as follows:

1. The method chosen for internal audit did not reveal the failure to comply with
steering documentation.

2. Milestones in the well planning not according to steering documentation.
3. Planning of well operation with inadequate well barriers when puncturing the

2 7/800 tail pipe.
4. Consequences of changes in the planning not sufficiently analysed.
5. Inadequate experience transfer in relation to well integrity.
6. Planning with insufficient well barriers during cutting of scab-liner.
7. Risk not evaluated in relation to pulling of scab-liner
8. Planned pulling of scab-liner through BOP with inadequate well barriers.
9. Inadequate management involvement in relation to giving priority to inde-

pendent verification of well planning.
10. Deficient approval procedures.
11. Signatures for control, verification and approval not in accordance with

steering documentation.
12. Meeting to evaluate overall risk during planning is cancelled.
13. Deficient experience transfer from previous incidents on SNA.
14. Performance of the puncturing of the tail pipe with substandard secondary

barriers.
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15. Execution of puncturing operation not stopped with inadequate barriers.
16. Deficient handling of deviations from procedures.
17. Unclear procedures for drilling and completion.
18. Inadequate approval of HAZOPs, also reflecting the fact that they were

conducted after the approval of the intervention program.
19. HAZOPs conducted onshore not communicated to the drilling crew.
20. Technical competence not involved in overall risk evaluation.
21. Focus on risk removed from the intervention program.
22. Scabliner punctured, cut and retrieved without testing of secondary barrier.
23. Deficient preparation for possible well control situations.
24. Inadequate well barriers when pulling scab-liner through BOP.
25. Inadequate risk assessment in relation to possible swabbing.
26. Kelly kock valve blocked in open position when the well control situation

developed.
27. Delayed personnel status when muster alarm sounded.
28. Deficient logging of actions during the emergency management.

Several of these deviations imply inadequate planning, change management and
execution of well operations. It has been focused in the aftermath that the oper-
ations management did not follow procedures which contributed to the occurrence
of the blowout. However, the management’s failure to follow procedures also
implied that they kept a significant crew on the installation for more than 12 h in
order to kill the blowout, when compliance the procedures would have implied that
they should all have left SNA on 28th November, which would have resulted in a
blowout with unknown duration and consequences. The platform manager was
severely criticised internally for the failure to evacuate all personnel as soon as
possible, was not allowed to continue as platform manager, and resigned from his
employment in the company within short time.

The barrier functions that had been successfully completed included the
emergency management, the mustering of personnel and the notification and
normalisation of the event. The following is a summary of barrier performance:

HL1. Barrier function designed to maintain integrity of the well system: Failure
HL2. Barrier function designed to prevent ignition: Success
HL3. Barrier function designed to reduce cloud and spill size: Success
HL4. Barrier function designed to prevent escalation: Success
HL5. Barrier function designed to prevent fatalities: Success

4.9.3 Lessons Learned for Well Operations

The summary of deviations above from the PSA investigation documents a
number of lessons for planning and execution of drilling and well intervention
operations, and is not repeated here.
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Statoil commissioned a research institution (Studio Apertura, NTNU) to carry
out an in-depth analysis of the root causes for the SNA subsea gas blowout (Statoil
2005). The following is a summary of some of the main conclusions from that study.

The operations on SNA may be characterized as an event-driven way of
working, marked by ‘fire fighting’ and the inability to work systematically and
long term. This attitude has had negative consequences for risk awareness and
training in putting things into context. An aging technical condition has put a high
pressure on the management and did make it difficult to find time to perform all the
functions they were required to perform. The activity level was also very high in
2004, and had been like that for a long time.

The SNA organisation had changed from Saga Petroleum to Norsk Hydro in
2000, and subsequently to Statoil in 2003 as a consequence, the management was
given increased responsibilities, and organisational changes and new procedures
consumed unproportionally large parts of their time. The change of drilling con-
tractor added even more to this overload.

An overall impression of repeated deviations from steering documentation
reflects the fact that many employees admitted that their knowledge of steering
documentation was inadequate. They complained that it was very extensive,
complex, unsystematic and difficult to navigate in. Far from all had received
adequate and required training and it was impossible to find the time to get familiar
with steering documentation.

The platform organisation was not sufficiently well integrated into the Statoil
organisation, and the knowledge of competence groups onshore was low amongst
offshore personnel.

The climate for critical objections and afterthought has not been good, man-
agement should be trusted, and the overriding goal was to keep production going
in an uninterrupted manner through ability to improvise, with basis in very good
insight locally. Risk assessment has not been a regular activity and risk assessment
competence was low. Risk awareness was also low.

The management and supervision was characterized by frequent interruptions
and changes as a result of equipment failures and operational problems. The
planning of well operations has been mainly carried out by the onshore organi-
sation, with little involvement by offshore personnel. Plans and programs have
often come very late, mainly due to lack of relevant resources.

4.10 Usumacinta Blowout

4.10.1 Event Sequence

The mobile drilling unit Usumacinta was preparing for final drilling and the
completion of one well on the small three-well production platform KAB-101,
operated by Pemex, located 18 km offshore, north of Frontera, north-east in
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Mexico, in the eastern part of the Gulf of Mexico. On 23rd October 2007 while the
Usumacinta rig was transitioning from a rig-move state to a production state, the
rig shifted in its position close to the fixed wellhead platform, and settled in a way
that led to the breaking off of the production tree on one of the wells, Well-121.

A limited initial leak occurred, but the well was sealed for about one hour by
the subsurface safety valve (SSSV), until the safety valve started to leak, which
required the evacuation of Usumacinta. During evacuation and rescue operations
22 people died.

Pemex commissioned Battelle (Columbus, Ohio) to carry out a root cause
analysis of the events leading to the multiple fatality outcome (Batelle 2008), the
report from which is an excellent source (878 pages long) of learning from this
accident.

All personnel onboard arrived safely on the water in one Whittaker capsule and
one Watercraft lifeboat. After landing on the water in good condition, the survival
crafts became unsafe through the personnel’s opening of hatches, and to some
extent their abandonment of the survival crafts. One of the survival crafts was
stable for 1.5 h before hatches were opened, personnel were unbuckled from seat
belts and they started to move about, and the craft capsized. The fatalities occurred
to those who abandoned the survival crafts as well as those that remained in the
crafts or reboarded them. The apparent cause of death was drowning.

The blowout has often been reported as an ignited blowout. This is true if the
entire duration (50 days) of the blowout is considered, but it is not true for the
phase of the accident when evacuation was decided and performed. The blowout
was ignited by a vessel involved in the combatment operations, the first fire was on
13th November 2007, and the second fire on 20th November. The second fire
lasted until early December, 2007 before it was extinguished.

4.10.2 Barrier Performance

When barriers are considered, two sets of causes and concerns need to be
addressed, relating to the leak from the well and to the fatalities during the
evacuation and rescue phases.

The barrier failures that contributed to the initial and continued leak from Well
121 are the following:

• Site planning, preparation and management aspects contributed to the settling of
the jack-up rig due to weather impacts.

• The root cause analysis report is inconclusive about the failure of well barriers,
but observes that the flow from the well provided only a small fraction of the
production capacity, implying that the failure was not total.

• Unspecified problems relating to communication between the formation and the
annular space are also reported, but it is unclear if this was a contributing factor.
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When it comes to the barrier failures that contributed to the loss of life during
evacuation and rescue operations, the following are mentioned in the report:

• Both survival crafts apparently capsized due to the inadvertent opening of
hatches and/or unrestricted personnel movement inside them.

• A lack of training apparently caused unsafe behaviour by personnel inside the
crafts, involving opening hatches and abandoning the survival crafts altogether,
at least temporarily.

• Management and organisational errors relating to planning emergency responses
and managing emergency responses overall and locally inside the survival crafts
caused personnel to behave in an unsafe manner during the emergency response
phase.

The following is a summary of barrier performance:

HL1. Barrier function designed to maintain integrity of the well system: Failure
HL2. Barrier function designed to prevent ignition: Success
HL3. Barrier function designed to reduce cloud and spill size: Failure
HL4. Barrier function designed to prevent escalation: Failure
HL5. Barrier function designed to prevent fatalities: Success

4.10.3 Lessons Learned for Design

The main lesson learned for design relates to the improvement of the SSSV,
referred to as the ‘storm valve’. The reliability and availability of such valves is
important. The corresponding valve in the UK and Norwegian sectors is usually
called the surface controlled subsurface isolation valve. It is more than 20 years
since these valves were in focus in order to improve their reliability and avail-
ability significantly.

Further, it seems that no emergency power was available due to hydrocarbons
in the atmosphere, as it would be in the northwest European waters.

4.10.4 Lessons Learned for Operation

The root cause analysis performed by Batelle (2008) identified a number of root
causes addressing operational issues, and made a number of recommendations
relating to these issues.

A number of lessons address those learned from the Alexander Kielland acci-
dent (see Sect. 4.20). The following summarises the recommendations from the
root cause analysis:
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• Site surveys need to be regularly updated, if seafloor operations are performed
or seabed is unstable.

• Risk assessment should be carried out for the placement of jack-up rigs if
changes have severe effects.

• Emergency response plans need to address the specific risk to the rig and the
platform when relevant, such as when a loss of well control occurs in severe
weather conditions.

• Living quarters should be well protected in order to be able to serve as a ‘safe
area’ during an emergency, as in the North Sea.

• It seems that no survival training was given to offshore personnel in order to
give all platform and contractor personnel training in survival practices.

4.11 Montara Blowout

4.11.1 Event Sequence

The Montara blowout of the H1 well occurred on 21st August, 2009 on the
Montara wellhead platform, 250 km off the northwest coast of Australia. The
operator was PTT Exploration and Production Public Company Limited (PTTEP).
Drilling operations were carried out from the jack-up platform West Atlas, oper-
ated by Seadrill AS. The blowout was not stopped until 3rd November 2009 by
drilling one relief well. A comprehensive investigation report was issued, which is
the main source of the present summary (Commission of Inquiry 2010).

Once the blowout had occurred, and the crew realised that they did not have
time skid the derrick (with BOP) back over the rig, all personnel were promptly
evacuated, thus without injury to anybody. This was the proper action, considering
the risk of ignition. In fact, the blowout did not ignite until just a few days prior to
stopping, on 1st November. The source of ignition is unknown, but it happened
during a period when the relief well was circulated with seawater, because no
drilling mud was available.

The drilling of the relief well started on 14th September, having to be made
from a position over 2 km from the Montara platform due to the gas cloud
explosion hazard. Drilling took 22 days, and was completed on 6th October, but
the actual killing operations took about four weeks, because five killing attempts
were needed before successfully killing the well. Owing to restrictions on the
location of the jack-up rig drilling the relief well, the angles available for the
interception of wellbores were very unfavourable, and this caused the need to
make repetitive attempts. The calculation of the amount spilled is uncertain, but
the mass of oil spilled into the sea is given as 4,000–30,000 tons.
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4.11.2 Barrier Performance

The main barrier performance issues were well related, as no injuries occurred as a
result of the blowout. The performance of the barriers was, however, far from
satisfactory. The following are the main barrier failures:

• The 93/800 cemented casing shoe had not been pressure-tested in accordance with
the company’s procedures despite having had many problems with the shoe
cementing. However, personnel did not realise what the problems were, despite
having been shown in the daily drilling report. The Inquiry states that the
problems were not complicated or unsolvable, and the potential remedies were
well known and not costly.

• Two secondary barriers were programmed for installation, but only one was
ever installed. The 95/800 pressure-containing anti-corrosion cap (PCCC) was not
tested, and in fact not even in accordance with good oilfield practice, as these
caps are never intended to be a proper barrier.

• Key PTTEP personnel onboard were under the impression that the fluid inside
the casing was overbalanced to pore pressure and would therefore act as an
additional barrier (even though the fluid was not monitored and overbalanced
significantly to pore pressure in accordance with good practice in order to be
regarded as a proper barrier).

• These failures persisted over several months in 2009, while drilling Well H1
was suspended from April until August

• When West Atlas returned in August 2009, it was discovered that the 133/800

PCCC had never been installed, which had resulted in the corrosion of the
threads of the 133/800 casing and this, in turn, led to the removal of the 95/800

PCCC in order to clean the threads. This was viewed by key personnel as a mere
change of sequence that simply involved bringing forward the time of the
removal of the 95/800 PCCC, and a positive decision was made not to reinstall the
95/800 PCCC. This meant that the H1 Well would have been exposed to the air
without any secondary well control barrier in place for some 4–5 days, with sole
reliance on an untested primary barrier (the cemented 95/800 casing shoe) that had
been the subject of significant problems during its installation.

• After the 95/800 PCCC had been removed, the H1 Well was left in an unprotected
state (and relying on an untested primary barrier) while the rig proceeded to
complete other planned activities as part of batch drilling operations at the
Montara WHP. The blowout in the H1 Well occurred 15 h later.

The following is a summary of barrier performance:

HL1. Barrier function designed to maintain the integrity of the well system: Failure (multiple)
HL2. Barrier function designed to prevent ignition: Success
HL3. Barrier function designed to reduce cloud and spill size: Not relevant
HL4. Barrier function designed to prevent escalation: Success
HL5. Barrier function designed to prevent fatalities: Success
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4.11.3 Lessons Learned for Well Drilling

There are clear similarities between the Montara accident and the Macondo
accidents (see Chap. 5). The Petroleum Safety Authority in Norway has also
issued a report (PSA 2011) on the follow-up of recent accidents, where Macondo
and Montara are covered together. Failing to utilise common well barriers
according to established practice is a common element. Some of the lessons
identified by the Inquiry Commission are:

• Management plan for H1 well drilling was in adequate.
• Senior personnel had insufficient experience of batch drilling.
• Steering documentation was partly ambiguous, and this was manifested in dif-

ferent personnel making different interpretations of the steering documentation.
• Inadequate understanding of the procedures by the personnel on the rig.
• Management personnel offshore and onshore failed to make important decisions

based on the sequence of events.
• Defective recording and documenting of the interactions between onshore and

the rig.
• Defective communication between PTTEP and the rig operator on the West

Atlas rig.
• The investigation by the Commission revealed that the culture in PTTEP was to

cut corners and ‘get the job done’, without proper hazard identification and risk
assessment.

• The interactions between the company and regulator had also become too
comfortable.

The Commission states that ‘‘the blowout was not a reflection of one unfor-
tunate incident, or of bad luck. What happened with the H1 Well was an accident
waiting to happen; the company’s systems and processes were so deficient and its
key personnel so lacking in basic competence, that the blowout can properly be
said to have been an event waiting to occur. Indeed, during the course of its public
hearing, the Inquiry discovered that not one of the five Montara wells currently
complies with the company’s well construction standards.’’

4.12 Gullfaks C Well Incident

The severe well kick on Gullfaks C on 19th May 2010 occurred less than one
month after the Macondo blowout, and received a lot of attention due to this, but
not the least because it was seen to demonstrate that the operator had not learned
the necessary lessons after the Snorre Alpha subsea blowout in 2004 (see
Sect. 4.9). Statoil investigated the incident (Statoil 2010), and was required to
commission a study of the failure to learn from previous events (Austnes-Un-
derhaug 2011), both of these report form the basis for the following summary.
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4.12.1 Event Sequence

Well 34/10-C-06 on Gullfaks C was drilled in managed pressure drilling mode to a
total depth of 4,800 m. During the final circulation and reservoir section hole
cleaning on 19th May 2010, a hole occurred in the 133/800 casing, with subsequent
loss of drilling mud to the formation. The casing was a common well barrier
element, and the hole in the casing implied loss of both well barriers. Loss of back
pressure lead to influx from the exposed reservoirs into the well, until solids or
cuttings packed off the well by the 95/800 liner shoe. The pack-off limited further
influx of hydrocarbons into the well.

Both the crew on the platform and the onshore organisation were struggling to
understand and handle the complex situation during the first 24 h. The well control
operation continued for almost two months before the well barriers were
reinstated.

The incident caused a gas release on the platform; the production on the
platform was shut down for almost two months.

4.12.2 Barrier Performance

The hole in the 133/800 casing and thereby the loss of a common well barrier
element was caused by insufficient technical integrity of the casing. Another cause
that allowed a leakage in the 133/800 casing to develop into a hole, was lack of
monitoring and follow-up of the pressure in the annulus outside the 133/800 casing.
This pressure had increased during the weeks before the incident, but the increase
was not noticed.

A contributing cause to the difficulties in handling the subsequent well control
situation was that the managed pressure drilling operation was carried out with
insufficient margin between the pore and fracture pressures.

The risk assessment carried out in the planning phase was insufficient, and
resulted erroneously in accepting the use of 133/800 casing with insufficient tech-
nical integrity, and the lacking follow-up and monitoring of pressure in the annulus
outside the casing.

There was further inadequate evaluation of risk during the execution of the
managed pressure drilling operations, as well as insufficient transfer of experience
relating to pressure control during managed pressure drilling from similar opera-
tions in Well C-01 in 2009.

The following is a summary of barrier performance:
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HL1. Barrier function designed to maintain integrity of the well system: Failure
HL2. Barrier function designed to prevent ignition: Success
HL3. Barrier function designed to reduce cloud and spill size: Not relevant
HL4. Barrier function designed to prevent escalation: Success
HL5. Barrier function designed to prevent fatalities: Success

4.12.3 Lessons Learned for Well Operations

The following are the main observations from the study commissioned by Statoil
of the causes of failure to learn from previous events (Austnes-Underhaug 2011) as
mentioned above.

Statoil and the petroleum division of Norsk Hydro were merged from 2007,
with two very different documentation systems and management cultures. The
resulting documentation system was to large extent Statoil’s procedures imple-
mented into the previous administrative system from Norsk Hydro, which prob-
ably has created quite some confusion, and may have been one of the contributing
causes of many silent deviations.

A complete management reshuffling in the spring of 2009 completely changed
out the local management on Gullfaks C, and an experience transfer loss was
created. The attitude on board is stated to have been to loyal, with insufficient
critical evaluation and challenges of management. Risk evaluations were inade-
quate, and often unsystematic and undocumented.

The inability to learn across the organisation is partly explained by the failure to
empower the formal management in the organisation, too much power has been
retained in the informal leadership. This is probably an area where the two cultures
prior to the merger were distinctly different. The procedures for learning from
investigations are considered to be inadequate.

It was found that the top management had too high belief in the excellence of
their steering documentation, and that incidents and accidents to a large extent
were seen as failure of the organisation to follow the ‘perfect’ system, combined
with too little openness in the organisation for identification of improvement
potentials.

4.13 Frade Underground Blowout

The source of the text in this section is the investigation by Agencia Nacional de
Petroleo, Gas Naturale e Biocombustiveis (ANP 2012).
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4.13.1 Event Sequence

On 7th November 2011, Chevron Brazil Upstream Frade Ltda. took a kick as it
reached the upper section of reservoir N560 in a sidetrack well. The reservoir was
over-pressured due to the injection of water by the operator itself of the Frade field,
which had been in production since 2009. The well was drilled from the second-
generation semi-submersible mobile drilling unit, Sedco 706, built in 1976 and
operated by Transocean. The water depth at the site was 1,184 m.

The BOP was activated upon kick detection. There were subsequently several
indications that an underground blowout had resulted, but Chevron did not rec-
ognise any of these indications. A sheen on the sea surface seen from the Roncador
field which was immediately to the east of the Frade field, was one such indication.

Chevron conducted three unsuccessful attempts to kill the well on 8th
November, followed by three attempts to bullhead into the live well. The circu-
lation after the third bullhead attempt on 9th November showed traces of oil in the
return, indicating that the well was still flowing.

Wild Well Control Inc. was contacted by Chevron on 10th November, and
arrived in Chevron offices on 12th November. They arrived offshore on the day
after, and immediately initiated a dynamic kill procedure, followed by a new log
that indicated that the influx from the well had been stopped.

No one was injured during these operations. The spill was calculated to be
3,700 bbls, corresponding to around 500 tons, and was as such a relatively small
spill. The potential flow of an underground blowout may however be indicated by
the 2/4–14 underground blowout in the Norwegian North Sea in January 1989 (see
Sect. 4.7).

4.13.2 Barrier Performance

Chevron made several errors while planning and carrying out well operations, as
discussed in Sect. 4.13.3. Several of these errors are similar to those made when
drilling the Macondo well in 2010. The following is a summary of barrier
performance:

HL1. Barrier function designed to maintain the integrity of the well system: Failure
HL2. Barrier function designed to prevent ignition: Success
HL3. Barrier function designed to reduce cloud and spill size: Success
HL4. Barrier function designed to prevent escalation: Success
HL5. Barrier function designed to prevent fatalities: Success
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4.13.3 Lessons Learned for Well Operations

The local geology and fluid dynamics were not interpreted correctly in spite of
drilling 62 wells in the block in question. The main problem seems to have been
calculating the effect of the water injection. A too low mud weight was calculated
in spite of the calculations performed by Chevron, which gave the correct range.

The test results from drilling other wells were disregarded when planning the
new well. If correct data had been used, the well could not have been planned the
way it was, and the kick would not have occurred.

The uncertainty involved in planning the well program reflected a development
well, not an appraisal well as it was. Thus, several errors or flawed interpretations
were made during the well planning phase. These errors and flawed interpretations
made it possible for the kick to occur.

The risk analysis of well drilling in accordance with Brazilian regulations and
internal procedures was not carried out properly, similar to several other recent
incidents and accidents relating to well problems.

Errors or flawed interpretations were also made during the execution of the well
programme. These point to a lack of the systematic management of changes during
the execution of the well programme. In fact, this was a common root cause with
the Macondo accident (see Chap. 5). It was detected that the last cement plug was
set 175 m below the required depth, but the effects of this failure were never
considered. This error opened up the possibility for the underground blowout to
occur.

The setting of the 133/800 casing shoe only 600 m below the seabed increased
the risk of an underground blowout with the weakness of the formation below the
casing shoe. The casing design thus lacked the expected robustness that could have
prevented the underground blowout.

It also took the crew two days to realise that they had suffered an underground
blowout in spite of different indications that all pointed in the same direction. It
seems that the operator took a long time to take the underground blowout seri-
ously, trying for some time to ignore the severity of the situation.

The attempts by the operator to control the well were significantly inadequate
for the actual well situation. The well was not controlled until the Wild Well
Control people arrived on the rig. It thus took six days to kill the blowout, which
could have been stopped in less than half the time with proactive interpretations
and the immediate calling in of Wild Well Control.

4.14 Brent A Explosion

The description of this incident is based on the Preventor Report (Vinnem 1998).
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4.14.1 Event Sequence

A gas leak from a ruptured flange gasket in the gas compression module occurred
on the steel jacket production platform Brent Alpha on 5th July 1988. Within a few
seconds an ignition occurred, causing an explosion that blew off lightweight
cladding on two walls, and moved a door in a fire wall more than 30 m. Two
persons were injured in the explosion, but not seriously. A relatively short duration
fire followed, but this caused only limited and superficial damage. The accident
was over in less than an hour.

A thorough investigation by the operating company revealed that the deluge
system had been activated by the gas leak, probably by the smoke detectors. It was
further concluded that the most likely ignition source was deluge water ingress into
a light fitting, which was no longer explosion ‘proof’ thus allowing a short circuit
and a spark.

The maximum overpressure was back calculated to be in the range 0.3–0.4 bar.
Today’s knowledge implies that the overpressure may have been reduced some-
what by the deluge, but with the relatively small size of the module, this effect
would probably not have been large. The subsequent fire lasted for only about
45 min, with not very extensive damage to the gas compression module.

4.14.2 Barrier Performance

There are several barrier failures that were demonstrated by this event:

• Loss of containment occurred from a ruptured flange. It is not known why this
flange ruptured.

• The barrier to prevent ignition also failed, probably through failure of Ex-rated
equipment. This ignition is actually one of the few in the North Sea where
equipment failure is relatively certain to have caused ignition. It is not known
why the equipment failed, but it would appear to be reduced reliability of the Ex
protection.

The following barriers performed successfully in the gas leak event on Brent
Alpha:

• The barrier function to limit the amount of released hydrocarbons performed
successfully.

• The barrier function to prevent escalation of explosion and fire performed
successfully.

• The barrier function to prevent fatalities performed successfully.

The incident started in a similar way to the Piper Alpha accident (see
Sect. 4.15). A comparison of barrier performance in the two events is presented in
Sect. 8.1.1. The following is a summary of barrier performance:
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HL1. Barrier function designed to maintain the integrity of the process system: Failure
HL2. Barrier function designed to prevent ignition: Failure
HL3. Barrier function designed to reduce cloud and spill size: Success
HL4. Barrier function designed to prevent escalation: Success
HL5. Barrier function designed to prevent fatalities: Success

4.14.3 Lessons Learned for Design

The following lessons may be drawn for design purposes from this event:

• There is an important observation to be made about the platform layout. On
Brent Alpha the gas compression module was on top of the platform, furthest
away from the accommodation, with the least chance of leading to escalation to
neighbour areas.

• The heavy door thrown over 30 m demonstrates the escalation potential.
Imagine the same door with the same force deep down in the gas compression
module of Piper Alpha, and ruptured pipes are not at all unrealistic (see
description in Sect. 4.15.1).

• The damage during both the initial explosion and the subsequent fire was
considerably more limited than would have been expected.

4.14.4 Lessons Learned for Operation

This incident started in a surprisingly similar way to the events on Piper Alpha the
following day, but with a dramatically different result! (See also Sect. 7.1.1.) It
was therefore considered to be an interesting incident to include in this overview.
Some of the lessons that may be learned from this incident with respect to risk
analysis are the following:

• The importance of the availability of fire water to cool the facilities and prevent
escalation is probably the most important lesson.

• The deluge system was shown to have both positive and negative effects. As
noted above, it has been assumed to be the cause of ignition, but may also have
marginally reduced the maximum overpressure from the explosion. It was
definitely useful in cooling equipment and limiting the damage.

• One of the two injured persons was actually running towards the scene of the
leak to isolate it, when the ignition occurred. Experience from offshore opera-
tions indicates that this is quite common behaviour, in spite of company policy
which requires personnel to go directly to the shelter area or muster stations. On
the other hand, process operators are often quite keen to establish whether a gas
alarm is real (‘confirmed’) or false, which makes the behaviour seen in this case
more expected than unexpected.
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4.15 Piper A Explosion and Fire

4.15.1 Event Sequence

This accident is well known and well documented through the investigation
conducted by Lord Cullen (1990), and just a brief summary is presented in the
following.

A gas leak from a blind flange in the gas compression area occurred just before
22.00 on 6th July 1988, and was ignited within few seconds. The explosion load
has been back calculated to be in the range 0.3–0.4 bar overpressure. The initial
blast caused a subsequent oil fire due to the escalation. No fire water cooling was,
however, available because all the fire pumps were in manual standby mode due to
the ongoing diving activities. Thus further escalation could not be stopped. The
first gas riser rupture occurred after some 20 min, from which the fire was very
dramatically increased, being initially fed by probably a few tons of gas per
second. Further riser ruptures occurred subsequently.

The personnel, most of whom appear to have survived the initial explosion,
gathered in the accommodation, but were not given further instructions about
escape and evacuation other than to wait. Both the onboard and the external
communications were severely impaired when the radio room had to be abandoned
during the initial stages of the accident. Previous emergency training of personnel
had left them with the expectation that evacuation would be by helicopters, which
was completely impossible in view of the fire and the smoke around the platform.

In total, 166 of the Piper Alpha crew died in the incident including one who
later died in hospital from severe injuries. Most of the fatalities are believed to
have occurred due to smoke inhalation inside the accommodation, and were still in
the accommodation when it collapsed into the sea approximately 1 h after the
initial incident. Most of the 63 survivors jumped from the platform into the sea and
were rescued by other vessels, including the fast rescue craft (FRC) launched from
rescue vessels. In fact two crew members in one of these FRCs lost their lives
during attempts to rescue people from the sea close to the platform.

4.15.2 Barrier Performance

The extent of barrier failures was very considerable in the Piper Alpha accident;
below follows a brief summary:

• The leak was caused by repeated attempts to start a compressor that had been
taken out of service to undergo maintenance, the crew not knowing that the
downstream piping had been isolated. This occurred as the Permit To Work
(PTW) system had failed, and the crucial information had not been shared with
installation management.
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• The barrier function to prevent ignition also failed, it is unknown what caused
the ignition of the leak.

• The barrier functions to avoid escalation due to explosion and fire failed to limit
the consequences. It should be noted that no fire water whatsoever was avail-
able, due to all pumps being in manual standby mode. This was a precaution
taken due to divers in the water, but the divers were not diving near to water
inlets, and the pumps could have been switched back to automatic standby.

• The barrier function to prevent fatalities through escape and evacuation failed
extensively.

Some of the barrier failures occurred due to them being insufficiently robust. On
the other hand, when large unprotected pipes are subjected to impinging fire loads
for extensive periods, no pipe can withstand this. The failures actually occurred
during the design of unprotected pipes, and were repeated, at later stages, when the
company management commissioned studies that pinpointed the vulnerability of
the pipes, but management failed to take action to rectify the situation. It is quite
likely that the complete absence of fire water severely accelerated what some
media called the ‘spiral to disaster’. There were few barriers that worked in the
Piper Alpha accident, but some did:

• The barrier function to isolate the leak and limit the source of fuel worked
initially, when the segment was isolated by ESD valves. Later however, this
barrier also failed, due to escalation.

Figure 4.2 presents a simple sketch that illustrates some of the problems with
the layout of the Piper Alpha platform, compared to a layout that gives much better
protection of the accommodation and other safety critical equipment. The layout of
the Piper Alpha platform is indicated on the left-hand side of the sketch, with the
Central Control Room (CCR) close to gas compression, and accommodation also
close to (and above) gas compression.
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Fig. 4.2 Comparison of installation layouts, with little and extensive protection of
accommodation
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The layout to the right has a utility module as a buffer between gas compression
and safety critical equipment (such as emergency power and fire water supply).
These systems provide a further buffer for the accommodation, which is also low
on the installation.

4.15.3 Lessons Learned for Design

The official report (Lord Cullen 1990) presents a very extensive list of findings and
recommendations. Some of these are related to design, of which the most
important findings are:

• The layout of main areas onboard Piper Alpha was a significant contributor to
the accident, in the sense that the central control room, radio room, and
accommodation were quite close to the gas compression area and were not
protected by fire and blast barriers.

• The failure to protect against escalation of effects of explosion and fire was a
severe failure, as already mentioned above.

• The location of the accommodation on top of the installation was a significant
cause of smoke accumulation inside the quarters. If the accommodation had
been on a low level, it would have avoided filling up with smoke so fast, and
would have provided better access possibilities to the lifeboat stations, at least in
the initial stages of the accident.

4.15.4 Lessons Learned for Operation

This summary, based on Lord Cullen (1990), is intended to be brief, and con-
centrates only on the findings that are considered important in an analytical
context.

• The most obvious finding is the criticality of the oil fire when water for cooling
purposes was not available. The failure to keep the fire water pumps on auto-
matic standby for as long a time as possible was a severe failure of the instal-
lation management.

• The expectation that many offshore employees still have, that emergency
evacuation is realistic by means of helicopters, is a considerable problem. If we
disregard the effect of smoke from the accident, and assume (!) that helicopters
could still land after the first gas riser rupture, then by the time the accommo-
dation module collapsed into the sea, there could still have been perhaps 90–100
people waiting for a helicopter seat. This is even more serious when it is realised
that the helicopter would only have needed to ferry people to the mobile
emergency unit just a couple of 100 m away. In most other cases the flight time
to the nearest installation might easily be 10–15 min or more.
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• The Permit to Work system onboard was apparently failing severely. In fact the
operator’s HES management system received severe criticism.

• Nevertheless, quite a substantial number of people were saved by jumping into
the sea, and being rescued from the water. This experience is similar to that from
the Alexander Kielland accident (see Sect. 4.20.1) although in the Piper Alpha
incident the temperature of the water was higher due to the summer season.
Probably the temperature of the water was not a problem for those who jumped,
as radiation from the fire was probably a more than sufficient heat source.

The following is a summary of barrier performance:

HL1. Barrier function designed to maintain the integrity of the process system: Failure
HL2. Barrier function designed to prevent ignition: Failure
HL3. Barrier function designed to reduce cloud and spill size: Failure
HL4. Barrier function designed to prevent escalation: Failure
HL5. Barrier function designed to prevent fatalities: Failure

4.16 Ekofisk A Riser Rupture

4.16.1 Event Sequence

The test riser on the steel jacket wellhead platform Ekofisk Alpha ruptured due to
fatigue failure on 1st November 1975, a few months after operations started. The
failure occurred, it was subsequently discovered, due to insufficient attention to
corrosion protection in the splash zone, thereby allowing rapid corrosion to occur.

The leak occurred immediately below the platform living quarter, causing an
explosion followed by fire. The intense fire had a relatively short duration
(25 min), as the flow of gas from the riser was immediately shut down on the
Ekofisk Centre. The fire was completely extinguished after 2 h.

One life saving capsule with only six men in it, was inadvertently released from
the hook at full height, probably due to panic. Three of those inside perished, the
others were injured. The evacuation of the rest of the crew (65 persons) was
accomplished in a safe and orderly manner, in virtually calm conditions and no
waves.

There was only minor fire damage to the platform, although a section of the
riser obviously needed to be replaced. The most extensive damage to the platform
was caused by the fire water impact, due to the high pressure monitors on the
standby vessel.
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4.16.2 Barrier Performance

The barrier failures that contributed to this accident are the following:

• The rapid loss of integrity of the riser due to severe corrosion. During instal-
lation work, the riser had been damaged by a vessel and dented. A section of the
riser in the splash zone was therefore removed and replaced with new pipe. The
corrosion protection provided on this part of the riser was very superficial, and
the corrosion speed was quite severe when production started, also due to the
increased temperature of the hydrocarbons. The reliability of the corrosion
protection was obviously far from sufficient.

• The barrier function to prevent ignition also failed, although the ignition source
was unknown. It could be noted that the gas cloud was around the platform, and
it is not unlikely that the ignition was in unclassified areas, such as by the flare.
As such, there may not have been any failure involved in the occurrence.

• The barrier function to protect personnel had a partial failure, when the capsule
severely injured personnel due to a free fall of more than 20 m to sea level. The
robustness of the evacuation system was not sufficient.

The following barriers performed successfully in the riser rupture and sub-
sequent gas explosion and fire on Ekofisk A:

• The barrier function to limit the amount of hydrocarbons released through
isolation of streams performed successfully. This included shutting off the
possible backflow from the Ekofisk complex, through isolation of the particular
pipeline. The distance and the pipeline length are short, around 1 km, which also
limited the hydrocarbon reservoir.

• The barrier function to limit escalation of explosion and fire performed suc-
cessfully. It is noted that external fire fighting by means of a standby vessel also
performed well.

The following is a summary of barrier performance:

HL1. Barrier function designed to maintain the integrity of the process system: Failure
HL2. Barrier function designed to prevent ignition: Failure
HL3. Barrier function designed to reduce cloud and spill size: Success
HL4. Barrier function designed to prevent escalation: Success
HL5. Barrier function designed to prevent fatalities: Partial failure

4.16.3 Lessons Learned for Design

There was no official investigation of this accident, and the findings were only
reported in internal documents. This was the first major accident in the Norwegian
offshore operations, and routines were probably not well established. The fol-
lowing lessons may be concluded:
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• The location of the riser immediately below the accommodation was demon-
strated as a critical issue. The fire exposed the living quarters immediately,
requiring rapid emergency evacuation. This may have contributed to the panic,
and the failure to lower the capsule in an orderly and safe manner.

4.16.4 Lessons Learned for Operation

In respect to the analysis of major hazards, the following lessons may be learned:

• Panic was present among the crew members during the emergency evacuation.
It should, however, be realised that evacuation training and exercises have
improved considerably since the time of this accident.

• The evacuation of the remaining 65 persons was successful with one capsule and
one work boat in good weather conditions.

• Neither injuries nor fatalities were caused due to the explosion and fire.
• The platform only suffered limited fire damage due to the short duration of the

intensive fire loads.

4.17 Jotun Pipeline Rupture

The description of this accident is based on a summary of the investigation report
published by PSA (2005a).

4.17.1 Event Sequence

At 11:20 h on Friday, 20th August 2004, a pressure drop in the gas export pipeline
from the FPSO Jotun A was noticed as a consequence of a rupture in the pipeline
about 10 km from Jotun A. This is close to where the Jotun gas export line had
been ‘hot tapped’ into the Statpipe gas line. The gas flowed into the sea and
reached the surface.

Actually, it was later discovered that two ruptures had occurred, the second
rupture as a consequence of sweeping motions of the pipe end resulting from the
first rupture. Both pipe ends were deformed during the incident, and as such
severely restricted the flow from the pipeline. It was later calculated that the flow
had been 0.6 MSm3/d, whereas the theoretical maximum with 6 inch full opening
would be about 50 MSm3/d.

25 min after the first pressure drop, automatic shutdown of valves on the Jotun
leg of the pipeline occurred, due to extensive pressure drop in the line. Gas bubbles
on the surface around the ‘hot tap’ area were observed by a vessel around 14:00 h.
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Production from Jotun was stopped in a controlled manner around 20 min later.
The continued gas leak was fed from the Statpipe line, since gas export from Jotun
was stopped 2.5 h earlier.

The resources required to close the leak by shutting valves using a Remote
Operated Vehicle (ROV) were made available some 20 h after the occurrence of
the leak. Calculations had to be made in relation to gas concentration in the gas
plume in the sea and the atmosphere immediately above, in order to ensure that no
ignition hazard was present. Almost exactly 24 h after the initial leak, an ROV was
launched. The attempt to close the valves failed due to lack of the required
resources.

A new vessel arrived the next morning with all required tools and resources,
and the two valves were closed at 10:00 and 10:30 h on the morning of 22nd
August. The actual safety and environmental consequences of the incident were
limited, although the incident had the potential for significant safety consequences.

The consequence of the event was a gas volume released to atmosphere, equal
to 1.3 million Sm3. The direct repair cost was about 150 million NOK, in addition
to which was the lost revenue from shut down of gas transport until the repair was
completed. The environmental effects were limited, including the flaring of gas
and CO2 production for some hours.

No vessel was present in the area when the rupture occurred. If a vessel had
been right on top of the plume, an ignition could have occurred. Loss of buoyancy
would have been unlikely.

4.17.2 Barrier Performance

The only barrier failure in the present case was the failure of containment i.e., the
pipeline ruptures. The rupture was probably caused by repeated (at least two)
impacts by fishing trawl on a particular flange, during the three years prior to the
event. The flange had not been covered by rock dumping during installation, but
this was not recorded by the operator. This was not recorded as a result of the
visual inspection in 2001. Annual inspections had been suspended after the 2001
inspections, and the next inspection was scheduled for 2006.

There are no restrictions on fishing activity around the ‘hot tap’ area, all
installations should be compatible with fishing activity, including trawling. For a
similar flange near to the affected flange, a risk assessment during installation had
concluded that it was not a problem that the flange was unprotected against fishing
gear.

The barriers to isolate the leak and shut in the wells (Jotun B) all performed
successfully. No other barriers were involved, due to the location of the leak far
away from the installation. The following is a summary of barrier performance:
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HL1. Barrier function designed to maintain the integrity of the process system: Failure
HL2. Barrier function designed to prevent ignition: Not applicable
HL3. Barrier function designed to reduce cloud and spill size: Not applicable
HL4. Barrier function designed to prevent escalation: Not applicable
HL5. Barrier function designed to prevent fatalities: Not applicable

4.17.3 Lessons Learned for Design

The lesson learned for design is the need to protect subsea installations against
impact from fishing gear. It was noted in the present case that a similar flange on
the pipeline had intentionally been designed without protection from rock filling or
similar, and a risk assessment had concluded that protection was not required. This
accident probably indicates that the conclusion from the assessment was incorrect.

4.17.4 Lessons Learned for Operation

There are no particular lessons for operation of installations from this event. It
could be noted though that there was considerable uncertainty in the emergency
management team whether the ROV vessel could safely manoeuvre freely within
the gas plume and the gas cloud without any ignition hazard.

4.18 Mumbai High North Riser Rupture

4.18.1 Event Sequence

The production complex Mumbai High North (previously Bombay High North)
located 160 km west of the Mumbai coast, consists of four bridge linked
installations:

• Wellhead platform (1976)
• Processing platform (1981)
• Additional processing platform (recent)
• Accommodation platform (1978)

Wellstreams are received from several normally unmanned wellhead platforms,
and oil is exported to shore by pipeline, after processing.

The accident occurred on 27th July 2005 in the monsoon season. A jack-up was
positioned over the wellhead platform for drilling purposes. A cook sliced off the
tips of two fingers onboard a multi service vessel (MSV) working elsewhere in the

134 4 Lessons from Major Accidents



field. Helicopters were unavailable due to weather conditions, and the injured
person was due to be transferred to the complex by crane.

While approaching the processing platform on the windward side (leeward side
crane not working), the MSV experienced problems with its computer-assisted
azimuth thrusters. The MSV was brought in stern-first under manual control and
the injured person was transferred off the MSV.

Strong swells pushed the MSV towards the platform (around 16:05), causing
the helideck at the rear of the vessel to strike and sever one or more gas export
risers on the jacket, causing a leak that ignited after a short time. The fire escalated
to more risers due to the close distance and lack of fire protection.

The subsequent fire engulfed the processing and accommodation platforms,
causing the total destruction of the latter. Further, the MSV was engulfed by fire,
and the wellhead and jack-up platforms received high heat loads.

Altogether, 22 people were lost (11 bodies recovered, 11 missing) and 362 were
rescued over a 15 h period. The fire significantly affected rescue efforts, with only
two out of the eight complex lifeboats able to be launched, and only one out of 10
liferafts. Similarly, only half of the jack-up’s rescue craft could be launched. As
said, rescue helicopters were unavailable due to weather conditions. Six divers in
saturation chamber on the vessel were rescued 36 h later. The MSV sunk four days
afterwards.

As an additional comment about this accident, one is reminded of the proverbial
rhyme ‘‘For Want of a Nail’’:

For want of a nail the shoe was lost.
For want of a shoe the horse was lost.
For want of a horse the rider was lost.
For want of a rider the message was lost.
For want of a message the battle was lost.
For want of a battle the kingdom was lost.
And all for the want of a horseshoe nail.

This should not be interpreted such that the fingers of a cook are not important,
but rather that the unavailability of the leeward side crane is the actual cause of the
accident.

4.18.2 Barrier Performance

The barrier failures that contributed to this accident include the following:

• Protection of risers was inadequate to prevent loss of integrity due to vessel
impact.

• Rupture of risers downstream of platform located isolation valves implied that
inventory could not be minimised.
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• The barrier function to prevent ignition also failed, although the ignition source
was unknown. The mechanical impact by the vessel is a likely ignition source,
but it remains impossible to verify.

• Separation of risers was such that the barrier function to prevent escalation did
not function.

• The barrier function to protect personnel had a partial failure, when the majority
of lifeboats, rafts and capsules could not be launched. Still 362 out of 384 were
rescued.

The following is a summary of barrier performance:

HL1. Barrier function designed to maintain the integrity of the process system: Failure
HL2. Barrier function designed to prevent ignition: Failure
HL3. Barrier function designed to reduce cloud and spill size: Failure
HL4. Barrier function designed to prevent escalation: Failure
HL5. Barrier function designed to prevent fatalities: Partial failure

4.18.3 Lessons Learned for Design

No official investigation report is publically available, and thus information is
sought from various sources on the Internet. The lessons for design include the
following:

• The location of risers not sufficiently well protected within the jacket structure is
an obvious lesson which had catastrophic consequences.

• Even if risers were mounted on the outside of the structure, protective structures
and/or fender systems could have prevented the loss of containment.

• Subsea isolation valves are essential if riser rupture occurs.

4.18.4 Lessons Learned for Operation

There are also very important lessons to be learned for operations including vessel
management:

• In the case of severe weather conditions, vessel management needs to be pro-
active in order to avoid contact between vessel and structure

• The nature of the risk assessment process, which allowed a vessel with thruster
problems to come in on the windward side during strong winds and heavy swell.
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4.19 Deep Sea Driller Capsize

The description of this accident is based on a report on evacuation means (NPD
1998) as well as a newspaper article in 2004 (Borrevik and Horve 2004).

4.19.1 Event Sequence

The rig was in transit from the offshore location to a yard on the Norwegian West
coast (Fedje, outside Bergen), and was escorted by two vessels; a supply vessel
and a converted fishing vessel, which did not have sufficient towing power. When
approaching the coast in the middle of the night, the weather increased to storm,
gusting at hurricane level, and the engines of the rig were insufficient to prevent
the rig drifting against the rocks. One engine was unavailable, and the rig owner
had declined the request for a pilot to manoeuvre the rig into the fjords.

Towing lines could not be transferred to the supply vessel, due to missing
equipment, several attempts to establish towing connection were unsuccessful, and
the rig grounded around 02:00 on 1st March 1976. Actually, the supply vessel got
too close to shore itself, and soon had its own problems.

The 50 men crew mustered on the helideck in order to await arrival of Search
and Rescue (SAR) helicopters, which never turned up. After waiting for a couple
of hours, the crew had to launch one of the enclosed lifeboats. The battery was
discharged (‘flat’), but the crew managed to start the engine manually. Due to the
darkness and the dangerous rocks, the manoeuvring of the boat was extremely
difficult, and seven persons had to sit on top of the harness in order to guide the
helmsman.

When the lifeboat grounded it overturned and the persons on top were thrown
into the sea. Of the seven on top of the boat, only one survived, the others were lost
in the sea.

Some 20–25 of crew were airlifted by helicopters that had arrived on the scene.
Others managed to jump ashore and climb out of the sea, when the lifeboat drifted
into sheltered waters. One man was taken by the waves, but managed later to grip a
rope from a helicopter and was lifted ashore.

The rig was salvaged after some two months aground, was declared ‘con-
structive total loss’ but was still repaired and has been operating under the name
‘‘Byford Dolphin’’ ever since.

4.19.2 Barrier Performance

This accident occurred very early in the petroleum operations in Norway, where
knowledge was substantially weaker than it is at present. Several barrier functions
and elements failed:
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• Failure to ensure that the installation had sufficient propulsion in order to
manoeuvre in transit close to the coast in extreme weather conditions.

• Failure to manoeuvre the installation in difficult coastal waters without a pilot in
charge.

• Failure to realise the extreme risk level involved in navigating the rig close to
the coast in extreme conditions.

• Failure to ensure that the installation had necessary equipment for emergency
tow assistance in critical conditions.

• Failure to prevent a large number of people being exposed to hazards during
tow.

For a long time it was considered an error of judgement that some people were
allowed to sit on top of the enclosed lifeboat, such that they would be thrown over
board when the boat capsized. After a long time, it was acknowledged that this was
critical in order to try to manoeuvre the boat clear of the rocks, and that these
people performed heroically.

Virtually all of the barriers that failed in the Deep Sea Driller accident were of
an organisational nature.

To some extent, it may be claimed that even though the conditions were
extremely difficult, the rescue operations of all but those who fell overboard were
successful, probably more due to luck, very skilled crew members in SAR heli-
copters and courageous efforts by volunteers from nearby communities. The fol-
lowing is a summary of barrier performance:

STR1. Barrier function designed to maintain structural integrity and marine
control:

Failure

STR2. Barrier function designed to prevent escalation of initiating failure: Failure
STR3. Barrier function designed to prevent total loss: Failure
STR4. Barrier function designed to prevent fatalities: Partial

failure

4.19.3 Lessons Learned for Design

The lessons learned from this accident were mainly related to operational aspects.
One lesson is that the propulsion capacity needs to be sufficient for manoeuvring
the installation in whatever waters it may be subjected to, and with sufficient
redundancy, such that it still will be seaworthy with one single failure, such as an
engine failing.

The Deep Sea Driller accident was the first instance that the vulnerability of
davit launched lifeboats for evacuation purposes was demonstrated. The lifeboat
launching was actually successful, but the vulnerability of this barrier element was
nevertheless demonstrated clearly.
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4.19.4 Lessons Learned for Operation

This accident was one of the first major accidents in Norwegian offshore opera-
tions, and a number of lessons were learned from this event. The most fundamental
experience was that mobile units in transit have a much higher risk level, com-
pared to on station offshore. Consequently, the manning level should be as low as
possible during transit, only the manning level needed for sailing and marine
operations.

4.20 Alexander L. Kielland Capsize

This accident was the first instance in the Norwegian offshore operations where an
official commission of enquiry was appointed to investigate a severe offshore
accident, resulting in the presentation of a very extensive report in 1981 (NOU
1981). Attention was mainly focused on the cause of the failure, but considerable
attention was also paid to the evacuation and rescue operations that had revealed
extensive shortcomings.

4.20.1 Event Sequence

The semi-submersible flotel Alexander L. Kielland capsized on 27th March 1980
while bridge connected to the steel jacket Ekofisk Edda platform. The flotel lost
one of its five legs (with buoyancy elements at the lower end) in severe gale force
winds, but not an extreme storm.

The accident started with one of the bracings breaking off due to fatigue,
thereby causing a succession of failures of all bracings attached to this leg. It was
discovered during the investigation that the weld of an instrument connection on
the bracing had contained cracks, which had probably been in existence since the
rig was built. The cracks had developed over time, and the remaining steel was less
than 50 %.

When the leg came loose, the rig almost immediately developed a severe
listing. Within 20 min of the initial failure it capsized completely, floating upside
down with just the bottom of the columns visible in the sea.

Both the escape and evacuation operations were far from orderly and had only
limited success. Only one lifeboat was in fact launched successfully, one was
totally unavailable due to the listing, and others were smashed against the platform
during launching in high waves. The final death toll was 123 fatalities and 89
survivors.
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Attention in the official enquiry report was mainly focused on the cause of the
failure of the leg, but considerable attention was also paid to the evacuation and
rescue operations that had revealed extensive shortcomings.

4.20.2 Barrier Performance

There were a number of severe barrier failures during this accident, which together
caused the extremely severe consequences:

• The barriers intended to maintain structural integrity of the installation failed
rapidly.

• The barrier function to provide stability in damaged condition in order to allow
safe evacuation failed. In fact the capacity of the stability barriers was not
intended to cover the conditions which prevailed.

• The barrier function to prevent fatalities failed severely. These failures probably
occurred due to lack of robustness in the prevailing conditions.

There were no barriers that operated successfully in this accident. This implies
that the following summary of barrier performance may be stated:

STR1. Barrier function designed to maintain structural integrity and marine control: Failure
STR2. Barrier function designed to prevent escalation of initiating failure: Failure
STR3. Barrier function designed to prevent total loss: Failure
STR4. Barrier function designed to prevent fatalities: Failure

4.20.3 Lessons Learned for Design

The following lessons emerged from the accident, and have applications for the
design of semi-submersible floating units:

• Cracks introduced during construction must be detected before the unit is
launched.

• When fatigue cracks might grow, means to detect such cracks before they grow
to a critical size must be implemented.

• If a floating unit develops severe listing, there should be a last barrier (i.e.
buoyancy volume or a righting force) in order to allow time for organised and
safe evacuation of personnel.

• Conventional lifeboats are not satisfactory in bad weather conditions. The
experience from this accident was the driving force behind the development of
free fall lifeboats for offshore applications.

• It was clearly demonstrated that the rapid and steep inclination angle makes
orderly escape and evacuation very difficult.
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4.20.4 Lessons Learned for Operation

The main lessons to be learned, from an analytical point of view, are as follows:

• It was realised that the rescue of survivors from lifeboats by traditional vessels
was impossible in bad weather conditions.

• The role and the capabilities of the standby vessel were questioned after the
accident, when it was realised that it took the vessel 1 h before it could attend
the scene of the accident.

4.21 Ocean Ranger Capsize

The basis for the description of this accident is the Canadian Investigation report
(Royal Commission 1984).

4.21.1 Event Sequence

The semi-submersible mobile drilling unit Ocean Ranger capsized on 15th Feb-
ruary 1982 off Newfoundland in Canadian waters. The ballast control room in one
of the columns had a window broken by wave impact in a severe storm. Short
circuits occurred in the ballast valve control systems, when seawater entered the
room, thereby starting spurious operations of the ballast valves.

The crew then had to revert to manual control, but were probably not well
trained in this, and did actually leave the valves in the open position for some time,
when it had been assumed that they were in the closed position. Correction of this
failure did not occur sufficiently soon to avoid an excessive heel angle. Due to this
excessive heel angle, the rig could not be brought back to a safe state, because only
one ballast pump room was provided in each pontoon, at one end. The heel angle
was such that the suction height soon exceeded the maximum of 10 m, and water
from the lowest tanks could not be removed.

The onshore based SAR helicopters could not assist due to the severe weather
conditions involving strong wind and low visibility. The rig therefore capsized and
sank before any assistance could be provided.

The personnel (84 men crew) apparently evacuated, probably to two lifeboats,
which at least were seaborn, although the exact state is not known, but only one
was sighted. One boat collided with the standby vessel during the transfer attempt
from the lifeboat onto the deck of the larger vessel. Within a short time the boat
started to drift away, and was never seen again. No survivors or bodies were ever
found.
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4.21.2 Barrier Failures

The following barriers failed in this accident:

• The ballast control system which is essential for control of the stability of
floating structures, failed in several ways:

– Remote control of the ballast system failed due to water ingress and short
circuits. This implies that the ballast control system did not have the required
robustness, mainly due to the location of the control room in a column.

– Manual control of ballast valves failed due to lack of competence and/or
knowledge.

• No reserve buoyancy had been provided in the design in order to give a last
barrier against capsize.

There were no barriers that performed successfully in this accident. The fol-
lowing is a summary of barrier performance:

STR1. Barrier function designed to maintain structural integrity and marine control: Failure
STR2. Barrier function designed to prevent escalation of initiating failure: Failure
STR3. Barrier function designed to prevent total loss: Failure
STR4. Barrier function designed to prevent fatalities: Failure

4.21.3 Lessons Learned for Design

There are a number of lessons that may be drawn from this accident which have
applicability for design:

• Ballast pumping needs system flexibility in order to enable rectification of
serious accidental conditions in unforeseen circumstances.

• Reserve buoyancy or similar functionality should be provided in deck as a last
barrier against capsize and sinking.

• Conventional lifeboats (whether one or two was used is unknown) could
apparently be launched even in bad weather conditions.

4.21.4 Lessons Learned for Operation

There are some very important lessons to be learned from this accident, not the
least regarding operational safety. The main lessons are the following:

• Competence and training are important in order to enable manual control when
automatic systems fail.
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• Rescue of people from lifeboats by traditional vessels was virtually impossible
in bad weather conditions, without special equipment.

4.22 Glomar Java Sea Capsize

The description of this accident is based on a report on evacuation means (NPD
1998).

4.22.1 Event Sequence

The 5930 GRT drill ship Glomar Java Sea capsized in a storm (tropical typhoon
‘Lex’) in the South China Sea on 25th October 1983. In fact, conditions reached 75
knots with 12 m wave height. It was later found resting upside down on the sea
floor in 96 m of water, 96 km south of Hainan Island. It was in its anchored
position over the well.

On 23rd October 1983 the drill ship prepared for the forecasted storm. The riser
was disconnected and pulled aboard the ship. The decision was taken not to move
the ship or evacuate the crew. Later the weather deteriorated to such an extent that
evacuation would be too dangerous to attempt.

At 20:00 on 25th October 1983, the ship reported rolling 20–30�. Some time
after 23:00, it heeled 15� to starboard, probably due to shifting of the cargo of drill
pipe. An alternative theory for the heeling was that flooding had occurred into
damaged wing tanks. The crew could not identify the cause, and may have made
the list worse as they tried to correct it.

At about 23:50 the ship capsized to starboard under the influence of severe wind
and waves, breaking four of its anchors. The 81 crew mustered and put on life-
jackets around 23:00. The lifesaving equipment consisted of:

• Two off 64-person enclosed lifeboats with twin falls and on-load release gear,
located one on each side of the ship.

• Three inflatable throw-overboard liferafts, with a total capacity for 55 people.
• Crew members did not have survival suits, only life jackets.

The starboard lifeboat appears to have been launched with an unknown number
of people aboard (not more than 45). The port lifeboat was not launched, and was
ripped from its stowed position, possibly as the ship sank. One of the crew was
found trapped at the starboard lifeboat, and 35 were found trapped in the
accommodation.

The drill ship had no standby vessel. Its supply vessel was 20 miles away at the
time, and was only directed to the drill site during the morning of 26.10, finding
only debris.
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A distress signal was picked up from the lifeboat on 27th October 1983, and it
was observed capsized from a helicopter the following day. It was not recovered.
One empty liferaft was recovered, without survivors.

Videotape of the wreckage showed major structural failure amidships and
starboard side. Fracture from main deck plating down starboard side to the bottom
plating. Probable cause of the accident was the decision to keep the ship with all its
nine anchors at the well site, which subjected the vessel to the full force of the
storm against its starboard side, and allowed it to capsize to starboard as a result of
severe rolling while experiencing a 10� starboard list.

4.22.2 Barrier Failures

The following barrier functions failed in this accident:

• Protection of structural integrity from wave overload failed in typhoon
conditions.

• Prevention of fatalities (through evacuation) failed in typhoon conditions.

None of the relevant barriers performed successfully in the present case, at least
not any of the known barriers. The following is a summary of barrier performance:

STR1. Barrier function designed to maintain structural integrity and marine control: Failure
STR2. Barrier function designed to prevent escalation of initiating failure: Failure
STR3. Barrier function designed to prevent total loss: Failure
STR4. Barrier function designed to prevent fatalities: Failure

4.22.3 Lessons Learned for Design

There are no particular lessons to be learned for the design of such vessels from the
present case.

4.22.4 Lessons Learned for Operation

The following lessons could be learned from this accident with respect to operation
of floating installations:

• Evacuation of installations needs to be taken sufficiently early when extreme
conditions are forecasted.

• Safeguarding of the installation also needs to be considered when extreme
conditions are forecasted.
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4.23 Seacrest Capsize

The description of this accident is based on a report on evacuation means (NPD
1998).

4.23.1 Event Sequence

The drill ship capsized on 3rd November 1989 during the typhoon ‘Gay’ in the
Gulf of Thailand. Wind was 90 knots, causing waves estimated at 11–14 m height.
The eye of the typhoon apparently passed directly over Seacrest, causing what was
described as ‘confused’ waves. The peak of the typhoon lasted for 15 min. The
capsize occurred after the eye had passed over the vessel.

Out of a total crew of 97 persons, 91 were lost in the accident, 6 survived. The
unit sustained damage to the quarter and one crane, followed by an overturn of the
unit. Investigation revealed an inadequate warning of the impending storm. No
further information about the accident is available.

4.24 West Gamma Capsize

The description of this accident is based on a report on evacuation means (NPD
1998).

4.24.1 Event Sequence

The Trident II class 518-bed jack-up accommodation platform West Gamma
capsized in the North Sea on 21st August 1990.

The platform was towed by a single anchor handling vessel, the ‘Normand
Drott’, which has a bollard pull of 150 tonnes. Waves were reported to be up to 16 m
high, with the rig rolling and pitching 30� and the main deck constantly awash. At
12:30 a large wave broke off most of the helideck. Then the towline parted.

Personnel mustered with survival suits. Helicopter evacuation was not possible,
due to the collapsed helideck and the rig motions with the legs elevated 120 m
above the main deck. Lifeboat launching was also too hazardous, with breaking
waves all around. At first, the intention was to remain on board until the weather
improved.

One of the lifeboats stowed on deck broke loose and damaged vent pipes and
access hatches, allowing down-flooding into the machinery space. By 01:00 on
21st August, the rig had listed 10� with roll of 5–8 % and was drifting at 4.5 knots
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towards the shore. Significant wave height had increased to over 10 m, making the
main deck inaccessible.

At 02:00 it was decided to evacuate. All 49 personnel jumped overboard in
groups of five or six tied together from the first level of the accommodation. Four
rescue vessels attended and launched three fast rescue craft (FRC), which posi-
tioned themselves downwind in a horseshoe so that personnel drifted towards
them. Helicopters directed searchlights onto the sea. Four people climbed a
scramble net onto a support vessel; the others were picked up by FRCs. One FRC
capsized during retrieval due to a rope from the vessel hooking onto the waterjet.
All 49 crew were recovered.

At 03:07 the rig capsized in 30 m of water, 70 km west of Sylt Island off the
German coast. In 1994, the company ‘TV Bergingswerken’ was appointed to salve
parts of the jackup and this work started in May 1994. Two of the platform’s legs
were detached and laid on the seabed beside the platform. The rest of the platform
has been moved away to water of 25 m depth.

4.24.2 Barrier Performance

The following barriers failed in this accident:

• Failure to limit the number of personnel to be exposed to hazards during tow of
jack-up platform in severe weather conditions.

• Failure to take necessary precautions to safeguard the installation during tow of
jack-up platform in severe weather conditions.

• Failure to prevent escalation and water ingress into hull.
• Failure to provide organised evacuation of personnel in time.

The following barriers performed successfully in this accident:

• Successful rescue of all personnel who had to evacuate in an uncontrolled
manner at sea. It could be noted that the towing vessel which also was certified
as a standby vessel, failed in picking up all personnel from the sea, and had to be
assisted by Danish sea rescue service Esvagt in order to complete the rescue
actions.

The following is a summary of barrier performance:

STR1. Barrier function designed to maintain structural
integrity and marine control:

Failure

STR2. Barrier function designed to prevent escalation of
initiating failure:

Failure

STR3. Barrier function designed to prevent total loss: Failure
STR4. Barrier function designed to prevent fatalities: Planned system failed. Success with

improvised actions
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4.24.3 Lessons Learned for Design

The lessons for design are focused on location of the helideck on such an
installation. When the jack-up is in transit, the legs have been retracted, and may
pose a very large obstruction for helicopter approach, if the helideck has not been
located with this in mind.

Similar restrictions may also occur when installed close to an existing instal-
lation, if structures on the other installation are causing similar obstructions.

4.24.4 Lessons Learned for Operation

The Norwegian vessel with standby capabilities had difficulties with its use of Fast
Rescue Crafts (FRC), as noted above. The most critical aspect was a sufficiently
high speed for the lowering and retrieval of the FRC.

The crane used for deployment and retrieval of the FRC should also be located
as close to midships as possible, where movements are least.

A need was also demonstrated to be able to retrieve the FRC with more than
nine persons onboard.

4.25 Norne Shuttle Tanker Collision

The description of this accident is based on a report on an NTNU report (Vinnem
et al. 2002).

4.25.1 Event Sequence

The incident occurred on 5th March 2000, in the Norwegian Sea, when a shuttle
tanker impacted the stern of the FPSO during a tandem off-loading operation. The
DP2 shuttle tanker was on her first shuttle tanker mission and had almost com-
pleted off-loading. Normal distance apart was 80 m, and at the time of the incident
was about 77 m. The relative headings were:

• FPSO: 250�
• Shuttle tanker: 226�

Bad weather resulted in disruption of loading and the start of nitrogen flushing.
The shuttle tanker had to be in line with the FPSO when the hose was sent back
from the shuttle tanker. The DP system was transferred from ‘Weather vane’ mode
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to ‘Auto position’ mode, in order to achieve alignment, and a number of navi-
gation commands were given.

Three crew members were on the bridge when the incident occurred. The
captain was operating the DP system, and the advising captain was observing the
operation. A junior officer was operating the loading system. The advising captain
had long experience with tandem off-loading. The residual crew had no experience
and little training in operating DP systems.

The captains discovered that one DP-monitor showed increased current from
1.3 to 2.9 knots. They discussed this and did not pay attention to the monitor that
showed the thrust from each propeller. About 50 s after Auto position was acti-
vated, the captains noticed that the thrust on both main engines showed ‘red
forward’, and the shuttle tanker had gained a significant forward speed. This
observation was then confirmed with analogue indicators showing the propeller
torsion. The DP control was then changed to ‘Manual’ mode, ‘high gain’ and the
joystick put full astern. The speed decreased, but the shuttle tanker still hit the
FPSO.

The impact speed was 0.6 m/s (1.2 knots), and the impact energy was 31 MJ,
which at the time was the most powerful collision ever in North-west European
waters. Only minimal structural damages were caused on FPSO and shuttle tanker.

4.25.2 Barrier Performance

The movement attempted was a complex operation, which could have been easier
to implement if taken in smaller steps. The software had an error, causing the
erroneous movement to be initiated.

The only barrier against collision in the case of abnormal excursions or drive-
off cases is rapid intervention by the DP operator. There are warning and alarm
limits, but these also require DP operator invention. The barrier in this case failed,
maybe due to inattention or inexperience.

The discovery of the forward movement was made too late. It was also noted
that no side thrusters were activated in order to turn the bow of the shuttle tanker
away from the stern of the FPSO.

No barrier successes are relevant for this case. The following is a summary of
barrier performance:

STR1. Barrier function designed to maintain structural integrity and marine control: Failure
STR2. Barrier function designed to prevent escalation of initiating failure: Success
STR3. Barrier function designed to prevent total loss: Success
STR4. Barrier function designed to prevent fatalities: Success
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4.25.3 Lessons Learned for Design

It is noted that the forward movement was caused by the DP software, which had a
fault that had to be corrected. Other necessary improvements of the DP software
were also identified through this incident.

4.25.4 Lessons Learned for Operation

It should be noted that this incident occurred when there was limited experience
with tandem off-loading operations from FPSO vessels. A number of lessons were
learned relating to:

• Improved operational instructions for DP operations
• Revision of alarms and set-points
• DP calibration needed
• Signal disturbances need to be identified and corrected
• Improvement of crew competence in off-loading operations
• Experience transfer for crew members
• Improvement of operation manuals.

4.26 P-36 Capsize

The description of this accident is based on a report on an investigation report
published by the Brazilian National Petroleum Agency (ANP 2001).

4.26.1 Event Sequence

The P-36 accident in the Roncador field, Campos Basin, Brazil on 15th March
2001 was a catastrophic loss, which led to an official investigation of the sequence
of events and causes. Analysis of the most likely causes for the accident allowed
the authorities to identify the critical event as the water depletion operation for the
port stern emergency drain tank, which started on the evening of 14th March 2001.
Water contaminated with waste oil present in the tank was planned to be pumped
to the platform production header receiving the oil and natural gas flow from
production wells. From there, together with the hydrocarbon production, it would
flow to the processing plant. However, operational difficulties in getting the
depletion pump of the tank started allowed the reverse flow of oil and gas through
the tank flow lines and into the other tank (starboard stern) through a presumably
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damaged or partially open valve. The pump started after 54 min and reduced the
reverse flow of hydrocarbons, and pumped water entered the starboard stern tank.
Continuous pressurization of this tank led to its mechanical rupture around two
hours after the beginning of the depletion operation for the other tank, thus
characterizing the reported event as the ‘first explosion’, which occurred at 0:22 h
on 15th March 2001.

Fluids from the ruptured tank and from similarly damaged lines and other
equipment accumulated in the column’s fourth tier compartment. Gas escaped to
the upper decks through openings in the compartment and ruptured exhaust and
blower lines. Around 20 min after the tank suffered rupture, the gas that reached
the tank top deck area and the second deck close to the column exploded. This
characterised the occurrence of the ‘second explosion’, which killed eleven people
from the platform’s fire brigade.

The mechanical collapse of the starboard emergency drain tank, immediately
followed by rupture of the sea water outlet pipe passing through the 4th tier,
initiated the flooding of the column. Water migration towards the lower part of the
column occurred as the water in the fourth tier compartment reached the exhaust
and blower system dampers that should have closed automatically; however, due
to a failure in their activators the passage of fluids was allowed.

The amount of liquids inside the column and partly in the pontoon caused the
platform to list, which intensified as the water progressed towards the ballast tank
in the starboard aft column and the contiguous stability box. These spaces were
flooded because the access ellipses (man holes) had been open since the previous
day for inspection of the repair performed on a crack found in the stability box.

To make up for tilt caused by water entering the damaged column, water was
allowed into the diametrically opposite ballast tank. This measure accelerated the
undesirable increase in the platform’s draft.

Continuous submersion was intensified by the flooding of the damaged column,
the starboard stern ballast tank, the contiguous stability box, and the deliberate
intake of ballast water into port bow tanks.

Evacuation of 138 people not regarded as essential to the emergency operations
began at 01:44 h on 15th March and lasted around 2 h 30 min., a crane and a
personnel basket being used for the purpose. At 06:03 h on the same day, after
running out of alternatives for levelling the platform, the remaining emergency
operations crew aboard abandoned the unit.

After the platform was abandoned, several attempts were made to save the unit,
particularly by means of injection of nitrogen and compressed air into the flooded
compartments for water depletion. However, these measures were not successful
in keeping the unit stabilised and its slow and progressive submersion went on
until 11:40 h on 20th March, when it finally sank. No attempts have been made to
salvage the installation due to the water depth of 1,360 m.
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4.26.2 Barrier Performance

The analysis performed by the enquiry commission allowed for the identification
of several non-conformities pertaining to standard operation, maintenance, and
project procedures, particularly those referring to frequent flow of water inside
emergency drain tanks, to the port stern tank depletion operation, and to the hazard
area classification around these tanks.

The main non-conformity identified pertains to storage of a large quantity of
contaminated water inside emergency drain tanks during a considerable part of the
production period of the platform, which is not in compliance with the Process
Operating Manual. According to this manual, during normal operation the tanks
must remain isolated and should only be used for the emergency depletion of large
volumes of oil from process vessels or, in an emergency situation, the storage of
large quantities of produced water.

The barrier to prevent bringing large volumes of water inside the watertight
compartments, which was an essential measure to avoid stability or buoyancy
problems, was thus breached. In addition, the following non-conformities were
identified pertaining to standard operation and maintenance procedures:

• Systematic errors in manual volumetric survey and inoperative level indicators
in emergency drain tanks.

• Clogging of open drainage vessel, which holds the water flowing through
platform equipment trays.

Analysis of the crucial events pertaining to the flooding of the platform led to
the identification of several non-conformities regarding standard operation and
maintenance procedures, mainly non-compliance with watertight compartment
procedures in areas that were critical for maintaining unit stability. In addition, it is
worth highlighting the inefficacy of the measures taken in order to contain flooding
or empty tanks before the platform was completely abandoned.

The inquiry commission found deficiencies in the operational management
system for Petrobras’ offshore oil and natural gas activities. In addition, contin-
gency plans for major accidents and high risk emergency response schemes needed
immediate improvement, as well as review of the criteria for engineering projects
on floating production units for greater intrinsic protection.

The barrier function to protect personnel who were not affected by the initial
events (‘second explosion’) performed successfully, in the sense that all non-
essential personnel were evacuated safely. Also the personnel left in order to
attempt to salvage the installation were safely removed before the installation
capsized and sank.
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The following is a summary of barrier performance:

STR1. Barrier function designed to maintain structural integrity and marine
control:

Failure

STR2. Barrier function designed to prevent escalation of initiating failure: Failure
STR3. Barrier function designed to prevent total loss: Failure
STR4. Barrier function designed to prevent fatalities: Partial

failure

4.26.3 Lessons Learned for Design

It is noted that manholes into watertight compartments which were intended to
function as buoyancy compartments were open and allowed flooding of these
compartments. It should be considered how, through design, such openings may be
prevented from being left open for significant periods.

4.26.4 Lessons Learned for Operation

There are several important lessons to be learned for the operation of floating
production installations from this accident:

• Allowing frequent flow of water inside emergency drain tanks should not be
performed.

• Storage of large quantities of contaminated water inside emergency drain tanks
during considerable part of the production period of the platform should not be
allowed.

• Barriers to prevent ingress of large volumes of water inside the watertight
compartments should be kept operational at all times.

4.27 P-34 Listing

The description of this accident is based on a weekly magazine news article
(Upstream 2002).

4.27.1 Event Sequence

The listing of Petrobras operated FPSO P-34 on 13th October 2002 was so severe
that the unit almost capsized before deballasting operations brought the vessel
under control.
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Failure of electric power caused ballast valves to open, thus causing the vessel
to list to a maximum of 32�. 25 crew members of a total of 67 persons, jumped
over board, and were subsequently picked up from the water by vessels assisting
the FPSO. All personnel survived the incident.

The vessel was gradually brought back to upright position through deballasting.
No further information is available from the incident.

4.28 Ocean Vanguard Anchor Line Failure

The description of this incident is based on the investigation report published by
PSA (2005c).

4.28.1 Event Sequence

Two anchor lines failed on the semi-submersible mobile drilling unit ‘Ocean
Vanguard’ (formerly known as ‘West Vanguard’, see Sect. 4.5) at 22:40 h on the
14th December 2004. Two anchor winches (No 1 and 2) failed to hold the anchor
lines, which ran out in an uncontrolled manner, allowing the rig to drift 160 m off
location in 3–5 min. The unit was also listing 7–10�.

The brakes on two anchor lines were failing almost simultaneously in a sea state
of about 10 m significant wave height. The band brakes were connected, but
malfunctioned. Because of the damage it was impossible after the incident to
conclude if the brakes had been correctly adjusted. The supplier had previously
recommended changing the brake band, but it had not been done. The pawl
stopping mechanism did not function, because it had not been installed according
to the procedures.

The movements of the platform caused the drilling riser to fail, the tension
system to rupture, the BOP at the sea floor got a six degree permanent inclination,
the anchor winch system was damaged and the well was lost. This event has been
through a detailed investigation by PSA (2005b).

There was a 60 knots west southwesterly wind and 15 m waves at 22:00 h on
the 14th December. The delineation well in the Norwegian Sea had been drilled
virtually to plan. The drilling of the exploration well had almost reached the target
depth, but drilling operations had been suspended and the crew was waiting on
weather at the time of the accident.

The riser was connected to the subsea wellhead at the time of the accident, and
could not be disconnected sufficiently rapid, to the extent that damages were
sustained to riser and wellhead. Also the heave compensation system for the riser
was destroyed.
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Thrusters were activated in order to compensate for the lost anchor lines.
Actions were also taken to correct the listing of the unit. During the following
night, 23 non-essential personnel were transported by helicopter to a near-by
production installation, as a precaution.

There were no further consequences to installations and equipment, and no
consequences for personnel. But the incident had quite severe potentials, as far as
consequences were concerned:

• If the rig had been drilling in the ‘pay zone’ when the anchor line failure
occurred, a blowout could have occurred.

• If a similar event sequence had occurred on a flotel which was bridge connected
to a production installation, the drifting of the unit could have produced a
collision between the flotel and the platform with severe structural damage.

The mobile unit had to be taken to shore for repairs, and it was several months
before the unit was back in operation.

4.28.2 Barrier Performance

The barrier failure in this incident was the anchor line holding function by anchor
winches 1 and 2, and the subsequent failure of quick disconnect functions of the
marine riser.

The installation was more than 20 years old, and the anchor winches were
possibly not in the best condition. The unit actually experienced a shallow gas
blowout in October 1985, when it was operating under the name ‘West Vanguard’
(see Sect. 4.5).

The quick disconnect functions also failed. Obviously these were also old, but
one would not expect this equipment to be worn out. As such, these failures are
equally severe.

The PSA investigation identified 11 deviations, most of which are related to the
management systems followed by the operator and the rig owner. Essentially,
these are also barrier failures, see Sect. 4.28.4

There were luckily a number of barriers that succeeded in their performance:

• The anchor system with six remaining anchors and thrusters managed to hold
the unit in position.

• Well control barriers functioned, even though the blowout preventer was
damaged, but since the reservoir had not been penetrated, this was not partic-
ularly critical.

• All actions to safeguard personnel functioned as intended.
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The following is a summary of barrier performance:

STR1. Barrier function designed to maintain structural integrity and marine control: Failure
STR2. Barrier function designed to prevent escalation of initiating failure: Success
STR3. Barrier function designed to prevent total loss: Success
STR4. Barrier function designed to prevent fatalities: Success

4.28.3 Lessons Learned for Design

No particular lessons with respect to design could be drawn from this incident.

4.28.4 Lessons Learned for Operation

The following were the direct and indirect causes according to the PSA investi-
gation report:

• Direct causes:

– The band brake had holding power less than specified
– The brakes were not operated correctly

• Indirect causes:

– Lack of insight into how to operate second brake
– Not following procedures for operation of anchor winches
– Lack of insight into how to use winches and when to disconnect
– Insufficient maintenance of anchor winches
– Not following criteria and procedures for disconnection of drilling riser
– Insufficient knowledge about disconnection from the operator representative
– Insufficient personnel qualifications
– Insufficient accuracy on the measurement of anchor line tension
– Insufficient measurement and reporting of weather data
– Insufficient implementation of the operator’s duty to ensure that operations

are carried out safely.

All of these causes are ‘MO’ factors, with the majority of causes in the man-
agement system. Based on the findings, both the operator and the rig owner were
given notifications of injunctions, the rig owner received the following notification
which later was confirmed as an injunction:

• ‘Diamond Offshore is ordered to review its own management system and its
own organization to identify causes of potential non-conformities, as well as to
develop a binding plan with specific times for activities intended to prevent
recurrence of this type of non-conformity.’

4.28 Ocean Vanguard Anchor Line Failure 155



4.29 Gryphon Alpha FPSO Multiple Anchor Line Failure

The text in this subsection is mainly based on the text from Step Change in Safety
(Step Change 2011).

4.29.1 Event Sequence

The Gryphon Alpha FPSO is located 280 km northeast of Aberdeen, in a water
depth of 112 m. The vessel is a purpose built FPSO of with a length of 260 and
41 m beam. It is capable of storing 86,000 m3 of oil.

The vessel has a turret just forward of midships equipped with a 10 point
mooring system with 84 mm diameter, K4 grade chains with a design break load
of about 730 tons. The turret is maintained in a fixed orientation, the vessel rotates
around it. To maintain station keeping and to minimise environmental forces, the
heading of the vessel is changed by five thrusters (3 aft and 2 forward) to align the
bow into the prevailing seas. The control of the thruster system for heading control
is maintained by a position mooring (PM) system.

An incident occurred at 07:05 h on Friday the 4th of February 2011 whilst the
Gryphon Alpha FPSO was engaged in production operations. The vessel lost
heading and position during stormy conditions; about 60 knots maximum wind
speed with a significant wave height of between 10 and 15 m. The initiating event
was the low tension failure of windward mooring line 7. The PM system then
drove the vessel beam on to the prevailing weather. This resulted in three further
windward mooring lines (in order, 6, 5 and 4) failing progressively as the vessel
heading turned beam on to the environment. The mooring lines failed due to the
high environmental forces they were subjected to, which exceeded the design
criteria. The subsequent loss of position (180 m) resulted in significant damage to
the subsea infrastructure. The vessel was also claimed to have done several 21�
rolls.

A gas cloud formed, but was quickly dispersed due to the wind.
The general mustering alarm was manually initiated and production was

shutdown and blown-down. Subsequently 74 non-essential personnel were evac-
uated by helicopters to nearby installations.

Two tugboats were used to reconnect the vessel to secure it while work was
underway to reattach chains to the FPSO anchors. Risers, flowlines and anchor
lines were left in a total chaos on the seabed.

The FPSO is aiming for restart at the end of 2012, after comprehensive
refurbishment.

The position mooring system drove the vessel beam on to the prevailing
weather due to a chain of coincident events producing inaccurate inputs to the PM
system models. This caused erroneous calculation of the forces and moments
acting on the vessel. These events included:
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• Underestimate of wind and wave forces as a result of inaccurate anemometer
readings

• Loss of DGPS position reference, leading to the mooring model using wrong
position to calculate mooring forces

• Manual heading change
• Failed detection of mooring line break
• Mooring line failure resulting in change in position
• Automatic PM system mooring model refresh failed
• Turret auto rotation.

Due to hard drive memory settings, only limited data was recoverable from the
PM alarm historian, hindering the investigation into the root causes.

4.29.2 Barrier Performance

Failure of one anchor line is a dimensioning incident, which should not lead to
subsequent line failures. There were several system failures in the present incident,
which implied that unwanted escalation of the incident occurred. The following is
a summary of barrier performance:

STR1. Barrier function designed to maintain structural integrity and marine control: Failure
STR2. Barrier function designed to prevent escalation of initiating failure: Success
STR3. Barrier function designed to prevent total loss: Success
STR4. Barrier function designed to prevent fatalities: Success

4.29.3 Lessons Learned for Design

One aspect of turret design on FPSO vessels is related to the location of the turret.
It this location is close to the bow of the vessel, the vessel will be capable of
maintaining heading into the weather without active assistance from thrusters. In
the present case, the location of the turret is just forward of midships, implying that
the vessel is completely dependent on active use of thrusters to maintain heading.
Power failure in adverse weather conditions may have dramatic effects, as fully
demonstrated by this incident.

The maintenance and functionality checks for a moored PM vessel are less
stringent and comprehensive than those implemented by full dynamically posi-
tioned vessels such as drilling support vessels. It may be prudent to consider
employing a similar philosophy for moored vessels.

The Gryphon Alpha FPSO has a dragchain transfer system between the geo-
stationary turret and the rotating vessel. Most of the purpose built FPSOs in the
North Sea and Norwegian Sea have high pressure, multi-path swivel for the
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transfer of hydrocarbons between the turret and the vessel. This was new tech-
nology some 15 years ago, and possibly not as common as today. The swivel is
considered to be a more flexible and robust solution, less prone to operational
errors.

4.29.4 Lessons Learned for Operation

The incident highlights the need for duty holders to be aware of the potential for
loss of heading and position on vessels fitted with Position Mooring systems.

During this incident a number of inputs to the PM model were inaccurate,
contributing to error forces building up within the model and resultant incorrect
forces being applied by the PM system. It may be useful for operators of FPSO
vessels to ensure that:

• The data recording system is sufficient; the model is reset or refreshed with a
suitable frequency; the maintenance and functionality checks are suitable and
sufficient;

• Control room (bridge) operators are drilled in the actions necessary in all
foreseeable emergency scenarios; and inputs to the PM system are accurate,
reliable and have sufficient redundancy.

The basis of design of a PM vessel mooring system assumes that the vessel will
not lose heading control, so will remain within approximately 10� of head into the
environment.

Analyses of the mooring system showed that the forces placed on the anchor
lines would have approached or exceeded the break load of the chain at angles
seen during the incident.

Operators of FPSO vessels should review their mooring system’s failure mode
analysis in order to ensure that the forces applied to the vessel, at reasonably
foreseeable angles and environmental conditions are understood and appropriate
procedures and processes are in place to manage the risks from loss of heading and
those forces.

During this incident anchor chain number 7 failed at the flash butt weld of one
of its links. This failure mode is unlikely to be picked up by visual inspection.
Inspection and discard criteria for anchor chain should be reviewed to ensure that
they remain appropriate in the light of this failure type.

During the incident, the power management set up was not optimal for the
prevailing weather conditions. The power management procedure and processes
may need to be reviewed to ensure that they are appropriate for all reasonably
foreseeable operating and weather conditions.
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4.30 Exxon Valdez Oil Spill

The description of this incident is mainly based on information published by US
Environmental Protection Agency (EPA 2004). This event is different from the
proceeding incidents discussed, as the main hazard was environmental damage,
and some threat to the crew onboard.

A detailed discussion of oil spill hazards is outside the scope of the book, and
the event is therefore not discussed as thoroughly as the proceeding events, when it
comes to barriers and lessons learned.

4.30.1 Event Sequence

At 21:12 on 23rd March 1989, Exxon Valdez was under way from Valdez, Alaska,
under Captain Joseph Hazelwood with a cargo of 180,000 tons of crude oil. After
dropping her pilot, she left the outbound shipping lane to avoid ice. Owing to poor
navigation, at 00:04 on 24th March, the tanker ran aground on Bligh Reef in Prince
William Sound, just 40 km from Valdez. The grounding punctured eight of the
eleven cargo tanks, and within four hours 19,000 tons had been lost. By the time
the tanker was refloated on 5th April 1989, about 37,000 tons had been lost and
6,600 km2 of the country’s greatest fishing grounds and the surrounding virgin
shoreline were sheathed in oil. Captain Hazelwood, who had a record of drunk
driving arrests, was charged with criminal mischief, driving a vessel while
intoxicated, reckless endangerment, and negligent discharge of oil. He was found
guilty of the last count, fined 51,000 USD, and sentenced to 1,000 h of community
service in lieu of six months in prison.

The size of the spill and its remote location made government and industry
efforts difficult. This spill was about 20 % of the 180,000 tons of crude oil the
vessel was carrying when it struck the reef. The salvage effort that took place
immediately after the grounding saved the vessel from sinking, thus preventing a
far larger oil spill from occurring.

The spill posed threats to the delicate food chain that supports Prince William
Sound’s commercial fishing industry. Also in danger were ten million migratory
shore birds and waterfowl, hundreds of sea otters, dozens of other species, such as
harbour porpoises and sea lions, and several varieties of whales.

Alyeska, the association that represents seven oil companies who operate in
Valdez, including Exxon, first assumed responsibility for the cleanup, in accor-
dance with the area’s contingency planning. Alyeska opened an emergency
communications centre in Valdez shortly after the spill was reported and set up a
second operations centre in Anchorage, Alaska. The Coast Guard quickly
expanded its presence on the scene, and personnel from other Federal agencies
also arrived to help. Three methods were tried in the effort to clean up the spill:
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• Burning
• Mechanical Cleanup
• Chemical Dispersants.

A trial burn was conducted during the early stages of the spill. A fire-resistant
boom was placed on tow lines, and two ends of the boom were each attached to a
ship. The two ships with the boom between them moved slowly through the main
portion of the slick until the boom was full of oil. The two ships then towed the
boom away from the slick and the oil was ignited. The fire did not endanger the
main slick or the Exxon Valdez because of the distance separating them. Due to
unfavourable weather, no additional burning was attempted in this cleanup effort.

Shortly after the spill, mechanical cleanup was started using booms and
skimmers. However, skimmers were not readily available during the first 24 h
following the spill. Thick oil and heavy kelp tended to clog the equipment. Repairs
to damaged skimmers were time consuming. Transferring oil from temporary
storage vessels into more permanent containers was also difficult because of the
oil’s weight and thickness. Continued bad weather slowed down the recovery
efforts.

In addition, a trial application of dispersants was performed. The use of dis-
persants proved to be controversial. Alyeska had around 15,000 l of dispersant
available in its terminal in Valdez, but no application equipment or aircraft. A
private company applied dispersants on 24th March, with a helicopter and dis-
persant bucket. Because there was not enough wave action to mix the dispersant
with the oil in the water, the Coast Guard representatives at the site concluded that
the dispersants were not working and so their use was discontinued. The spill
ended up polluting more 320 km shore line with considerable amounts of crude oil.

4.30.2 Barrier Failures

The main barrier failure that occurred and caused the extensive spill was that of
navigation failure, which led to the grounding of the tanker on a reef in Prince
William Sound. The navigation failure was caused by a human error (allegedly,
but not proven, due to alcohol use) by the captain. It could be observed that when it
comes to navigation as a barrier against accidents involving ships, this is usually
strongly influenced by human operator behaviour and performance. Many disas-
ters, accidents and incidents have been caused by human errors on the bridge.

The captain allegedly had a record of alcohol abuse, and it could be argued that
the failure to ban him from being in charge of ships and tanker navigation should
be considered an organisational failure by the Exxon company. It could also be
taken as an indication of a faulty safety culture.
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4.31 Summary of Barrier Performance

The following tables contain a summary of the main barrier function performance
during the accidents and incidents reviewed in this chapter and the Macondo
blowout from Chap. 5 (Tables 4.2, 4.3, 4.4, 4.5).

Table 4.2 Overview of barrier performance for process and riser leaks

Barrier functions Brent A Piper A Ekofisk A Jotun A Mumbai
High North

HL1. Maintain integrity
of well system

Failure Failure Failure Failure Failure

HL2. Prevent ignition Failure Failure Failure Not
applicable

Failure

HL3. Reduce cloud and
spill size

Success Failure Success Not
applicable

Failure

HL4. Prevent escalation Success Failure Success Not
applicable

Failure

HL5. Prevent fatalities Success Failure Partial failure Not applicable Partial failure

Table 4.3 Overview of barrier performance for marine and structural accidents considered

Barrier functions Deep Sea
Driller

Alex L.
Kielland

Ocean
Ranger

Glomar
Java
Sea

West
Gamma

P-36

STR1. Barrier function
designed
to maintain structural
integrity
and marine control

Failure Failure Failure Failure Failure Failure

STR2. Barrier function
designed
to prevent escalation of
initiating failure

Failure Failure Failure Failure Failure Failure

STR3. Barrier function
designed
to prevent total loss

Failure Failure Failure Failure Failure Failure

STR4. Barrier function
designed
to prevent fatalities.

Partial
failure

Failure Failure Failure Planned
system
failed

Partial
failure
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Chapter 5
Lessons from Macondo Accident

5.1 The Deepwater Horizon and Macondo Well

In March 2008, BP Exploration and Production Inc. (BP) leased the Mississippi
Canyon Block 252 for oil and gas exploration and designated it the Macondo
Prospect. BP sold interests in the prospect to Anadarko (25 %) and MOEX (10 %)
but remained the operator and majority owner (65 %). BP, as the operator, was
responsible for all aspects of the design and development of the Macondo well.

BP’s application for permit to drill was submitted to the Minerals Management
Service (MMS) on 13th May 2009, and was approved on 22nd May 2009. The
plan specified using the Transocean Marianas mobile unit to drill a well about
50 miles off the coast of Louisiana, southeast of New Orleans, in just over 1,500 m
water depth. The total depth of the well was planned to be 6,100 m.

During the planning phase BP designed the well in accordance with the
geological conditions of the prospect. During this process, BP engineers and
geologists determined the type and strength of the well casing, cement, well head,
and other equipment, in order to ensure well integrity and prevent its failure during
drilling. This is crucial for well safety. Thereafter, selected contractors performed
specific procedures such as drilling, cementing, well monitoring, vessel support
services, and other well-related tasks.

At Macondo, BP began exploration on 6th October 2009, using the Transocean
Marianas rig. Hurricane Ida damaged the Marianas on 9 November 2009, and
drilling on Macondo was suspended following the installation and cementing of
the well casing. The Marianas was demobilised to a shipyard for repairs, and BP
applied to the MMS for permission to use the Transocean Deepwater Horizon rig
to continue drilling. MMS approved this change on 14th January 2010.

The Deepwater Horizon, a fifth-generation, dynamically positioned, semi-
submersible MODU, was capable of working in water up to 3,000 m. In 2009, the
Deepwater Horizon crew drilled the deepest oil and gas well in the world, which
had a vertical depth of more than 10.5 km.

The Deepwater Horizon entered service in April 2001 and went to work for BP
in the Gulf of Mexico in September. With the exception of one well drilled for
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BHP Billiton in 2005, the rig worked exclusively for BP. The Deepwater Horizon
crew drilled more than 30 wells on the US OCS during the course of the rig’s
career, in water depths between 700 m and 2,900 m, and maintained an excellent
performance and safety record. BP extended its drilling contract on the Deepwater
Horizon to September 2013 in September 2009.

The Deepwater Horizon arrived at Macondo on 31st January 2010. The crew
performed maintenance work on the BOP stack, including function and pressure
testing, before lowering it onto the wellhead on 8th February 2010. The crew then
performed another successful pressure test of the BOP stack after it was attached to
the wellhead. Drilling operations resumed on 11th February 2010.

The drilling of the Macondo well was performed as an overbalanced operation,
which uses a mud column to prevent the influx of formation fluids into the well.
The pressure of the mud column has to exceed the formation pore pressures
encountered in the well. In overbalanced operations, the mud column is the pri-
mary well barrier, which has to exert a pressure greater than the pore pressure, but
lower than the fracture gradient. The secondary well barrier in overbalanced
operations is the well containment envelope consisting of selected components of
the BOP. The Macondo was planned to be abandoned and left underbalanced by
replacing drilling mud with seawater, and with two cement barriers in place.

Many deepwater reservoirs have such narrow drilling windows between the
pore pressure and fraction gradient, that resolving one problem often creates
another, and the resolution of that problem creates another, and so on until the
cycle is broken with hydraulic balance or the well is abandoned. The operational
drilling problems most associated with non-productive time include lost circula-
tion, stuck pipes, wellbore instability and a loss of well control.

BP encountered a number of obstacles while drilling the Macondo well. Two
cement repair operations, or squeezes, were required because of weak formations
and possible problems with cement. On several occasions, fluid losses into the
formation necessitated the use of lost-circulation material to stop the escape offluids.
On 8th March 2010, a 35 bbls influx of hydrocarbons, or ‘‘kick,’’ occurred, sticking a
section of drill pipe in the well. The drill crew had to plug the affected section of the
well with cement and drill a side-track in order to continue. In early April, additional
fluid losses to the formation prompted BP engineers to change the total planned
depth of the well from 6,100 m to about 5,550 m to maintain its integrity.

After the completion of drilling operations on 9th April 2010, Schlumberger
conducted a detailed analysis of the well’s geological formations, or well logging,
for BP over a period of approximately four-and-a-half days. The logging data from
the new depth indicated that the well had reached a sizable reservoir of hydro-
carbons. BP began planning for the next phase of the development, in which the
Deepwater Horizon would run casing and prepare the well for temporary aban-
donment. On 16th April 2010, BP submitted its proposed temporary abandonment
plan to the MMS and received approval the same day.

Upon reaching final well depth five days were spent logging the well in order to
evaluate the reservoir intervals. After logging was complete, a cleanout trip was
conducted to condition the wellbore and verify that the open hole section was in
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good condition. This procedure included circulating ‘bottoms up’ to verify that no
gas was entrained in the mud. Upon achieving bottoms up, no appreciable volumes
of gas were recorded, indicating that the well was stable.

On 16th April 2010 the MMS approved the procedure for the temporary
abandonment of the well. At the time of the accident the 9 7/800 9 700 production
casing had been run and cemented in place at 5,527 m, and pressure testing had
been completed. The rig crew was preparing for the final activities associated with
temporary well abandonment when the accident occurred.

5.2 Organisations Involved

The well drilling project involves as noted above a number of contractors and
subcontractors for specific tasks. The following is an overview of the involved in
drilling the Macondo well:

BP BP personnel in Houston, Texas, managed the development and operation of the
Macondo well, and provided management and support to their personnel
onboard the Deepwater Horizon. These onshore personnel consisted of three
engineers, an engineer team leader, an operations team leader, and a manager.
BP offshore personnel consisted of two well site leaders, a well site trainee, and
three subsea personnel. Well site leaders exercised BP’s authority on the rig,
directed and supervised operations, coordinated the activities of contractors, and
reported to BP’s shore-based team.

Transocean Contracted to provide the Deepwater Horizon drilling rig and the personnel to
operate it. The Transocean team included the drilling, marine, and maintenance
crews. The senior Transocean personnel involved in day-to-day operations were
the offshore installation manager (OIM) and captain. The OIM was the senior
Transocean manager onboard who coordinated rig operations with BP’s well site
leaders and generally managed the Transocean crew. The captain was
responsible for all marine operations and was the ultimate command authority
during an emergency and when the rig was underway from one location to
another. The Transocean drilling crew was led by a senior toolpusher, who
supervised two toolpushers responsible for coordinating round-the-clock drilling
operations. These toolpushers supervised the drillers and assistant drillers, who
operated the drilling machinery and monitored the rig instruments. At the time of
the accident, there were 79 Transocean personnel onboard the Deepwater
Horizon, of which nine lost their lives.

Halliburton Contracted to provide specialist cementing services and expertise and to support
the BP teams both onshore and on the Deepwater Horizon. At the time of the
accident, two Halliburton cementing specialists were onboard the Deepwater
Horizon.

Sperry Sun Contracted to install and operate a sophisticated well monitoring system on the
Deepwater Horizon. Sperry deployed trained personnel, or mud loggers, to
monitor the system, interpret the data it generated, and detect influxes of
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hydrocarbons, or kicks. At the time of the accident, there were two Sperry Sun
mud loggers onboard the Deepwater Horizon.

M-I SWACO Contracted to provide specialised drilling mud and mud engineering services on
the Deepwater Horizon, which included mud material, equipment, and
personnel. At the time of the accident, there were five M-I SWACO personnel
onboard the Deepwater Horizon, including two who lost their lives.

Schlumberger Contracted to provide specialised well and cement logging services on the
Deepwater Horizon, which included equipment and personnel. At the time of the
accident, no Schlumberger personnel were onboard the Deepwater Horizon.

Weatherford Contracted to provide casing accessories, including centralisers, the float collar,
and the shoe track on the Deepwater Horizon. Weatherford also provided
specialist personnel to advise BP and the drill crew on the installation and
operation of their equipment. At the time of the accident, two Weatherford
personnel were onboard the Deepwater Horizon.

Tidewater
Marine

Contracted to provide the offshore supply vessel the Damon B. Bankston. The
Bankston carried supplies (such as drilling equipment, drilling chemicals, food,
fuel oil, and water) to and from the Deepwater Horizon. At the time of the
incident, the Bankston was alongside the Deepwater Horizon and provided
emergency assistance. Other personnel onboard the Deepwater Horizon included
14 catering staff, two BP executives, and 14 BP subcontractors for a total of 126
personnel onboard.

5.3 Sequence of Events

Twice, prior to the blowout on 20th April, the Macondo well experienced a
‘‘kick’’. The well kicked at 2,798 m. The rig crew detected the kick and shut in the
well. They were able to resolve the situation by raising the mud weight and
circulating the kick out of the wellbore. The well kicked again, at 4,018 m. The
crew once again detected the kick and shut in the well, but this time, the pipe was
stuck in the wellbore. BP severed the pipe and sidetracked the well. In total, BP
lost approximately 16,000 barrels of mud while drilling the well, which cost the
company more than $13 million in rig time and materials. The kicks, ballooning
and lost circulation events at Macondo occurred in part because Macondo was a
‘‘well with limited offset well information and the preplanning pressure data
[were] different than the expected case’’ (Bartli et al. 2011).

The crew started on 20th April at around 20:00 replacing mud with seawater.
Around 21:00 the drill string pressure started to increase, despite the pump rate
being constant. Over the next 40 min there were several signs that they had
problems, but nobody reacted to these signals in an appropriate manner. Between
21:40 and 21:43 mud started to spew out on the drill floor, and the driller realised
apparently for the first time, that they had a kick.

The crew took immediate action, routing the flow coming from the riser into the
mud-gas separator rather than overboard into the sea. Second, they closed one of
the annular preventers on the BOP to shut in the well. Their efforts were futile.
By the time the rig crew acted, gas was already above the BOP, rocketing up the
riser, and expanding rapidly. The flow from the well quickly overwhelmed the
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mud-gas separator system. Ignition and explosion were all but inevitable. The first
explosion occurred at approximately 21:49. On the drilling floor, the Macondo
disaster claimed its first victims.

The sudden occurrence and impact of the explosion made it difficult for
members on the bridge to assess the situation immediately following the incident.
In addition, various alarms were sounding and lights were flashing, making it
difficult for the crew to acknowledge what was going on.

Typically as part of the evacuation procedure, once crew members reach the
designated muster stations, they register their names so that a proper head count
can be conducted and missing members can be accounted for. Based on the tes-
timonies provided, there were efforts to prepare such a headcount, however there
were difficulties when trying to accurately account for all members.

While crew members on the bridge were trying to assess the situation, others
were already mustering near the lifeboats. Some were urging for the lifeboats to be
launched despite them being only partially full. The Deepwater Horizon did have a
split command depending on the status of the rig; latched up, underway, or in an
emergency situation. The decision to evacuate the rig rested on the captain when
the rig was in an emergency situation, but from the testimonies it seems to be
unclear who was in charge due to missing procedures of handover and interpre-
tation if the rig was latched up, underway or in an emergency situation (DHJIT
2010).

Nevertheless, all persons who were not victims of the explosions and fires in the
first few minutes were able to evacuate the installation, mainly by lifeboats, but
also by liferafts, and a handful of persons jumping overboard.

The rig sank 36 h later. From then on the focus was on killing the blowout and
fighting the pollution. The blowout was stopped by temporary measures, when a
capping stack was installed and successfully stopped the flow on 15th July 2010,
after 87 days. On 4th August BP reported that a final static condition in the well
had been achieved by filling the well with mud. The total amount of oil spilled was
evaluated to have been 650,000 tons.

5.4 Investigations

Several investigations have been conducted by various stake holders and official
organisations. In 2012 court proceedings started, but this is outside the scope of the
present discussion. The best known investigations are the following:

• BP investigation, September 2010 (BP 2010).
• National Commission on the BP Deepwater Horizon Oil Spill and Offshore

Drilling, Report to the President, January 2011 (Commission 2011).
• Deepwater Horizon Study Group (DHSG; author member of this group) Final

Report on the Investigation of the Macondo Well Blowout (DHSG 2011).
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• Transocean investigation, June 2011 (Transocean 2011).
• US Chemical Safety and Hazard Investigation Board, report not yet published

(end of 2012).

5.4.1 Technical Aspects

According to the Commission, the root technical cause of the blowout was that the
cement BP and Halliburton had pumped to the bottom of the well did not seal off
the hydrocarbons in the formation. The exact reason why the cement failed may
never be known, but several factors increased the risk of cement failure at
Macondo. These included (Bartli et al. 2011):

• Drilling complications forced engineers to plan a ‘finesse’ cement job that called
for, among other things, a low overall volume of cement;

• The cement slurry itself was poorly designed, some of Halliburton’s own
internal tests showed that the design was unstable, and subsequent testing by the
Chief Counsel’s team raised further concerns;

• BP’s temporary abandonment procedures, only finalised at the last minute,
called for rig personnel to severely ‘underbalance’ the well before installing any
additional barriers to back up the cement job.

According to the Commission (Graham et al. 2011), BP’s management process
did not adequately identify or address the Risk Influencing Factors (RIFs) created
by late changes to the well design and procedures. BP did not have adequate
controls in place to ensure that key decisions in the months leading up to the
blowout were safe or sound from an engineering perspective. While initial well
design decisions undergo a rigorous peer-review process, and changes to well
design are subsequently subject to a management of change (MOC) process,
changes to drilling procedures in the weeks and days before implementation are
typically not subject to any processes. At Macondo, such decisions seem to have
been made by the BP Macondo team in an ad hoc fashion without any formal risk
analysis or internal expert review (Graham et al. 2011).

According to the Chief Counsel’s Report (Bartli et al. 2011), several of BP’s
decisions, such as not using drill collars, not using a mechanical plug, setting the
plug in seawater and, setting the lockdown sleeve last, may have been made in
isolation. However, the decisions also created RIFs, individually and especially in
combination with the rest of the temporary abandonment operation. For instance,
BP originally planned to install the lockdown sleeve at the beginning of the
temporary abandonment. BP’s decision to change plans and set the lockdown
sleeve last triggered a cascade of other decisions that led it to severely under-
balancing the well while leaving the bottom hole cement as the lone physical
barrier in place during the displacement of the riser. There is no evidence that BP
conducted any formal risk analysis before making these changes, or even after the
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procedure as a whole (Bartli et al. 2011). BP’s own investigative report agrees that
they did not undertake a risk analysis to consider the consequences of its decision.
BP’s management system did not prevent such ad hoc decision-making. BP
required relatively robust risk analysis and mitigation during the planning phase of
the well but not during the execution phase (Bartli et al. 2011). Further, Trans-
ocean’s crew seems never to have undertaken any risk analysis nor to have
established mitigation plans regarding its performance of simultaneous operations
after the cement barrier was judged to be safe (Bartli et al. 2011).

5.4.2 Organisational Aspects

The following is a summary of the conclusions on the organisational aspects of the
DHSG Macondo report (DHSG 2011) (‘Looking back—Organizational factors’):

‘‘The organizational causes of this disaster are deeply rooted in the histories and
cultures of the offshore oil and gas industry and the governance provided by the
associated public regulatory agencies. While this particular disaster involves a
particular group of organizations, the roots of the disaster transcend this group of
organizations. This disaster involves an international industry and its governance.

This disaster was preventable if existing progressive guidelines and practices
been followed—the Best Available and Safest Technology. BP’s organizations and
operating teams did not possess a functional Safety Culture. Their system was not
propelled toward the goal of maximum safety in all of its manifestations but was
rather geared toward a trip-and-fall compliance mentality rather than being
focused on the Big-Picture. It has been observed that BP’s system ‘‘forgot to be
afraid.’’ The system was not reflective of one having well-informed, reporting, or
just cultures. The system showed little evidence of being a high-reliability orga-
nization possessing a rapid learning culture that had the willingness and compe-
tence to draw the right conclusions from the system’s safety signals. The Macondo
well disaster was an organizational accident whose roots were deeply embedded in
gross imbalances between the system’s provisions for production and those for
protection.

The multiple failures (to contain, control, mitigate, plan, and clean-up) that
unfolded and ultimately drove this disaster appear to be deeply rooted in a multi-
decade history of organizational malfunctions and shortsightedness. There were
multiple opportunities to properly assess the likelihoods and consequences of
organizational decisions (i.e., Risk Assessment and Management) that were
ostenibly driven by BP management’s desire to ‘‘close the competitive gap’’ and
improve bottom-line performance. Consequently, although there were multiple
chances to do the right things in the right ways at the right times, management’s
perspective failed to recognize and accept its own fallibilities despite a record of
recent accidents in the US and a series of promises to change BP’s safety culture.

Analysis of the available evidence indicates that when given the opportunity to
save time and money—and make money—poor decision making played a key role
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in accident causation. The tradeoffs that were made were perceived as safe in a
normalized framework of business-as-usual. Conscious recognition of possible
failure consequences seemingly never surfaced as the needle on the real-time risk-
meter continued to climb. There was not any effective industry or regulatory
checks and balances in place to counteract the increasingly deteriorating and
dangerous situation on Deepwater Horizon. Thus, as a result of a cascade of deeply
flawed failure and signal analysis, decision-making, communication, and organi-
zational-managerial processes, safety was compromised to the point that the
blowout occurred with catastrophic effects.

In many ways, this disaster closely replicates other major disasters that have
been experienced by the offshore oil and gas industry. Eight months before the
Macondo well blowout, the blowout of the Montara well offshore Australia in the
Timor Sea developed in almost the same way—with very similar downstream
effects. The Occidental Petroleum North Sea Piper Alpha platform explosions and
fires (1988) and the Petrobras P-36 production platform sinking offshore Brazil
(2005) followed roadmaps to disaster that are very similar to that developed during
and after the Macondo well blowout. These were major system failures involving a
sequence of unanticipated compounding malfunctions and breakdowns—a hall-
mark of system disasters.

This disaster also has eerie similarities to the BP Texas City refinery disaster.
These similarities include: (a) multiple system operator malfunctions during a
critical period in operations, (b) not following required or accepted operations
guidelines (‘‘casual compliance’’), (c) neglected maintenance, (d) instrumentation
that either did not work properly or whose data interpretation gave false positives,
(e) inappropriate assessment and management of operations risks, (f) multiple
operations conducted at critical times with unanticipated interactions, (g) inade-
quate communications between members of the operations groups, (h) unaware-
ness of risks, (i) diversion of attention at critical times, (j) a culture with incentives
that provided increases in productivity without commensurate increases in pro-
tection, (k) inappropriate cost and corner cutting, (l) lack of appropriate selection
and training of personnel, and (m) improper management of change.

In both cases—the BP Texas City and the BP Macondo well disasters—
meetings were held with operations personnel at the same time and place the initial
failures were developing. These meetings were intended to congratulate the
operating crews and organizations for their excellent records for worker safety.
Both of these disasters have served—as many others have served—to clearly show
there are important differences between worker safety and system safety. One does
not assure the other.

In all of these disasters, risks were not properly assessed in hazardous natural
and industrial-governance-management environments. The industrial-governance-
management environments unwittingly acted to facilitate progressive degradation
and destruction of the barriers provided to prevent the failures. An industrial
environment of inappropriate cost and corner cutting was evident in all of these
cases as was a lack of appropriate and effective governance—by either the industry
or the public governmental agencies. As a result, the system’s barriers were
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degraded and destroyed to the point where the natural environmental elements
(e.g., high-pressure, flammable fluids and gases) overcame and destroyed the
system. Compounding failures that followed the triggering failures allowed
the triggering failures to develop into a major disaster—catastrophe.’’

5.5 Findings

The following is a summary of the findings of the DHSG Macondo report (DHSG
2011) (‘Looking forward’ and ‘Findings’):

‘‘Short-term measures have been initiated and are being developed by the
Department of Interior’s Bureau of Offshore Energy Management, Regulation and
Enforcement (BOEMRE). The previous Minerals Management Service (MMS)
has been reorganized into three organizations, each of which is responsible for
different aspects of offshore oil and gas developments (leasing, revenues, and
regulation). These measures have addressed both technical and organizational
aspects. In some cases, the BOEMRE has proposed long-term technical and
organizational measures associated with drilling and production operations in
ultra-deepwater (5,000 ft or more) depths.

In addition, the National Commission on the BP Deepwater Horizon Oil Spill and
Offshore Drilling has addressed both short-term and long-term government regu-
latory technical and organizational reforms associated with drilling and production
operations in high hazard environments—including those of ultra-deep water and in
the arctic. US industrial companies and trade organizations (e.g., American Petro-
leum Institute, International Association of Drilling Contractors) also have
responded with suggestions for a wide variety of technical and organizational
reforms that will be considered for implementation in its future operations. Many
international governmental regulatory agencies have and are responding in a similar
fashion. There is no shortage of suggested technical and organizational reforms.

Finding 1—The oil and gas industry has embarked on an important next gener-
ation series of high hazard exploration and production operations in the ultra-deep
waters of the northern Gulf of Mexico. These operations pose risks (likelihoods [sic]
and consequences of major system failures) much greater than generally recognized.
The significant increases in risks are due to: (1) complexities of hardware and human
systems and emergent technologies used in these operations, (2) increased hazards
posed by the ultra-deep water marine environment (geologic, oceanographic),
(3) increased hazards posed by the hydrocarbon reservoirs (very high potential
productivities, pressures, temperatures, gas-oil ratios, and low strength formations),
and (4) the sensitivity of the marine environment to introduction of very large
quantities of hydrocarbons.

Finding 2—The Macondo well project failures demonstrated that the conse-
quences of major offshore oil and gas system failures can be several orders of
magnitude greater than associated with previous generations of these activities. If
the risks of major system failures are to be ALARP, the likelihoods of major
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failures (e.g., uncontrolled blowouts, production operations explosions and fires)
must be orders of magnitude lower than in the BP Macondo well project and that
may prevail in other similar projects planned or underway. In addition, major
developments are needed to address the consequences of major failures; reliable
systems are needed to enable effective and reliable containment and recovery of
large releases of hydrocarbons in the marine environment.

Finding 3—The Macondo well project failures provide important opportunities
to re-examine the strategies and timing for development of important non-renewable
product and energy resource. This final frontier in the ultra-deep waters of the
northern Gulf of Mexico and other similar areas provides access to an important
public resource that has significant implications for the future generations and
energy security of the United States. These social, economic, and national security
Deepwater Horizon Study Group Investigation of the Macondo Well Blowout
Disaster interests, as well as safety and environmental considerations, dictate a
measured pace of development consistent with sustainable supplies and develop-
ment and application of the Best Available and Safest Technology (BAST).

Finding 4—Major step change improvements that consistently utilize the BAST
are required by industry and government to enable high hazard offshore explo-
ration and production operations to develop acceptable risks and benefits. Future
development of these important public resources require an advanced high-com-
petency, collaborative, industrial-governmental-institutional enterprise based on
use of high reliability technical, organization, management, governance, and
institutional systems.’’

5.6 Lessons Learned

5.6.1 Lessons Learned for Risk Management in Association
with Well Drilling

Section 5.4.2 discussed the organisational factors that failed in the case of
Macondo. These aspects provide important lessons for the improvement of the
safety of well drilling, especially the drilling of ultra deep wells.

Other studies have shown that two high level aspects are crucial for the safety
of well drilling, namely the well planning ahead of commencement of operations,
and the management of change (or continuous risk assessment) during the exe-
cution of well drilling operations. These findings tie in well with the findings cited
above.
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5.6.2 Lessons Learned for Emergency Management

This section addresses the lessons that may be concluded from Macondo with
respect to escape, evacuation and rescue (EER) as well as technical and organi-
sational aspects. The text is mainly based on (Skogdalen et al. 2012).

Explosions, fire and smoke were life-threatening hazards during the EER from
the Deepwater Horizon. On offshore installations, the crew is familiar with the
facility and escape routes. They also participate in regular muster and lifeboat
drills. To determine which measures would reduce the time to make decisions, and
which steps would lead to people choosing the right egress routes, information is
needed regarding human and organisational factors. Of special interest are the
perceptions, intentions and motives of the personnel when faced with such
situations.

However, is noteworthy that it seems that all of those who were not seriously
injured during the initial explosion, and even a few of those who were seriously
injured during the first stages, were able to escape to lifeboats and were rescued.

One of the important roles of the master of the vessel is to take charge during a
crisis, and to give the order to abandon ship if necessary. The master should assess
the severity of the situation properly, and if the decision to abandon is made, the
master would then give the order to launch the lifeboats and evacuate the instal-
lation. Lowering the lifeboats at the right time is critically important for an
effective evacuation, because there are a limited number of lifeboats on an
installation. If proper communication is not achieved lifeboats can be launched
only partially filled up, resulting in personnel being left behind. By contrast, if
members wait too long to launch the lifeboats, they risk being harmed by explo-
sions, fire, smoke, and falling objects.

The Deepwater Horizon had a split chain of command between the OIM and the
captain, which seemed to have caused confusion as the lines of authority and the
shift of responsibility in the event of an emergency apparently were unclear to
some crew members. A critical question to be considered is how can it be relied
upon that the captain of the vessel (or installation) will be in a sufficiently healthy
condition to perform critical tasks, such as properly assessing the situation, acti-
vating the alarm, and giving the order to muster and abandon ship? Or even to
discover that the captain is unable to perform his/her function. This was the
problem the crew faced following the explosion on board the Piper Alpha, with
fatal consequences. During a crisis, it is possible that situations will occur where
bypassing the chain of command is unavoidable and necessary; however, the
situation must be properly assessed by individuals such that the result is not
detrimental to the safety and success of the operations. This can be accomplished
through proper training on the worst case scenarios.

It is expected that in some cases, not all members will be able to evacuate using
the primary means of evacuation and therefore rescue means are necessary to
ensure the safe evacuation of the personnel left behind or not able to make it to
safe refuge. As seen in the case of the Deepwater Horizon, there was a need for
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secondary means of evacuation. In addition to liferafts, these can be escape chutes
and ladders. Personal survival suits with splash protection extend the available
rescue time due to increased protection from waves and hydrocarbons in the sea.
They also extend time before hypothermia.

Several hazards faced those on the Deepwater Horizon who prepared to jump to
the sea. Among those hazards were the height from the platform deck to the
surface of the water from which they have to jump, the possible fires on the sea
level and smoke inhalation. Ideally, the crew would have to get as close as possible
to the water surface before jumping or entering the sea. Under some circumstances
jumping into the sea is necessary, and offshore personnel should be trained to do
this as safely as possible.

The supply ship Damon Bankston played a vital role in rescuing survivors from
the Deepwater Horizon. Given the remote location of deepwater operations,
nearby vessels play a critical role in rescuing personnel from offshore installations
following major accidents. A fast response is especially important with a high
number of personnel in the sea and/or in the case of bad weather. Custom designed
third generation rapid response rescue vessels are available. They are specially
designed to launch and recover a fast rescue craft or daughter craft from a slipway
in the stern. The slipway can also be used to recover a lifeboat from the sea. The
sea trials of these vessels are promising and it is generally considered to be
possible to operate in sea conditions with significant wave heights of up to
Hs = \ 9 m (Jacobsen 2010).

The distance from shore to the Deepwater Horizon (66 km) meant that it took
several hours for rescue boats from shore to arrive. The US Coast Guard scrambled
HH-65C Dolphin helicopters when they received the mayday call from the
Deepwater Horizon. These helicopters have a limit of rescuing three to four per-
sons. Helicopters did not contribute to the rescue of personnel in the Macondo
accident.

The Norwegian system for area based emergency preparedness arrangements
(Norwegian Oil and Gas Association 2012) may be a relevant model to consider
also for the Gulf of Mexico, in order to quickly and efficiently rescue personnel in
emergencies. This system includes use of offshore based Search and Rescue (SAR)
helicopters as well as fast rescue crafts, in order to provide rescue capabilities for
the relevant number of personnel within 120 min from an emergency.

Training, knowledge, experience, and competence are important throughout all
steps of EER operations, and for some steps, it is purely human actions that can
ensure the success of the operation. Emergency drills and training have limitations
on preparing the crew to deal with real-life emergencies and unanticipated events.
However, proper training and knowledge can provide the basic ability to cope with
evacuation scenarios (Skogdalen and Vinnem 2012).
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5.7 Similarity Between Offshore and Nuclear Accidents

One lesson learned from the Macondo blowout which is somewhat special, is the
similarity between this accident and nuclear accidents. If we think about nuclear
accidents such as Three Mile Island, Chernobyl, Fukushima they have worldwide
effects, it does not matter which country it occurred, there will be worldwide
repercussions.

For offshore petroleum it has often been claimed that unless it takes place very
close to shore, there is normally no 3rd party personnel risk to consider. Before the
Macondo blowout, this could have been said without the ‘‘personnel’’ word in.
However, Macondo has demonstrated that the accident has worldwide repercus-
sions, and is ‘‘everybody’s accident’’. This is a similarity between nuclear and
offshore petroleum, when it comes to accidental pollution. Then one country’s
accident is everybody’s accident.
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Chapter 6
The Occurrence of Hydrocarbon Leaks:
Process Systems

6.1 Statistical Sources

Health and Safety Executive (HSE) in the UK has collected data on hydrocarbon
(HC) releases since October 1992 as part of the follow-up of recommendations
made by Lord Cullen in the investigation into the Piper Alpha accident in 1988
(Lord Cullen 1990).

The Petroleum Safety Authority started the collection of data on HC leaks
(corresponding to the term ‘release’ in the UK) in 2000, the first year covered the
period 1996–2000. There are important differences between the collection schemes
of the UK and Norway with respect to the systems covered and the classification of
incidents. This is discussed for the two sectors separately in Sects. 6.2 and 6.3.

The International Regulators’ Forum has collected key statistics for health and
safety for some few years, published on www.irfoffshoresafety.com. A comparison
between what is reported from the relevant offshore sectors is presented based on
the statistics from the IRF.

6.2 Statistics from the UK Sector

6.2.1 Classification of Releases

HSE collects data on HC releases based on reporting according to its RIDDOR
(Reporting of Injuries, Diseases and Dangerous Occurrences Regulations—HSE
1995) reporting system. All potential sources are covered, including wells, process
systems and all utility systems. All types of hydrocarbons are covered, including
gas, two-phase, unstabilised and stabilised liquid petroleum, in addition to refined
hydrocarbon products such as lube oil, hydraulic oil, seal oil and diesel.

The releases are categorised into three broad categories, which reflect hazard
potential. The classification criteria reflect amount, rate and duration, and distin-
guish between gas/two-phase and liquid releases (Table 6.1).

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
DOI: 10.1007/978-1-4471-5207-1_6, � Springer-Verlag London 2014
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The most noteworthy aspect is that there is no lower limit. In our view, this is a
severe weakness, which causes unnecessary uncertainty and difficulty for the
interpretation of trends.

There will obviously be different interpretations made by different organisations
(and individuals) about what is too small to report. The number of leaks in the
lowest (minor releases) category will therefore never be complete.

It is also noted by HSE that minor leaks are usually too small to cause esca-
lation of accidental effects. Therefore, interest in minor leaks should be less.
Norwegian data collection has decided to omit the smallest leaks (see the dis-
cussion in Sect. 6.3).

6.2.2 Statistical Overview

Figure 6.1 presents the HC releases recorded by HSE in the period 1996–2011. It
should be noted that reporting periods in the RIDDOR system go from 1st April
until 31st March the following year. For simplicity, the years are denoted ‘1996’;
‘1997’, and so on, although the extensive reference would be 1.4.1996–31.3.1997.
Figure 6.2 presents the trend over the same period with ‘minor’ releases omitted.

Figure 6.2 shows that significant leaks have decreased by a factor of two over
the 15-year period. Major leaks have decreased more in fact. The three-year
average was more than 15 in 1998, which dropped to 3.3 per year in 2011.

UK trends are further discussed compared with Norwegian statistics in
Sect. 6.4. UK data are also used in the DNV model for the prediction of release
frequencies (see Sect. 6.12).

It is important to stress that the UK classification criteria presented in Table 6.1
are quite different from the Norwegian classification criteria shown in Table 6.2.
This is demonstrated in Fig. 6.3, which shows ‘significant’ and ‘major’ releases in
the period 2006–10 (actually 1.4.2006–31.3.2011). Figure 6.3 shows that there are
more releases [1 kg/s compared with ‘major’ releases, for gas, two-phase and oil

Table 6.1 Overview of HSE classification criteria for hydrocarbon releases

Parameter Release category limits

Minor release Significant release Major release

Gas/two-phase releases

Quantity
or Combination of
• release rate and
• duration

\1 kg
\0.1 kg/s
\2 min

Between major and minor [300 kg
[1 kg/s
[5 min

Liquid releases (Oil/Condensate/Non-process)

Quantity
or Combination of
• release rate and
• duration

\60 kg
\0.2 kg/s
\5 min

Between major and minor [9,000 kg
[10 kg/s
[15 min
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Fig. 6.1 Overview of UK sector HC releases, 1996–11
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Fig. 6.2 Overview of UK sector HC releases 1996–11, minor releases omitted
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releases. When ‘significant’ releases are compared with releases with a rate in the
range 0.1–1 kg/s, there are far more ‘significant’ releases than 0.1–1 kg/s releases,
especially for oil releases. These differences imply that the criteria associated with
volume alone (see Table 6.1) must play a strong role in the classification of
releases, especially for ‘significant’ releases.

6.3 Statistics from the Norwegian Sector

6.3.1 Classification of Releases

NPD (later the PSA) started to collect data on HC leaks (corresponding to the UK
term ‘releases’) as part of its Risk level project (RNNP), which started data col-
lection in 2000. Leak data are categorised as ‘DFU1’ and the data are collected
using a special reporting format for RNNP.

All potential sources are covered, including wells, process systems and all fuel
gas systems as the only utility system (see also Sect. 6.6). The only types of HCs
covered are gas, two-phase, unstabilised and stabilised liquid petroleum, but none
of the refined products used on board.

Table 6.2 Overview of PSA classification criteria for HC releases

Parameter Release category limits

0.1–1 kg/s 1–10 kg/s [10 kg/s

Gas/two-phase releases
Initial release rate 0.1–1 kg/s 1–10 kg/s [10 kg/s
Liquid releases (Oil/Condensate)
Initial release rate 0.1–1 kg/s 1–10 kg/s [10 kg/s
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Leaks were originally categorised into three broad categories, but this has been
supplemented by exact values for leak rates, which are also available for all leaks.
The classification criteria are limited to initial leak rate, because this is considered
to be sufficient in order to characterise hazard potential (see Table 6.2).

For reporting to the PSA, there is a lower limit, 0.1 kg/s. This is done in order to
avoid underreporting and uncertainty as far as possible as well as to reflect the
inability of leaks below 0.1 kg/s to cause escalation.

6.3.2 Statistical Overview

Figure 6.4 shows the trend for HC leaks with a flowrate above 0.1 kg/s. It can be
seen that the highest values occurred in 2000 and 2002, with more than 40 leaks
per year. This reduced to 10 in 2007, followed by an increase to about 15 in the
period 2008–10. Eleven leaks above a 0.1 kg/s initial leak rate occurred in 2011.

Figure 6.5 presents the total number of leaks normalised against installation
years, for fixed and floating production installations, from the PSA based on the
RNNP annual report for 2011 (PSA 2012). This has been calculated as an average
for all fixed production installations on the Norwegian Continental Shelf (NCS), in
other cases, it has been calculated separately for other groups of installations. In
the diagrams, the values are referred to as a ‘relative risk indicator’, because the
trends are the important values rather than the absolute values. The reduction over
the 16 years is more extensive, when normalised in relation to the number of
installation years, from a value around 0.75 leaks per installation year in 1996–97
to a value below 0.2 per installation year in 2011.

The last bar in this diagram indicates a 90 % prediction interval for 2011, based
on the average level in the preceding five-year period, 2006–10. The intervals have
been calculated from the Poisson distribution, with a 90 % prediction interval.
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The basis for this method and alternatives are discussed in Kvaløy and Aven
(2005). Further illustrations and discussions are presented by Vinnem et al. (2006).

If the value in 2011 falls in the dark grey (lower) part of the bar, it implies that
there is a statistically reduced value for 2011 compared with the average for
2006–10. The diagram further illustrates a significantly falling trend in the number
of HC releases above 0.1 kg/s flowrate since the high levels up to 2002. The
industry defined an ambitious goal for leak frequency reduction at the beginning of
2003, in order to reduce the major hazard risk. The considerable drop in the
frequency of HC leaks is one of the noteworthy results of the RNNP work.

The value in 2011 does not represent a statically significant reduction with
90 % prediction interval. The number of leaks was 11 in 2011; thus the reduction
would have been statistically significant if no more than eight leaks had occurred.

6.3.3 Comparison of Installation Types

The data in RNNP allow for different comparisons of installation types with
respect to leak frequency. One example of such a comparison is presented in
Fig. 6.6, which is based on the period 1996–2011. The average values in this
period are 0.34 leaks/year and 1.05 leaks/year for floating production, storage and
off-loadin (FPSO) and semi-submersible/TLP concepts, respectively. If a similar
comparison is made only for the past five years (2007–11), the corresponding total
values are 0.12 leaks/year and 0.53 leaks/year for FPSO and semi-submersible/
TLP concepts, respectively. This demonstrates that there are significant differences
between these two concept types, even in the most recent period. One factor to
consider is that FPSO concepts in the Norwegian sector to some extent are simpler
and less complex.
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6.3.4 Installations with the Highest Leak Frequency
per Installation Years

Table 6.3 presents the list of installations with highest average frequency (per
installation year) on the NCS. This list is in principle the ‘‘top 10’’, but it includes
all installations with at least two leaks during the period. The basis for the list is
leaks per installation year, corresponding to the listing in RNNP reports.

The listing in Table 6.3 corresponds to the presentation in RNNP and does not
differentiate between large and small installations, manned and unmanned, old and
new installations, complex and simple installations or installations with extensive
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Table 6.3 Installations on
the NCS (anonymous) with at
least two leaks in 2008–11,
sorted according to falling
average leak frequency

# Installation code Average number of leaks
per year 2008–11

1 AU 1.0
2 AI 0.75
2 AX 0.75
2 BC 0.75
2 BK 0.75
2 BW 0.75
7 AJ 0.50
7 AP 0.50
7 AR 0.50
7 AW 0.50
7 AÆ 0.50
7 BR 0.50
7 AY 0.50
7 D 0.50
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or limited amounts of manual interventions. This has been the recognised
weakness of the listing in RNNP for years.

In the RNNP 2010 report, the corresponding list based on years 2005–10, is AU
and AX (joint first), AI, AÆ and AG (joint second). The most significant differ-
ence is that installation AG in no longer in the top 10 in Table 6.3.

6.3.5 Installations with the Highest Leak Frequency
per Number of Leak Sources

The number of leak sources was collected for the majority of production instal-
lations on the NCS during the Risk_OMT research project (available for all
installations in Table 6.3 except the last one). This information should to some
extent reflect the technical complexity of different installations. The number of
leak sources is obviously not a perfect representation of complexity, but no better
representation can easily be found. This information has not been used so far to
normalise the data in Table 6.3. Such normalisation is presented in Table 6.4.

Six of the installations on the top 10 list in Table 6.4 are also present in the top
10 list in Table 6.3. Two of the three top positions are common for the two lists,
but there are also significant differences.

6.3.6 Installations with the Highest Leak Frequency
per Number of Operations

Data have been made available with respect to the number of work permits issued
for work in the process areas of installations (all the installations in Table 6.3
except one). It has been shown in previous RNNP reports that about 60–70 % of
leaks are due to manual interventions; therefore the number of work permits

Table 6.4 Installations on
the NCS (anonymous), top 10
list in 2008–11, sorted
according to falling average
leak frequency per 1,000 leak
points

# Installation code Average number of leaks
per 1,000 leak points 2008–11

1 AJ 1.12
2 BW 0.81
3 AX 0.64
4 AY 0.59
5 AM 0.46
6 BK 0.45
7 AØ 0.40
8 BC 0.33
9 AU 0.31
10 AN 0.24
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should be a reasonable normalisation parameter. The normalisation according to
the number of work permits is presented in Table 6.5.

Five of the installations in Table 6.5 are also on the top 10 list in Table 6.3.
None of the installations in the top three in Table 6.5 are also in the top three of
Table 6.3. Only one the installations in the top three in Table 6.4 is also in the top
three of Table 6.3.

6.3.7 Installations with Highest Leak Frequency
with Combined Parameters

Table 6.6 is based on leak points as well as work permits, each with an equal
(50 %) weighting. Six of the top 10 installations in Table 6.6 is also in the top 10
per installation years in Table 6.3. Two of the top three are the same in both tables.

Table 6.5 Installations on
the NCS (anonymous), top 10
list in 2008–11, sorted
according to falling average
leak frequency per 1,000
work permitswork permits

# Installation code Average number of leaks
per 1,000 work permits 2008–11

1 AØ 10.2
2 BW 6.0
3 AY 5.0
4 BV 3.8
5 AJ 3.6
6 BC 3.4
7 AX 3.3
8 AU 3.2
9 AK 2.5

10 AV 2.5

Table 6.6 Installations on
the NCS (anonymous), top 10
list in 2008–11, sorted
according to falling average
leak frequency per 1,000 leak
points and 1,000 work
permits, each with a 50 %
weighting

# Installation
code

Average number of leaks
per 1,000 leak points
and work permits 2008–11

1 AJ 1.7
2 BW 1.4
3 AX 1.1
4 AY 1.1
5 AØ 0.8
6 BK 0.7
7 AM 0.7
8 BC 0.6
9 AU 0.6
10 BA 0.3
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6.3.8 Comparison of Different Normalizations

Figure 6.7 summarises the different normalisations, showing that normalisation
according to installation years provides an incomplete picture.

Please note that the diagram is somewhat specialised. Installations with the
highest leak frequencies are the ones with highest bars, according to Tables 6.3,
6.4, 6.5, 6.6. The values plotted in Fig. 6.7 are the same values as those in
Tables 6.3, 6.4, 6.5, 6.6, with the exception that the values in Fig. 6.7 have been
divided by 10 in order to fit to a common scale.

The different series in Fig. 6.7 correspond to the data in Tables 6.3, 6.4, 6.5,
6.6. If the rankings were consistently independent of which parameter was used,
the rankings would have been similar for all installations in the diagram.

The four installations that altogether have the highest leak frequencies for all
parameters combined are BW, AJ, AX, and AY. Interestingly, these installations
represent one old ([25 years in operation), two medium aged (10–20 years in
operation) and one new (\5 years in operation) installation. Hence, age does not
seem to explain the observed differences.
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6.4 Comparison of the UK and Norwegian Sectors

6.4.1 Comparison of Unignited Leaks

The RNNP has over several years compared leak frequencies on a per installation-
year basis. This has been limited to leaks exceeding 1 kg/s and for the northern
North Sea, including areas further north in the Norwegian sector. The cut-off limit
at 1 kg/s is primarily implemented in order to ensure as far as possible that
reporting uncertainty is eliminated.

The limitation to the northern North Sea can be explained as follows: there are a
large number of small and simple installations in the southern part of the UK
Continental Shelf (UKCS). These installations are not comparable to the majority
of the installations on the NCS, or even with the installations in the UK northern
North Sea. The limitation to the northern North Sea ensures ‘like for like’ com-
parison, because the installations are largely of the same types, some large, rela-
tively old installations, and some large, new floating installations. By coincidence,
the number of installations is also about the same.

The line separating the northern North Sea from the central North Sea on the
UKCS is the 598N, implying that all fields south of Stavanger are excluded.
Normally unmanned installations and mobile drilling units are also excluded.

It is further important to stress that UK leaks from the northern North Sea sector
have been reclassified according to the criteria shown in Table 6.2 in order to
ensure that classification is consistent. The comparison is presented in Fig. 6.8
(based on PSA 2012).

Figure 6.8 compares the NCSwith the UKCS, in which gas/two-phase leaks and
oil leaks are both included, and normalised against installation year, for the two
respective continental shelves north of 59�N. The figure applies to the periods
2000–10 and 2006–10, respectively. The data included in the figure are limited to
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process facilities in which oil leaks have occurred. In this period, there was also
one leak per year in shafts in connection with storage cells in the northern sector of
the UKCS and one leak every third year in connection with tank operations on
production ships or storage tankers. No corresponding leaks occurred in this period
on Norwegian production installations but in 2008, there was a major oil and gas
leak in the shaft on Statfjord A on the NCS. These leaks are not included in the
diagram.

The number of leaks on the NCS has been considerably lower in recent years,
and thus the period in question is of some significance (this is also illustrated in
Fig. 6.8). For example, the following observations can be made from the data on
average leak frequency per installation year for all leaks exceeding 1 kg/s:

• For the period 2000–10 the NCS was 41 % higher than the UKCS
• For the period 2006–10 the NCS was 5.9 % lower than the UKCS

6.4.2 Detailed Comparison

A detailed comparison of leak frequencies between the UK and Norwegian sectors
was carried out some years ago, using data from the period 2000–04. This was a
period when the frequency of leaks was considerably higher in the Norwegian
sector, and thus the applicability of the results is somewhat uncertain. The cir-
cumstances of leaks have been surprisingly stable through this period, which
implies that the results may also be relevant (see also Fig. 6.16). The details are
presented in Vinnem et al. (2007), upon which the following summary has been
formulated.

At the time of the study two Norwegian oil companies together accounted for
51 % of the production facilities on the NCS. When it comes to the distribution of
leak scenarios, these two companies were quite different from the other oil com-
panies operating in the Norwegian sector. These two companies experienced 82 %
of leaks in the period 2001–05. Table 6.7 presents the distribution of circum-
stances when leaks occur split into these two Norwegian companies and all other
companies. The same main categories are used as shown in Fig. 6.16.

Table 6.7 Distribution of
leak scenarios per 100
installation years for the two
groups of companies

Circumstance of leak Two Norwegian
companies

Other
companies

Technical faults 14.0 6.9
Latent errors

from intervention
27.3 3.4

Immediate errors
from intervention

6.7 1.4

Process control 6.7 1.4
Design error 6.7 0.7
Total 61.3 13.8
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It should be noted that a detailed analysis of UK data in the same fashion has
never been carried out. This is a summary of a coarse analysis based on the
available data, but with limited details available. With respect to ‘HC release’ data
from the UK, the period applied was 1.4.2000–31.3.2004. The following limita-
tions have been placed in order to arrive at a consistent and applicable data set:

• Only releases for the northern North Sea (north of 59�N) are used
• Non-process HC release is disregarded (lube/seal oil, mud, etc.)
• Wellfluid leaks as well as stabilised oil leaks are disregarded
• The release categories ‘major’ and ‘significant’ are used.

The arguments for choosing the northern North Sea are similar to those used in
the RNNP for making comparisons in the same area (see Sect. 6.4.1). The main
argument is that installations are similar, as the majority are in the Norwegian sector.

The exclusion of non-process leaks is clear, because only process leaks are
analysed for Norwegian installations. It is further obvious that the circumstances
surrounding HC leaks are quite different from those associated with auxiliary
systems, drilling systems and so on.

Broadly speaking, the category ‘significant’ corresponds to leak rates in the
range 0.1–1 kg/s, whereas ‘major’ leaks correspond to leak rates exceeding 1 kg/s.
However, some additional criteria apply in the UK system, relating to the duration
of the leak as well as the total HCs released. This has some effect on the number of
leaks in each category and thus on the frequencies that can be calculated.

In the RNNP report (PSA 2012), the differences between these two approaches
was illustrated. When identical criteria were used, the number of applicable gas
and two-phase releases increased from three to seven for the same area and the
same period. In the present case, however, the release categories ‘significant’ and
‘major’ have been used for the UK sector, showing some inconsistencies compared
with leaks exceeding 0.1 kg/s for the Norwegian sector.

A total of 103 HC releases were recorded for the northern UK sector in the four-
year period. These records include codes for design error, technical failure,
operational error and procedural error in addition to short verbal descriptions. The
codes were in some cases conflicting, and thus verbal descriptions were in general
trusted more than codes. The information was in some cases insufficient in order to
conclude about the scenario for the leak.

The leak scenario could be determined for 76 releases, which were used in the
subsequent analysis. The information was in some cases relatively sparse, to the
extent that the main scenario category could be determined, but not the detailed
circumstances. For instance, a technical failure was evident in several circum-
stances, but the exact reason for it was not clear from the limited description. This
resulted in many leaks being categorised as ‘other technical failures’. However,
this does not imply that the distinction between technical, operational or other
scenarios is more uncertain.

It is known from previous studies that there might be large differences com-
pared with the distribution found for the Norwegian sector, particularly that the
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contribution from operational errors could be much lower. As a result, the
assessment, although as objective as possible, has erred somewhat in the direction
of assuming the existence of operational errors.

The UK results are compared with Norwegian installations in Table 6.8.
Whereas Norwegian data show a majority of manual interventions, an even clearer
majority applies to technical faults in the UK sector.

Releases associated with human intervention have roughly the same relation-
ship between immediate releases and delayed releases, due to latent errors, with a
clear dominance for the second category. However, whereas the Norwegian
contribution is 54 %, the corresponding value in the UK sector is 28 %. It may be
argued that the distribution in the UK sector is quite close to the distribution in the
Norwegian sector, when the two large Norwegian companies are omitted from the
data set.

The message in Table 6.8 is interesting. The frequency per 100 installation
years in the UK sector is slightly less than 50 % of the corresponding value for the
Norwegian sector. It should be noted that this comparison is based on all leaks
exceeding 0.1 kg/s in both sectors, implying that identical criteria are used.

6.4.3 Comparison of Ignited Leaks

On the NCS, no occurrences of ignited HC leaks (above or equal to 0.1 kg/s) have
been registered since 1992. The number of HC leaks above 0.1 kg/s since 1992 is
probably in the range of 450. There is evidence that the number of ignited leaks is
significantly lower than that on UKCS, where approximately 1.5 % of gas and
two-phase leaks since 1992 have been ignited.

It seems to be inexplicable why over many years there have been fewer HC
leaks on the UKCS compared with Norway, whereas the control of ignition
sources (or the ‘prevent ignition’ barrier function) has been so much better in the
Norwegian sector. It was demonstrated in Sect. 6.4.2 that there seems to be more
leaks due to human intervention in the Norwegian sector. The control of ignition
sources is thought to be strongly dependent on human performance, and it is

Table 6.8 Distribution of
leak scenarios per 100
installation years for all UK
and Norwegian companies

Circumstance of leak UK installations Norwegian
installations

Technical faults 11.8 11.2
Latent errors

from intervention
4.1 15.3

Immediate errors
from intervention

1.7 4.1

Process control 0.2 4.8
Design error 0.5 2.7
Total 18.2 38.1
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strange that this is ineffective at the prevention of leaks, but very effective at the
prevention of the ignition of the same leaks.

The technical conditions may be better on Norwegian installations when
compared with UK installations. This may be an alternative explanation. The
ignitions presented in Table 15.5 may suggest that equipment malfunction after all
may be one of the critical factors in the case of the UK ignited HC leaks.

6.5 Comparison on a Worldwide Basis

The IRF has 11 members, i.e. national authorities with a responsibility for health
and safety in the offshore upstream oil and gas industry. Its objectives are
according to its website:

‘to drive forward improvements in health and safety in the sector through collaboration in
joint programmes, and through sharing information’.

The number of member regulators has increased steadily, and thus statistics are
not available for all countries for the early years. The current member regulators at
the end of 2012 are:

• National Offshore Petroleum Safety and Environmental Management Authority,
Australia (NOPSEMA)

• PSA, Norway
• US Bureau of Safety and Environmental Enforcement (BSEE)
• Danish Energy Agency (DEA)
• National Hydrocarbons Commission, Mexico (CNH)
• New Zealand Department of Labor, (DOL)
• Canada-Newfoundland and Labrador Offshore Petroleum Board, (C-NLOPB)

and Canada-Nova Scotia Offshore Petroleum Board, (CNSOPB)
• Brazilian National Petroleum Agency, (ANP)
• HSE, UK
• State Supervision of Mines, The Netherlands, (SSM)

When it comes to HC leaks, IRF statistics have a more limited scope than for
instance the scope of the PSA’s data collection. The scope of IRF HC leak data is
limited to the following (www.irfoffshoresafety.com):

• The major and significant categories are not mutually exclusive. Each incident
should be assigned to only one category.

• Include only process-related releases of gas that are being recovered from the
reservoir.

• Releases resulting in a fatality or injury will be counted here and as a Fatality or
Injury.

• Releases associated with a loss of well control related to production operations
should be included.
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• Releases associated with losses of well control related to well activities (drilling,
completion, work over, and abandonment) should not be included. These inci-
dents should be included in losses of well control under ‘‘Operational
Incidents’’.

• Any gas release with a rate less than 0.1 kg/s or an amount less than 1 kg will be
excluded.

There is no information from the IRF about reporting practices and com-
pleteness. This is a crucial issue when comparing statistics from various countries.
The comparisons presented below should thus be considered with considerable
scepticism, because of the lack of any indications of reporting reliability.

Figure 6.9 compares the number of leaks per 100 million barrels of oil
equivalent (BOE) gas production for those countries that have reported such data:
Australia, Canada, Holland, Norway and the UK. See also comment about Brazil
in connection with Fig. 6.10.

Normalisation in relation to production is quite different from how the UK and
Norway have been compared in Sect. 6.4. In addition, the number of installations
is available, but this is expressed as the total number of installations. This is also
different from how the UK and Norway have been compared in Sect. 6.4, where
only installations with production and processing equipment are counted.

Figure 6.10 presents the average number of gas leaks in the period 2007–10 for the
countries indicated above. The number of leaks is normalised against production as
well as manhours. Reporting completeness is not known. Differences in reporting
reliability may affect such a comparison significantly, although we know that
reporting reliability is high in the UK and Norway. The implication is that countries
such as Australia, Canada and Holland may have substantial improvement potentials.

It is noteworthy that data are not available for Denmark, Mexico, New Zealand
and the US. The US, Denmark and Mexico have had production operations for a
long time, and it is surprising that data on HC leaks are not available. Brazil has
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commented in one of the input forms that they do not receive information about
mass of leaked HC, and thus are unable to classify the leaks into categories. This is
most likely a source of significant underreporting for Brazil in Fig. 6.10.

It has become a recognised fact that data on occupational injuries (including
fatalities) does not have a close correlation with major hazard risk precursors (see
discussion in Sect. 22.2), such as HC leaks. Nevertheless, FAR values (per 100
million working hours) have been included in the present comparison, in order to
provide a more complete picture of the differences between IRF countries. FAR
values are available for more countries than those that have HC leak statistics (see
Fig. 6.11). The diagram also includes the actual number of fatalities in the period
2007–10.

Data on fatalities and injuries are presented in IRF statistics, but the comparison
here is limited to fatalities, as it is considered that the completeness should be the
highest in all countries, when it comes to occupational fatalities. The reporting of
working hours may, by contrast, be less complete in several countries. Such
information is not available.

Multi-fatality accidents will have significant effects on such comparisons. The
values in Fig. 6.11 are influenced by the 11 fatalities in the US in 2010 and a
helicopter accident with five fatalities in Brazil in 2008. The number of fatalities in
the US in 2008 is also high, but no information on any multi-fatality accidents has
been found.

The value for Brazil is the highest, indeed, this would be high even if the
helicopter accident with five fatalities had been omitted. Brazil is actually the
highest in Fig. 6.11, while it has the lowest value in Fig. 6.10. Similarly the US
would be the second highest in Fig. 6.11 even if the 11 fatalities in the Macondo
accident had been omitted.

0

5

10

15

20

25

Australia Brazil Canada Netherlands Norway UK

A
ve

ra
g

e 
n

o
 o

f 
m

aj
o

r 
&

 s
ig

n
if

ic
an

t 
 

g
as

 le
ak

s 
n

o
rm

al
is

ed
, 2

00
7-

20
10

per 10,000 BOE
per 10 mill manhours

Fig. 6.10 Comparison of the average number of gas leaks per 100 mill BOE in the period
2007–10

6.5 Comparison on a Worldwide Basis 197

http://dx.doi.org/10.1007/978-1-4471-5213-2_22
http://dx.doi.org/10.1007/978-1-4471-5213-2_22


6.6 Analysis of the Circumstances and Causes of HC Leaks

6.6.1 MTO Perspective on Leaks

This analysis takes a full MTO perspective on HC leaks, with emphasis on the
technical, organisational and human (operational) factors that have contributed to
the causation of leaks, as emphasised by the categorisation of leaks presented in
Sect. 6.6.3.

The report takes a pragmatic view that a reduction in the number of leaks on the
NCS is primarily a matter of reducing leaks on existing installations. There are few
new installations in the Norwegian sector, and current installations are commonly
extended with respect to their production periods, through extension with new
satellite fields, extension of reserves and so on.

A reduction in the number of HC leaks on existing installations should address
the technical, organisational and human factors, as indicated by the categories of
leaks presented in Sect. 6.6.3. Technical degradation and design errors are dis-
cussed in Sects. 6.6.8 and 6.7.1. With the present perspective it is natural that
operational factors will be the main emphasis, as illustrated by the following. If a
leak is caused by designing and building process equipment with the wrong type of
gasket, this may be seen as a design issue. However, if a wrong gasket is replaced
during work on process equipment at an existing offshore installation, the error is
in this report considered to be an operational issue.
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The replacement of flanges would also have to be considered with respect to
risk increase during the replacement period. Large scale cutting and subsequent
welding would imply an extensive volume of hot work activity, which would
increase risk substantially during the replacement period. It would be doubtful
whether the reduced risk due to the redesign of flange connections would
compensate for the substantial risk increase due to the extensive hot work during
replacement.

6.6.2 Work Process Modelling

Several companies have presented requirements for the planning and execution of
manual interventions in the process systems as work process modelling, often
using workflow modelling. Figure 6.12 presents a proposed best practice for
intervention work with a focus on the work steps (Norwegian Oil and Gas 2013).

A simplified version of the steps in Fig. 6.12 is presented in Fig. 6.13, which
illustrates the main steps of the workflow, where emphasis is on verification
activities. The following are the main phases as shown in Fig. 6.12:

• Planning
• Isolation/preparation
• Execution
• Reinstatement

Figure 6.13 shows the main phases. There is a split in three of the phases
between the actual work and the verification performed in order to ensure that
correct performance has been achieved. The pink boxes therefore focus on:

• The verification of the isolation plan
• The verification of the isolation (the implementation of the isolation plan)
• The verification of the resetting of valves (according to the isolation plan)

The following are the main groups of personnel involved in the work process:

• Planning personnel
• Operations responsible
• Executing personnel (mechanics)
• Area technician

Mechanics are often subcontractor personnel. Previous work and investigation
reports may show a trend to focus more attention on the role of the subcontractor
personnel (mechanics) than on the production personnel. There may have been too
little focus in the past on the planning, isolation and reinstatement phases, com-
pared with the execution phase.
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6.6.3 Initiating Events Which May Cause Leaks

The development of the approach to the main circumstances of the scenarios when
leaks occur on installations has been documented in Vinnem et al. (2007) and
Haugen et al. (2011), while annual trends are documented by the PSA. Vinnem
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et al. (2007) and Haugen et al. (2011) documented how latent errors have been
introduced by the different personnel groups involved in the planning and
implementation of manual interventions. Latent errors may result from errors
made during planning, if this results in a faulty work instruction, such as opening
or closing the wrong valve. This has been known to occur. The classification of
leaks that has been used in the works are referred to in the following main cate-
gories in Vinnem et al. (2007):

• Technical degradation of system (Category A)
• Human intervention

– introducing latent error (Category B)
– causing immediate release (Category C)

• Process disturbance (Category D)
• Inherent design errors (Category E)
• External events (Category F)

The combination of initiating event categories and the work process modelling
is the basis of the analysis of HC leaks from an MTO perspective. The detailed
codes for these six categories are shown in Table 6.9.
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6.6.4 Initiating Event Categories

The first presentation is an overview of the failures relating to work flow phases.
Data in the period 2008–11 are compared to the entire period 2001–10, for the
entire Norwegian sector, whereas data for the period 2001–10 are presented in
Røed et al. (2012).

The share of leaks due to technical degradation is slightly lower in the period
2008–11 compared with the previous 10 year period, but it is surprisingly close.
The contribution from manual intervention is even higher in the 2008–11 period
compared with the 10 year period, especially for immediate leaks due to errors
made during the intervention. The contribution from process distributions is
the most significant change (reduction) for the period 2008–11 compared with the
previous 10-year period.

6.6.5 Activity Types Involved in Leaks

Section 6.6.1 overviewed the main categories of initiating events. Each main
category has several subcategories, according to BORA (Haugen et al. 2007).

Table 6.9 Overview of
codes for manual intervention

Code Description

A1 Degradation of valve sealing
A2 Degradation of flange gasket
A3 Loss of bolt tensioning
A4 Fatigue
A5 Internal corrosion
A6 External corrosion
A7 Erosion
A8 Other
B1 Incorrect blinding/isolation
B2 Incorrect fitting of flanges or bolts during maintenance
B3 Valve(s) in incorrect position after maintenance
B4 Erroneous choice of installations of sealing device
B5 Maloperation of valve(s) during manual operations
B6 Maloperation of temporary hoses
C1 Break-down of isolation system

during maintenance (technical)
C2 Maloperation of valve(s) during manual operation
C3 Work on wrong equipment (not known

to be pressurised)
D1 Overpressure
D2 Overflow/over filling
E1 Design related failures
F1 Impact from falling object
F2 Impact from bumping/collision
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These subcategories were presented in Table 6.9. The distribution of the main
categories is presented in Fig. 6.14. Please consider the subcategories for the
categories B and C, i.e. failures during manual intervention, which are presented in
Fig. 6.15.

B1, B2, B3 and B4 are often grouped together, because they are all associated
with the incorrect positioning of valves or connections, which have the same type
of barriers. These four subcategories correspond to 22 of the 36 cases of failures
due to manual intervention. The maloperation of valves and hoses (B5, B6 and C2)
represent seven leaks together, whereas isolation failure or pressurised equipment
(C1 and C3) comprise seven leaks.

Of the 11 cases (B2) with the incorrect fitting of flanges or bolts during
maintenance, four cases involve errors tightening bolts. These four cases are
distributed as follows:

• Bolts not tightened/incorrect tightening: 2 leaks
• Incorrect torque used in tightening: 2 leaks
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6.6.6 Time When Leaks Occur

Figure 6.16 shows that the average number of leaks per hour during day shifts
(07–18) and early and late night shifts (19–24; 01–06) are 1.0 and 2.2 respectively.
The average number of leaks during 19–06 is 2.8 leaks.

For obvious reasons, fewer leaks occur during night shifts. There are few leaks
during the period 1900 until 0100, but many leaks during the period 0200 until
0600. This is the period where regulations state that work on process systems only
should be carried out if this implies a lower risk, compared with the day shift.

This study shows (see Sect. 6.6.5) that a considerable number of leaks are
associated with errors during the implementation of the isolation plan, i.e. the
setting of valves and blindings. If only C category leaks (immediate release during
manual intervention) are considered, then half of the leaks (four of eight) occurred
during night shifts and the other half during day shifts.

Is it likely that leaks could be avoided if the implementation of the isolation
plan was carried out during day shifts? This is not necessarily true, if the failure to
verify the implementation of the isolation plan is due to a lack of compliance with
steering documentation. Such a failure of compliance may occur irrespective of
what time of day the work is carried out. On some installations however, it seems
that the number of production personnel on the night shift may be low (one person)
and therefore there may be a shortage of the right technical staff to perform
independent verification at such times. Supervisory personnel could even be called
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in during night shifts, but reluctance to wake up supervisory personnel in the
middle of the night may be an issue on some installations. It may thus be easier to
comply with steering documentation verification performance during the day time.

6.6.7 Work Process Phases and Shift Distribution

The leaks in categories B and C are those that occurred in connection with manual
interventions, where the work permit system was followed and where the work
process phases as presented above are applicable. The structuring of work into
phases may be regarded as an essential way to ensure organisationally that the
work is carried out in a controlled manner. Work process phases represent a further
breakdown of the manual intervention (B and C) categories. Leaks associated with
manual intervention were classified into work process phases when errors were
made, based on the textual descriptions in the investigation reports. This was
possible in 49 of the 96 B and C type leaks. The number of errors shown in
Fig. 6.17 is 60, implying that more than one error can be made. The investigation
report could be considerably more specific in this regard, which would allow a
higher proportion of leaks to be classified into the relevant work process phase.
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It is further worth analysing whether there are significant differences between
work process phases with respect to day and night shifts. This is presented in
Fig. 6.17 for the four main work process phases.

For leaks associated with planning, the contributions are equal (50 %) from
leaks during night and day shifts; the same is the case for the reinstatement work
process phase. The two phases that have values that depart most extensively from
the average are those that have the highest number of leaks in the preparation and
execution phases. These differences may thus be due to random variations.

Figure 6.17 shows that the proportion of leaks during night shifts is highest for
the preparation and lowest for the execution phase. This is consistent with the main
pattern which we believe is to conduct preparations during night shifts and carry
out interventions during day shifts.

6.6.8 Design Weaknesses and Technical Degradation

Figure 6.14 shows that the number of leaks in 2008–11 can be categorised as
follows for design and degradation:

• Design error: 7 leaks (13 %)
• Technical degradation: 11 leaks (21 %)

It should be recognised that the occurrence of leaks can be associated with
design issues, such as how a manual valve has to be operated in order to com-
pletely close (e.g. the number of turns in one direction followed by one turn back,
etc.). However, many design aspects have to be kept as they are for the rest of the
installations’ lifetime. To alter the design of process systems is very costly and this
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would usually involve quite a bit of hot work, implying that the temporary increase
in risk during implementation can be substantial.

In the RNNP report, marking process lines and fittings report considered to be a
design issue. This is also only partly relevant. When the installation is new,
marking is a design aspect, but the need to refresh marking will always occur
during operation, and it should therefore also be considered to be an operational
issue.

In addition, there are few new installations in the Norwegian sector, whereas
the main picture of offshore petroleum production is relatively old installations
that often have been subject to, or will experience, lifetime extension. The main
efforts relating to the prevention of HC leaks therefore have to focus on leak
prevention on existing installations as well as their systems and characteristics.
Extensive modifications, such as improved access to valves and instruments are
often out of the question, partly due to the increased risk during modification.

The main issue of this report is thus on the prevention of leaks as an operational
issue. HC leaks are analysed in a work phase context in Sect. 6.8. Consequently,
the current initiative by Norwegian Oil and Gas has so far focused on operational
aspects. Improvement in design is also an important topic, which will have to be
addressed separately.

6.6.9 Major Hazard Risk Potential

One of the most remarkable features of the investigations of HC leaks on the NCS
is that major hazard potential is not well addressed. Most investigations do not
recognise the potential for major hazard consequences. Vinnem (2012) has doc-
umented the large difference between what is considered to be the potential
consequences in the investigations and the major hazard risk potential reflected in
the RNNP classification of the same HC leaks.

It was also documented by Vinnem (2012) that HC leaks have been subject to
both investigations by the PSA and company internal investigations. Differences
have been identified related to potential consequences. The companies find
essentially no major hazard potentials, whereas the PSA has identified significant
major hazard potentials for the four leaks investigated.

The actual and potential consequences are taken from the investigation reports,
however, in some cases no investigation report is available, and the information is
thus taken from the incident reporting system. Only consequences to personnel are
recorded.

The weights are taken from the weighting in the RNNP (PSA 2012), which aim
at reflecting the potential to cause fatalities, including the potential for leaks to be
ignited. These weights essentially express the expected number of fatalities given
the occurrence of a leak, which states the different accident chains and outcomes,
weighted by the corresponding conditional probability distribution. These weights
are based on the analysis of a large number of QRA studies. The weights reflect the
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special circumstances of the leak scenario, which may increase or decrease the
different probabilities involved, for instance in relation to the likelihood of
ignition.

The leak rate and ventilation rate together determine the volume of the
inflammable gas cloud. Not all HC leaks are gas leaks, but most liquid leaks will
flash off substantial amounts of gas, and thus to a large extent behave as a gas leak,
at least as far as the possibility for ignition is concerned.

None of the leaks ignited and with exception of one case, there were no injuries.
In one case, there was a first aid injury. It can also be seen that the potential
consequences in most cases were considered by the investigation committee to be
no injury at all. This implies that the investigations did not consider any possibility
for the ignition of the leaks.

The weights used in the RNNP based on QRA studies imply the conditional
expected number of fatalities, given a HC leak has occurred.

When we look at the correlation in more detail, there is no obvious correlation
between the weight of the leaks and what the investigations considered the
potential consequences to be (see Fig. 6.18). A linear trend line is also included,
demonstrating that the correlation is weak (R2 = 0.001).

The reason why companies may disregard major hazard potential is that the
potential consequences are considered in relation to insignificantly changed cir-
cumstances. Such circumstances are defined as events that have at least a 50 %
probability of occurring. Since barrier elements have high reliability, none of the
barrier failures will have a 50 % occurrence probability. This practice should be
reconsidered, as discussed in Vinnem (2012).
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It should also be noted that the IRIS report 2011/156 (‘Learning of incidents in
Statoil’, Austnes-Underhaug et al. 2011) documented that there is inadequate
learning from investigations in order to prevent further HC leaks. Further, the
arguments are not related to the failure to address major hazard potential, but this
relationship should not be ruled out.

6.7 HC Leaks Due to Technical Degradation

6.7.1 Age of Installation with Degradation Failure

Figure 6.19 shows the age distribution of installations at the time of leaks, for
leaks due to degradation failure only. It may be argued that maintenance
‘friendliness’ has improved since the early days, but modern installations are still
more compact. We have therefore chosen to assume that age is mainly—if at all—
a factor related to technical degradation.

It should be noted that two of the installations in Fig. 6.19 experienced leaks in
consecutive years, which influences the trends significantly (because of the limited
number of these leaks). This is the case for one installation with leaks at the age of
19 and 20 years, as well as another installation with leaks at the age of 29 and
30 years. The diagram would look quite different, essentially with random failures,
without these four leaks.

The overall conclusion is that there is a very weak basis for the hypothesis that
degradation failures are closely correlated with age. This has actually been con-
sidered in a few other studies, with the same observation; the correlation is
impossible to substantiate.

This confirms that the preventative maintenance of safety-critical equipment
(such as process piping and fittings) should be implemented as intended. If there
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had been a clear correlation between degradation failures and age, this might have
implied that process equipment was not replaced until it was severely degraded.

6.8 HC Leaks Due to Human Intervention

6.8.1 Overview of Work Flow Phases

Figure 6.14 presents an overview of the different steps and phases of a manual
intervention to process systems (Norwegian Oil and Gas 2013). The four main
phases are planning, isolation, execution and resetting. Three of the main phases
have a verification activity. The classification of leaks into work flow phases is
presented in the following subsection. Each of the main phases is thereafter dis-
cussed separately.

6.8.2 Classification of Leaks During Work Process Phases

Figure 6.20 presents an overview of the errors during various work flow phases,
for leaks due to manual interventions (B and C categories; see Sect. 6.6.1). The
data set is limited to 32 B and C leaks in the period 2008–11, where information
was sufficient to determine the relevant work flow phase.
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It should be noted that several errors were made during planning, but only one
of these could have been picked up during the verification of the isolation plan (see
further discussion in Sect. 6.8.3).

Further, during the isolation phase, in order for a leak to occur, there has to be
an error during isolation implementation together with an error during verification
(see further discussion in Sect. 6.8.5). There are thus 13 leaks with failures during
both the isolation implementation and the corresponding verification, including
cases where no verification was made.

The separate verification of actual intervention work has not been considered.
This has been considered during resetting. A failure due to resetting for this phase
also requires that failures occur during resetting and they are not discovered during
verification, including leak testing. This is discussed further in Sect. 6.8.7.

6.8.3 Personnel Groups Involved in Leaks

Figure 6.21 presents the distribution of personnel categories involved in the errors
that caused leaks. This analysis is limited to those 49 leaks with sufficient details
available in order to allow the personnel groups involved in the errors to be
identified. In some cases, errors were made by more than one personnel category.

Personnel associated with production operations dominate maintenance per-
sonnel with respect to those groups involved in causing leaks.

6.8.4 Planning

Planning includes the evaluation of the need for isolation, isolation requirements
and the implementation and verification of the isolation plan. The majority of
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planning errors made are not directly associated with the isolation plan. Only one
case demonstrated an error associated with the failure to establish an isolation plan
(claimed not to be the practice on the installation in question), but no verification
was carried out, and the lack of an isolation plan was therefore not identified.

Errors during planning were in all other cases associated with other aspects of
planning rather than the actual isolation plan, where the verification of the isolation
plan was not relevant in order to identify the error made during planning. The other
failures relating to planning were the following:

• Qualification of tools was not carried out and no system was established for
monitoring the communication and decision-making relating to risk. Further, no
system was established for monitoring the project, asset integrity and operations
or for assessing the different levels of management and for decision-making.

• Work permits were insufficient in relation to work process requirements with
respect to isolation.

• Description of work was not updated according to latest practices.
• Experience from earlier operations was not included and known errors not

rectified.
• There was inadequate risk assessment prior to operation—a HAZOP should

have been carried out when an alternative method had to be implemented.
• Insufficient communication prior to planning tasks (e.g. work permits not

prepared).
• The process plant was restarted after a prior (six days earlier) gas leak without

the proper testing of systems and with incorrect assumptions about the fault.
• Error during planning—bolt torque table was not available and too low torque

specified.
• Error during planning—not established practice on the installation in question to

prepare an isolation plan.
• The manufacturer’s drawings were not in accordance with that installed.

6.8.5 Isolation

Isolation implies implementing the isolation plan, including leak testing. This is
normally followed by the verification and demonstration of zero energy (used by
some companies thus far). Plan setting and verification are shown separately in
Fig. 6.20.

It should be noted that the number of cases with errors during the setting of the
isolation plan is equal to the number of verification errors in Fig. 6.20. This may
be somewhat surprising, but easily explained in the following manner:

• No leak will be associated with isolation if no error is made during plan setting.
• If the verification is carried out effectively, then there is no leak, even if errors

were made during plan setting. This always implies that when a leak is asso-
ciated with isolation, both setting and verification failed.
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Two categories of verification failure are represented in the data bases, either
the verification is not carried out, or it is carried out but failed to reveal the error
made (Fig. 6.22).

Verification in this context covers the verification of setting the isolation plan as
well as the verification of resetting valves after the work has been finished. The
following categories of leaks were considered separately:

• B1–B4: Failure in blinding, valves, flange or gasket
• B5 and C2: Maloperation of valves
• C1 and C3: Isolation failure or pressurised equipment.

The overall ratio between verification not carried out and verification failed to
reveal the error is:

• 2.1:1 (15 versus seven cases)

‘Verification not carried out’ is often associated with ‘silent deviations’—‘it is
not our practice to carry out verifications’ is an expression often found in inves-
tigation reports. This is an important finding. For a more thorough discussion on
verification errors and ‘silent deviations’ see Sect. 6.9.3. The isolation phase is the
highest contribution to the number of leaks. There are 13 cases (registered as both
setting and verification failure) of failure associated with the this phase.
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6.8.6 Execution of Intervention

Execution of intervention is the actual replacement, inspection or modification
work carried out. This is the phase in which the second highest number of leaks
(12 leaks in the period 2008–10) occurred compared with 13 leaks in the isolation
phase. The following is a summary of the errors made:

• Unclear work permit caused error
• Work not performed in accordance with the isolation plan
• Plugs removed without reinstatement: two cases
• Performance failure during flange installation: two cases
• Lack of clarity as to who was responsible for the task/lack of competence: two

cases.

6.8.7 Reinstatement

Leaks due to errors during resetting (reinstatement) have the lowest contribution
(six leaks) as shown in Fig. 6.20. Five leaks were caused by errors during rein-
statement, whereas six were caused by failure during the verification of the
reinstatement as the verification that failed was not associated with failure during
reinstatement.

6.8.8 Phase when Leaks Occur

Figure 6.23 presents the distribution of when (i.e. in which work flow phase) leaks
occurred. Figure 6.23 can be compared with Fig. 6.20 which shows in which phase
the errors were made.

Figure 6.20 shows that some of the errors made in the planning phase caused
leaks in subsequent phases. Further, planning errors are often made together with
other errors, and the times at which leaks occur are then influenced by these other
errors. Type of error will also influence when leaks occur, some errors cause
immediate leaks, whereas others lead to delayed leaks, either during reinstatement
or after start-up.

6.9 Causal Factors

Immediate causes and potential root causes are documented in the majority of
investigations, but the thoroughness of these classifications is variable. Over the
past few years, a trend seems to be that some companies’ investigations are fewer
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in number, more thorough and involving personnel with professional investigation
competence. The majority of studies are not called ‘investigations’, but rather ‘in
depth studies’ and are mainly carried out by personnel on the installation. This
section documents a number of causal factors, some very important, other less
important, but still interesting to document, because there is some attention paid to
these aspects.

6.9.1 Risk Influencing Factors (RIFs) from Investigations

Most leaks are recently investigated or studied through ‘in depth studies’ as noted
above. This implies that most analysed root causes and barrier performance. In
fact, root causes and barrier performance were available in 47 out of the 56 leaks
above 0.1 kg/s. This section is based on those 47 leaks. The analysis focuses on the
root causes and barrier failures in the ‘M and O’ sphere, i.e. failures in organi-
sational systems and human errors.

The distinction between root causes and barrier failures is unclear. Root causes
are often defined in investigations as those aspects that lead to one or more of the
immediate causes. Barriers are in investigations usually defined rather loosely, as
something that could have stopped the chain of events, i.e. prevented an accident
or reduced its consequences. Investigations often distinguish between barriers that
functioned, barriers that failed and barriers that were not in place or in use. The
analysis in this section is limited to barriers that did not function or that were not
used.
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Fig. 6.23 Phase in which leaks occur, NCS 2008–11 (n = 30) (Copyright 2012, SPE/APPEA
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production drilling conference and exhibition copyright. Reproduced with permission of SPE.
Further reproduction prohibited without permission)
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The more precise terms barrier function, barrier systems and barrier elements
are not normally used. This implies that root causes and barrier failures are difficult
to distinguish. For example, failure to comply with steering documentation, is in
investigations (and similar) classified sometimes as a root cause and sometimes as
a barrier failure.

The analysis has thus not distinguished between root causes and barrier failures,
and has classified all identified factors as RIFs. Some investigations or ‘in depth’
studies have identified several root causes and barrier failures, whereas there may
be only one or two in other documents. When all available factors are summed for
the 47 leaks, the total is 159 RIFs, implying that the average number of RIFs per
leak is 3.4. Figure 6.24 presents the distribution of root causes and barrier failures
identified in all leaks in 2008–11.

Work practice is the RIF that is cited in most investigations (29 out of 47 leaks).
Failure to comply with steering documentation (such as procedures) is the second
most frequently used, with 20 out of 47 leaks. If we take failure of work practice
or failure to comply with procedures, this applies to 35 or out of 47 leaks (74 %).
By contrast, if we take failure of work practice and failure to comply with pro-
cedures, this applies to 14 out of 47 leaks (30 %). Work practice errors and failure
to comply with controlling documentation are therefore the most critical RIFs
associated with HC leaks.

‘Risk assessment’, which should be interpreted as the ‘failure to perform rel-
evant risk assessments’ as well as the ‘lack of apprehension of risk’, is almost as
frequent as failure to comply with steering documentation (20 out of 47 leaks).

If we focus on those RIFs identified in at least 10 cases, the following are
included: the failure of experience transfer, lack of/inadequate procedures and
error during design/fabrication. Some RIFs may be less influential anticipated in
terms of competence, supervision, time pressure and maintenance.
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Fig. 6.24 Overview of RIFs from investigations and ‘in-depth’ studies, NCS, 2008–11 (n = 47)
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Figure 6.25 compares the RIFs for all leaks (as in Fig. 6.24) with only those
leaks associated with manual interventions (B and C type leaks, see Sect. 6.6.1).
The same RIFs are used in Sect. 6.6.1 and Fig. 6.24. The majority of these are
relevant for the leaks associated with manual intervention, i.e. B and C-type leaks.

Errors related to work practice and inadequate compliance with steering docu-
mentation only become important if the leaks associated with manual intervention
are considered. If we look at failure of work practice or failure to comply with
procedures, this applies to 25 out of 30 leaks (83 %). However, if we analyse failure
of work practice and failure to comply with procedures, this applies to 12 out of 30
leaks (40 %). This certainly does not represent a surprise; errors related to work
practice and inadequate compliance with steering documentation are essential for
those leaks associated with manual intervention.

In addition, failure to perform risk assessment (or failure to apprehend risk) and
supervision failure are considered to be more important for the leaks associated
with manual intervention. In addition lack of competence and work planning
failure are more important for leaks associated with manual intervention, but these
represent relatively low contributions. By contrast, the leaks associated with
design or fabrication failure have increased somewhat. This was not expected, but
it may be due to random variation, as there are relatively few cases (nine) in this
category.

Work practice errors dominate during the execution of maintenance work (eight
out of nine leaks), but also occur frequently during isolation and reinstatement
(18 out of 25 leaks). Failure of communication and failure to perform risk
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Fig. 6.25 Overview of the RIFs from investigations and ‘in-depth’ studies, NCS, all leaks and
leaks due to manual intervention, 2008–11 (n = 47 and 30)
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assessment or error in apprehension of risk, are more important during execution
than they are during isolation and reinstatement. Supervision is also important
during the execution of maintenance work. The only RIF that represents a higher
proportion of leaks during isolation and reinstatement is failure to comply with
steering documentation. This is typically failure to comply with the isolation plan.

6.9.2 Management and Supervision

The following are some of the weaknesses in management and supervision that
were found in investigation reports:

• Weaknesses in management (including management of change) systems

– Warnings of vibration and noise were not responded to; incident report not
taken seriously

– Qualification of the tool was not implemented; a system for monitoring
communication and decisions on risk between the project, construction
integrity and management and between different levels of management and
decision-making forums as not established

– No safety system was activated; a high threshold for such actions
– Documentation was not updated after the modification
– The system was not given priority with respect to modification; work orders

from several years ago were not performed
– Questions asked of management’s handling of start-up after an extensive

turnaround
– Insufficient manning level and inadequate quality assurance
– Inadequate inspection and maintenance program
– Risk apprehension, awareness and work performance was not in accordance

with accepted standard
– Previous experience was not taken into account, known errors not corrected
– Steering documentation was not adequate to prevent this type of problem
– There was a weak apprehension of risk in relation to the damage a truck could

cause
– Work permit was approved without being aware of a specific exception
– Changes were implemented without a HAZOP or SJA being carried out
– There as a lack of understanding of the risk potential on the involved

installations
– Three inadequate plugs were supplied and installed several years ago without

discovering the error by the suppliers
– Valve was replaced several years ago with an outdated type of valve stuffing

box
– Process plant started after one leak without testing thoroughly, assuming that

the error had been found
– Inadequate procedures for verification and control
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– Work order issued several years ago, but not given priority by management

• Supervision error and weaknesses

– No supervisor realised the hazard involved with a large un-insulated volume
at low pressure

– Unclear ‘ownership’ of temporary equipment
– Supervisors did not follow up work proactively.

6.9.3 Lack of Compliance with Steering Documentation

First, please note that for the 20 leaks where verification failed, shown in Fig. 6.22
68 % of failures were related to deficient performance in terms of verification,
whereas 32 % were a failure of the verification itself. It is to be expected, although
not identified clearly, that many of the failures to conduct specified verification
activities are associated with ‘silent deviations’ from steering documentation.
Unacceptable practices have developed over time on some installations, implying
that it is considered to be acceptable not to follow steering documentation, and that
instead so-called ‘qualified evaluations’ conclude that simplifications are just as
good. Often such simplifications imply that verification activities either are not
carried out at all or are carried out in a simplistic manner.

This is recognised explicitly in some investigation reports, with descriptions
such as the following:

• ‘Silent’ deviations documented
• ‘Silent’ deviation, made similar error just a few days before
• Lack of compliance with work process requirements when flanges were

remounted
• ‘Silent’ deviation

It should also be noted that when root causes and barrier failures in investi-
gation reports are recorded (see Sect. 6.9.1), a lack of compliance with steering
documentation was reported in 20 out of 47 leaks, i.e. just over 40 %. It is
therefore reasonable to consider that over one third of all HC leaks in 2008–11 are
associated with aspects relating to ‘silent deviations’. This implies that eliminating
these failures should have high priority in order to reduce the number of HC leaks.

The IRIS report 2011/156 (‘Learning from incidents in Statoil’) documented
that a lack of compliance was essential for the Snorre A subsea gas blowout in
2004 as well as the well incident on Gullfaks C on 19th May 2010. This report also
claims that compliance with steering documentation is a general problem within
this company, strongly influenced by a complicated and unclear documentation
system following the merger of Statoil and Hydro’s system as a consequence of the
merger of the two companies in 2007.
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6.10 HC Leaks Due to Design Errors

The overview in Fig. 6.14 shows that around 15 % of he leaks are associated with
design errors. It should in addition be noted that several of the leaks associated
with human intervention would also be associated with design weaknesses. The
presentations in this chapter should thus not be interpreted to imply that design is
not important in the prevention of HC leaks.

However, for existing installations the focus needs to be on the prevention of
leaks through operational measures. Fixing design errors or weaknesses may be
such an extensive task that it is impossible from an economic point of view. What
may be even more important is that design changes usually imply extensive hot
work, which implies a significant increase in risk during installation.

The RNNP report in 2011 (PSA 2011) provided an in-depth analysis of HC
leaks and described the actions taken by operators. It was demonstrated that when
all leaks were counted where design aspects were involved, this was the highest
category. It is therefore important that prevention of leaks also has a strong focus
on influencing design standards and practices in order to make new installations
less error prone when it comes to manual interventions.

6.11 HC Leaks Due to External Impact

HC leaks due to external impact may be caused by falling or uncontrolled
swinging objects, or uncontrolled vehicle movement internally or externally on the
installation. Falling objects are frequent on offshore installations, and it could be
feared that this represents a significant hazard. However, experience demonstrates
that this is not so.

Figure 6.14 shows that only one instance of external impact causing a leak is
registered during the period 2001–11 in the Norwegian sector. In fact there is only
that one instance even if the period is extended to 1.1.1996–31.12.2011, i.e. the
entire data set. This leak occurred on the production deck of a floating production
installation (FPSO), when a truck accidentally hit a locking device on a deck valve
on one of the tanks. The collision caused the locking device to snap off and the
valve to open, resulting in a slow gas release until the valve could be remounted.

6.12 DNV Leak Frequency Model

6.12.1 Model Overview

On behalf of Statoil, DNV has developed a model for leak frequencies as a
function of equipment type and size (DNV 2009), based on the HSE release
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database (HCR). The release data in the HCR is grouped according to equipment
type and size, fitting analytical functions to the data and dividing the data into
release scenarios that are compatible with QRA modelling. The types of equip-
ment covered by the model are the following:

• Steel pipes
• Flanged joints
• Manual valves
• Actuated valves
• Pipeline valves
• Instruments
• Process vessels
• Centrifugal pumps
• Reciprocating pumps
• Centrifugal compressors
• Reciprocating compressors
• Heat exchanger (tube and plate)
• Fin-fan cooler
• Filters
• Pig traps

The leak model is divided into three main scenarios, in order to make it
compatible with different approaches to HC outflow modelling in QRA studies:

• Zero pressure leaks
• Limited leaks
• Full leaks

Zero pressure leaks are leaks with virtually no pressure inside the equipment.
The equipment may have a normal operating pressure of zero (e.g. open drains), or
it may have been depressurised for maintenance.

Limited leaks occur in pressurised equipment, but the flow rate is much lower
than a leak at an operating pressure controlled only by ESD and blowdown. This
may be caused if the leak is isolated locally by human intervention or by a
restriction in the flow from the system inventory.

Full leaks have a flow rate that corresponds to a leak at the operating pressure
controlled by ESD and blowdown. Full leaks can be subdivided into:

• Leaks isolated by ESD
• Late isolated leaks

The distinction between different leak scenarios was not included in the model
from the start, but it was included when it was realised that the frequency of full
leaks in QRA studies based upon the DNV model was significantly higher than
that experienced.
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6.12.2 Challenges with the Model

It is understood that the DNV model at the time of preparing the manuscript is due
to be updated, which implies that some of the challenges with this model may be
overcome in the future. It is nevertheless essential to be aware of them.

The basis of the model is data from the UK sector, whereas the intended
primary use of the model is the Norwegian sector. Section 6.4 discussed a number
of differences between the UK and Norwegian sectors. These differences relate to
the frequency of leaks per installation years as well as the circumstances under
which leaks occur.

Although the DNV model has divided leaks into zero pressure, limited and full
leaks, it does not reflect leaks except those with technical causes. The special
circumstances of for instance leaks during manual intervention, with full or partial
isolation, are not reflected at all. The simplification with zero pressure, limited and
full leaks does not seem to be a suitable representation. The circumstances also
strongly affect the time to isolation and depressurization.

Further, there have been significant trends in the frequency of leaks per instal-
lation year in the UK as well as in Norway (see Figs. 6.2 and 6.5). These trends do
not seem to be taken into account in the model. It is therefore necessary to update
the model in a number of ways. The scope of the work for the updating is not known.
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Chapter 7
Fire Risk Modelling

7.1 Overview

7.1.1 Cases with Opposite Results

It may be illustrative to consider the vast difference between two incidents in the
North Sea that started in almost identical ways, within approximately 24 h, and
ended very differently. These two events were presented in Sects. 4.14 and 4.15:

• Explosion and fire on Brent A on 5 July 1988 (Sect. 4.14)
• Explosion and escalating fire on Piper A on 6 July 1988 (Sect. 4.15).

The Piper A accident ended with a lost installation and is very well known due
to the catastrophic development of the accident. The Brent A incident on the day
before Piper A is virtually not known at all, except those involved, due to the
benign consequences.

Both events occurred on mature installations, and started with a gas leak from a
flanged connection. The gas leaks were both ignited and a gas explosion resulted
with approximately the same peak overpressures. The protective systems onboard
both installations were essentially the same. The main characteristics of the two
events may be summarised as shown below:

Piper A, 6 July 1988 Brent A, 5 July 1988

Leak source Blind flange Gasket in a flange
Ignition source Ignition by unknown source Probably by deluge
Explosion
overpressure

Approximately 0.3 bar Approximately 0.3–0.4 bar

Deluge Not initiated, fire water supply
unavailable

Started (inadvertently) on gas
detection

Subsequent fire Escalating immediately to other
areas

Only few minutes fire duration

(continued)
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(continued)

Piper A, 6 July 1988 Brent A, 5 July 1988

Final consequences Total loss Significant damage to gas processing
module

Consequences to
personnel

167 fatalities 2 injuries

The main difference according to this simplified summary was the activation of
the deluge system, but it is slightly more complicated than this. The Brent A gas
leak occurred on the highest level far away from the accommodation area, whereas
the Piper A gas leak occurred on a lower level below and next to the accommo-
dation block.

7.1.2 Types of Fire Loads

This section gives an overview of accident scenarios that may result in fire loads
on primary and secondary structures, (i.e. support structure, main deck structure
and module structure). Two tables are presented, Table 7.1 for fixed and Table 7.2
for floating installations.

These tables show that uncontrolled hydrocarbon flow is the main reason for
critical fire loads on the structure. It may be noted that dropped objects may also
contribute, but only as a result of rupture of hydrocarbon containing equipment. It
may be noted that falling objects have not caused hydrocarbon leaks in the
Norwegian sector in the period 1996 until 2012, i.e. the period when detailed
information about the leaks is available.

Structural failure and collision impact may under certain conditions lead to fires
that may affect the structure. It should be noted that the failures that may lead to
uncontrolled fire directly, usually dominate over those that depend on escalating
sequences. The Mumbai High North fire in 2005 (Sect. 4.18) is an example of
external impact from a vessel which caused a riser fire which escalated to an
uncontrolled fire.

7.1.3 Structural Fire Impact

Calculating the fire loads on a structure and estimating responses involve these
steps:

1. Calculation of release of hydrocarbon
2. Calculation of fire loads
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3. Calculation of structural time–temperature distribution
4. Calculation of structural response to temperature distribution.

For each of these steps, simplified methods or more comprehensive simulation
tools may be used.

7.1.4 Fire and Explosion Loads on People

The assessment of the effects of fire explosion on people is parallel with the
structural effects analysis, although in some respects considerably simpler.

Table 7.1 Overview of types of fire scenarios that may lead to structural fire loading, production
installations

Type of
accident

Conditions which may
lead to structural effects

Structural elements
typically affected

Criticality

Blowout Difficult to control and
combat, especially if
ignited. Burning
blowouts are usually
of very long duration,
thus very critical

Usually deck structure.
May also be support
structure, if burning
on sea level

Usually highest
contribution, if
wellheads are on
platform

Riser failure Release may have
extensive duration, if
long pipeline is
connected, and no
isolation is possible

Deck structure, if riser is
inside shaft. Also
likely in later phases,
when no shaft exists

Usually significant
contribution, unless
riser is specially
protected, or subsea
isolation is provided

Likely if leak is below
deck, and no shaft.
Also likely if leak is
subsea or in splash
zone, thus causing
burning on sea level

Pipeline
failure

Release may have
extensive duration, if
long pipeline is
connected, and no
isolation is possible.
Release needs to be
close to structure and
ignited on sea level,
in order to be critical

Likely if leak is below
deck, and no shaft.
Also likely if leak is
subsea or in splash
zone, causing burning
on sea level. Deck
structure is likely in
later phases

Usually insignificant
contribution, because
ignition is unlikely

Process
equipment
failure

Fires may have long
duration through
escalation to
uncontrolled fire

Usually main deck
structure

Dependent on likelihood
of escalation

Dropped
object

Through fire caused by
rupture of
hydrocarbon
equipment

Usually main deck
structure

Insignificant contribution
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7.2 Topside Fire Consequence Analysis

The following section provides a brief overview of some of the important
parameters that are used in the fire consequence analysis, including an overview of
the fire types and their characteristic heat loads. For more detailed introduction,
see for instance Lees (2004) or Fire Calculation Handbook (SINTEF 1992).

7.2.1 Mechanisms of Fire

Despite the fact that a fire originates from combustion reactions, the process of fire
may be dependent on forces or factors that are not directly involved in combustion.

Table 7.2 Overview of types of fire scenarios that may lead to structural fire loading, floating
installation

Type of
accident

Conditions which may lead to
structural effects

Structural
elements
typically affected

Criticality

Blowout Dry wellhead:
Difficult to control and

combat, especially if
ignited. Burning blowouts
are usually of very long
duration, thus very critical

Usually deck
structure.

May also be
marine
structure, if
burning on
sea level

Usually highest contribution,
if wellheads are on
platform

Subsea wellhead:
Difficult to control and

combat from platform.
Ignited blowout will burn
on sea, thus very critical

Usually marine
structure, but
may also be
deck structure

Burning on sea level is less
likely, compared with
wells on deck. Unit may
also reposition

Riser failure Release may have extensive
duration, if long pipeline
is connected, and no
isolation is possible

Marine structure,
as leak is
usually subsea

Usually significant
contribution, unless
subsea isolation is
provided

Pipeline
failure

Release may have extensive
duration, if long pipeline
is connected, and no
isolation is possible.

Release needs to be close to
structure and ignited on
sea level, in order to be
critical

Marine structure,
as fire is
usually on sea
level

Usually insignificant
contribution, because
ignition is unlikely

Process
equipment
failure

Fires may have long duration
through escalation to
uncontrolled fire

Usually main
deck structure

Significance is dependent on
likelihood of escalation

Dropped
object

Through fire caused by
rupture of hydrocarbon
equipment

Usually main
deck structure

Insignificant contribution
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The overall process rate may be dependent on, or driven by, a step in the process
other than the combustion reactions. It is therefore convenient to separate fires into
different types:

• Ventilation controlled fires in enclosures (closed or partly closed)
• Fuel controlled fires in enclosures
• Pool fires in the open
• Jet fires
• Fires in running liquids
• Fire balls (BLEVE)
• Gas fires (premixed, diffuse).

All these scenarios are relevant in the case of offshore installations. Other types
of fire that may occur are fires in electrical equipment and fire in equipment in the
accommodation. These ‘non-hydrocarbon’ fires are not discussed. The fire loads
are generally lower for these fires, but the smoke production may be a problem.

7.2.1.1 Combustion Reactions

All fires involve combustion in the gas phase except for smouldering combustion
where the combustion reactions take place on the surface of the fuel.

Both exothermic and endothermic reactions take place during the combustion
process. The overall reaction or process, is considered to be one reaction involving
total, or 100 %, combustion or oxidation of the fuel.

The combustion reaction rate is dependent of the temperature in the combustion
zone, the concentration of the reactants (oxygen and fuel) and the combustion
products produced in the zone. If the concentration of the fuel is either too high or
too low, or the temperature is too low, the reaction will not take place.

The dependence of the reaction rate on these factors is expressed by the
parameters ignition temperature, flammability limits, and oxygen index. Other
important properties are the flash point and the self ignition temperature. These
properties can be found in a number of text books for different hydrocarbon
products.

7.2.1.2 Heat Transfer to Object Within the Flames

The main heat transfer from a flame to an object in the flame occurs by radiation.
In some situations, however, the convective heat transfer equals the radiative
contribution. The radiative heat transfer can be expressed as:

q ¼ uer T4
f � T4

o

� �
kW=m2 ð7:1Þ
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where
u = configuration factor
e = emissivity/absorption factor for the system
r = stefan Boltzmann’s constant (56.7 9 10-12 kW/m2 K)
Tf = flame temperature, K
To = temperature of the object, K.

If the object is totally enveloped in the flames we assume that is 1.0. If the
thickness of the flames around the object is equal to or above 1, we assume that
e = 1. In general it is considered that in a pool fire the diameter of the flame must
be larger than 3 m to create flame thickness equal to 1.

The temperature within the flame will vary from 500 �C at the top to 1600 �C
locally in the flames. The value of 1100–1200 �C is often used to calculate the
radiative heat transfer, but this value has been considered as conservative. Mea-
surements from large scale tests have revealed that even higher temperatures may
be generated in certain conditions, during a jet fire as well as a liquid fire. The
following approach may be used for practical estimates:

1. The average flame temperature, where the flames totally envelop the objects,
may be taken as 800 �C.

2. The product of u and e in Eq. 7.2 vary from 0.7 to 0.9, depending on the flame
thickness and tightness around the object.

Using a value of ue = 0.7 and Tf = 800 �C, produces a radiant heat transfer of
52 kW/m2 which may be regarded as a typical average value.

Consider a region of the flames equal to 2/3 of the total height of the visible
flames. The convective heat transfer is high in this region in the beginning of the
fire, if the pool diameter is large and flames stagnate on the object. The radiative
heat is proportional to the temperature difference to the power four. The con-
vective heat transfer is on the other hand linearly dependent on the temperature
difference.

7.2.1.3 Heat Transfer to an Object in a Jet Fire

If an object is in a jet fire, the heat transfer to the object will be far greater than if
the object were enveloped by flames controlled by natural convection. This is due
to the very high gas velocities which result in 70–90 % of heat transfer by con-
vection. In a jet fire the convective heat loads have locally been measured up to
350 kW/m2 and average values of 300 kW/m2 are possible.

Heat transfer from a pool fire in the open will normally have a maximum value
of 150 kW/m2. A jet fire will of course be far more local than a pool fire. In the
BFETS programme (SCI 1998), the total incident heat flux onto targets was in
general up to 200 kW/m2, but local maxima could be up to 350–400 kW/m2 under

230 7 Fire Risk Modelling



certain conditions. This occurred for jet fires as well as pool fires in semi-enclosed
areas.

The total heat transfer to an object within the flames of a jet fire can be
estimated by calculating the radiation heat transfer (e & 1) and assuming this to be
30 % of the total.

7.2.2 Fire Balls

Fire balls may be the result of a Boiling Liquid Expanding Vapour Explosion
(BLEVE). If a tank ruptures, the gas under pressure mixed with the condensed
phase escapes immediately. The flash evaporation of the gas phase entrains liquids
in the form of a fog which, when ignited, burns with the look of a ball or ‘nuclear
bomb mushroom’. The factors of interest are:

1. The hydrocarbon fractions released before combustion
2. The size of the fire ball
3. The duration of the fire ball
4. The radiation intensity from the fire ball.

The fraction participating in the combustion is suggested to be 30 %. Hasegawa
and Sato (1977) have set up the following correlations of size and duration:

Dmax ¼ 5:28 M0:277
f ð7:2Þ

s ¼ 1:1 M0:0966
f ð7:3Þ

where
Dmax = maximum diameter of the ball, m
S = duration of the combustion, s
Mf = Mass of the involved fluid, kg.

7.2.3 Gas Fires

Gas fires and explosions are related phenomena, but it is important to distinguish
between them. A gas fire will occur if the following three conditions exist at the
same time:

• there is a mixture of gas and air within the flammability limits,
• there is a normal sized source of ignition energy, and
• the enclosure does not contain any flame front accelerating factors.
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Flame front accelerating factors can be objects in the enclosure or any narrow
passage way to neighbouring enclosures. If the flame front acceleration is suffi-
ciently strong, a deflagration will develop (see Chap. 8).

The gas fire takes place with a flame front that propagates through the mixture
at a speed of 0.5–2 m/s and the flow is laminar. The heat and overpressure loads
from a gas fire are relatively small.

7.2.4 Air Consumption in Fire

The following figures are given in literature as the air requirements for burning the
following fuels:

• Propane: 16 kg air/kg fuel
• Gasoline: 16 kg air/kg fuel
• Methane: 15 kg air/kg fuel.

These are theoretical values for complete combustion in diffusion flames. The
air consumption required for jet fires is much higher than for an ordinary diffusion
fire. In order for the jet to be maintained, excess air over that needed for the
combustion reaction is needed. The jet fire air consumption is 400 % the ‘normal’
consumption, including both the combustion and excess air. For methane jet fires
this means 60 kg air/kg fuel.

7.2.5 Choice of Calculation Models

There is a very wide range of available models which may be chosen for calcu-
lation of fire dimensions and loads. There are a number of simple, hand calculation
models available, mainly based on empirical data. At the other extreme, there are
several computational fluid dynamics (CFD) software packages available which
enable very sophisticated calculations to be performed.

Using simplified tools is often a good starting point, in order to get some feel
for how severe the fire loads are likely to be. If severe loads can occur, then it is
wise to use more sophisticated tools (presumably with less uncertainty), to
understand the situation better and thereby have a more precise basis for the
engineering of protective measures.

An overview of simplified models is found in the Fire Calculation Handbook
(SINTEF 1992). Some of the CFD-packages are briefly mentioned in Appendix A.
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7.2.6 Analysis of Topside Fire Events

The main fire types are jet fire, diffuse gas fire, pool fire, and fire on sea. Table 7.3
summarises the main characteristics that need to be determined for these fire types.

7.2.7 Fire Simulations

Detailed analysis of fire loads would call for a number of fire simulations with
CFD-tools (see Appendix A) for detailed production of fire loads. Table 7.4 pre-
sents the cases for CFD fire simulation for a large QRA study of a large production
installation, reflecting the actual number of cases considered in the QRA study.

Results from the simulations may be viewed graphically for various parts and
angles, with respect to various parameters, most typically the radiation flux at
various levels.

The fire simulations for each of these cases are used for the calculation of the
following probabilities:

• Probability of immediate fatalities
• Probability of fatalities during escape from area
• Probability of impairment of escape main safety function
• Probability of impairment of shelter area main safety function
• Probability of impairment of evacuation main safety function
• Probability of impairment of critical rooms main safety function
• Probability of impairment of main load-bearing structure main safety function
• Probability of impairment of escalation main safety function

A typical summary of radiation flux levels from the different simulation cases
for three assumed lifeboat stations is shown in Table 7.5 (illustrative values, not
from the study). A typical summary of immediate fatality probabilities in the areas
where the accidents originate is shown in Table 7.6 (illustrative values, not from
the study). These values reflect the radiation levels in the various modules, and
would also reflect some evaluations based on the radiation levels.

Table 7.3 Fire load characteristics

Jet fire Diffuse gas fire Pool fire Fire on sea

Hole size Release rate Pool size Spreading
Release velocity Air supply Air supply Wind direction
Direction Duration of leak Wind direction Wind speed

Duration of leak Air supply Duration of fire versus leak Pool breakup
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Table 7.5 Summary of radiation levels for three assumed lifeboat stations

Case Lifeboat East Lifeboat North Lifeboat West

4 kW 15 kW 50 kW 4 kW 15 kW 50 kW 4 kW 15 kW 50 kW

11 x x x
12 x x
13 x x x X

Table 7.4 Fire simulation cases for QRA of a large production installation

Case Module/area Type of release Direction Mass flow
(kg/s)

Wind direction Wind speed
(m/s)

11 M11 Jet fire South 20 East 4
12 Jet fire South 20 East 10
13 Jet fire South 20 South-southeast 12
14 M12 Jet fire North 10 North 2
15 Jet fire North 10 East-northeast 2
16 Jet fire North 10 North-northeast 10
17 Jet fire North 20 North-northeast 10
18 Jet fire North 20 North-northwest 10
19 M15 (well area) Jet fire East 10 East 2
20 Jet fire East 10 South 8
21 Jet fire North 5 East 8
22 Jet fire North 10 East 8
23 Jet fire North 10 East-northeast 8
24 Process area Jet fire North 10 East 6
25 Jet fire North 5 North 8
26 Jet fire North 5 North 8
27 Jet fire North 10 East 6
28 Jet fire South 10 East 2
29 Jet fire South 10 East 10
30 Sea level Pool fire – 30 East 2
31 Pool fire – 30 East 8
32 Pool fire – 30 North-northwest 6
33 Gas plume – 30 East 0.1
34 Gas plume – 30 East 2
35 Gas plume – 30 North 0.5
36 Gas plume – 30 North-northwest 0.1
37 Gas plume – 30 North-northwest 2
38 Drill floor Jet fire West 25 East 8
39 Jet fire West 25 South 12
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7.3 Fire on Sea

A full rupture of a pressure (or storage) vessel containing a large amount of crude
oil (e.g. from a separator) will cause the contents to be released more or less
instantaneously on the platform. Due to the fact that the deck in process areas on
offshore platforms usually comprises gratings, almost all the released oil will flow
to the sea forming an oil slick which will rapidly increase in size. There are drain
systems installed in order to prevent this scenario, but it is most likely that a
significant proportion of the oil will flow to sea, in a major rupture, due to limited
capacity of the drain system.

The lighter fractions of the oil will evaporate or flash off as the oil slick spreads
on the sea surface. A release from a vessel containing the lighter as well as the
heavier fractions will obviously produce a higher amount of gas. Fire on sea level
may also occur due to blowout from a well (especially a subsea production well) or
a pipeline leak.

It has been considered that very large pool fires (diameter [ 40 m) would likely
tend to split up into several flame plumes with smaller base diameter and, thus also
attain significantly reduced flame heights compared to the height of a non-split-up
flame. However, this has never been verified.

Immediate ignition of most crude oil releases on the sea surface will result in an
oil slick fire in which the burning intensity will be in the range 0.03–0.08 kg/sm2,
depending on the fraction of light components contained in the oil. It appears that
the maximum flame heights will be in the range of 25–50 m. Since the distance
from the sea surface to the underside of the cellar deck or the Main Support Frame
(MSF) of a typical fixed installation is usually in the range 25–30 m, most oil slick
fires arising from a major release of crude oil will impinge on the MSF or
underside of the deck. The most severe will engulf the deck and modules on top in
flames and smoke. Floating installations have lower air gaps, which implies that
heat loads will be higher.

It has traditionally been considered that heat loads from a sea level fire are
lower than from a pool fire on deck. The lower burning intensities will result in a
flame tip temperature of 500–600 �C, resulting in heat loads of 30–50 kW/m2. The
higher burning intensities will result in the upper part of the flame plume pro-
ducing heat leads in the range 50–100 kW/m2 at the MSF and deck, and heat loads

Table 7.6 Summary of probability of immediate fatality in area where accident originates

Fire in area Type of event Leak rate category

Minor (0.1–1 kg/s) Moderate (1–10 kg/s) Large ([10 kg/s)

M11 Process fire 0.05 0.30 0.70
Riser fire 0.20 0.50 0.80

M15 Process fire 0.10 0.40 0.75
Blowout 0.20 0.65 0.85
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of 75–150 kW/m2 on parts of the platform legs. In large scale tests (SCI 1998)
flame temperatures up to 1250 �C have been measured.

The lack of actual experience data is one of the complicating factors in relation
to fire on sea. Very few instances of fire on sea are publicly known. The Ekofisk
field experienced one case around 1980, this was a very small amount and short
duration, but caused severe panic on the installations. There are also rumours about
other cases around the mid-1990s, in the North Sea and in Africa, but these are
unconfirmed.

Another aspect of fire on sea, is the possible extensive cost impact if extensive
passive fire protection of the structure is to be applied in order to protect against
fire on sea level, this is further illustrated in Sect. 7.3.4.

Immediate ignition of an oil spill on the sea level is often caused by running or
falling burning liquid droplets from the installation.

7.3.1 Delayed Ignition of an Instantaneous Release

Prior to ignition, the oil will spread on the sea surface due to changing spreading
and retarding forces. Figure 7.1 shows the diameter of an unignited oil slick as a
function of the elapsed time from the start of the release. This relates to an instant
area release of 100 m3 of stabilised crude oil ignoring any effects of wind waves or
currents. No immediate gas flashing or evaporation of light components is taken
into account. A significant amount of gas flashing and evaporation would result in
a smaller oil slick due to the reduced volume of oil.
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Fig. 7.1 Oil slick diameter as a function of time, provided there is no ignition of the oil
(instantaneous release of 100 m3 of stabilised crude oil)
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From Fig. 7.1 it can be seen that the diameter of the oil slick increases rapidly
in the first 30 s after release, after which time the growth rate is slower. For
example after 1–4 min, the oil slick diameter is approximately 65, 95, 120 and
140 m respectively. After 6 h the oil slick diameter is approximately 370 m. It is
evident that if this oil slick is ignited after some minutes, huge flames may the-
oretically occur.

7.3.2 Ignition Probability of an Instantaneous Release

Due to the oil becoming less volatile with time, the ignition probability will
correspondingly also decrease. The time to ignite an oil slick when subject to
radiant heat will be longer if the oil has been on the water for some time and the
thickness has decreased.

With heat radiation above 10 kW/m2 the effects of delay and film thickness on
time to ignition is hardly discernable. As time proceeds, light oil fractions evap-
orate, the oil cools down, the slick thickness decreases, and may to a certain extent
be mixed with water. In this situation the possibility of igniting the slick decreases
rapidly. Crude oil will thus attain ignition properties similar to those of diesel oil
which cannot be ignited without the addition of a primer or without the presence of
a significant heat source. An instantaneous release of fresh, unstabilised crude oil is
easier to ignite the earlier the ignition source is introduced. The ignition proba-
bility of the stabilised crude oil in which all major light fractions are evaporated, is
rather low. The flash point of such stabilised crude oil is as high as 125 �C.

The temperature of the oil at the point of release may be as high as 90–100 �C,
but it will soon cool down by heat transfer to the sea and the ambient air. A major
heat source has to be present to ignite a slick of stabilised crude oil some time after
release. Such a heat source is unlikely to be present in most offshore situations
except when there is already a significant fire on the platform.

On the other hand, if the ignition source is introduced approximately at the time
of the release of fresh crude oil (i.e. immediate ignition), the oil is much more
readily ignitable. Fresh, unstabilised crude oil has a flash point of 1–10 �C. The
fire point however, may be as high as 60–70 �C, which usually is below the
temperature at which oil is processed. Taking all these factors into consideration it
may be concluded that the probability of immediate ignition of an instantaneous
release resulting in a sustained fire is rather low.

7.3.3 What Determines the Likelihood of Fire on Sea?

Fire on sea is not a well documented event. In fact, very few events have explicitly
been reported in the public domain. Blowouts are the main type of events where
such occurrences have been known to occur. Even for blowouts, there are
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relatively few cases where there has been fire on the sea. It is therefore essential to
establish the circumstances which may result in fire on sea.

SINTEF (Opstad and Guénette 1999) has carried out a research project for
several years examining fire on sea. This has included a series of large scale tests
on Spitsbergen in 1994 as well as small scale laboratory tests in 1996–1997. A
brief summary of some of the main findings from that work is presented in the
following, related to the following main aspects:

• Flow of oil to the sea
• Oil composition
• Environmental conditions

These aspects will determine whether ignition of an oil slick is likely or not, and
whether sustained fire can be expected. The aim of the project was to study the fire
behaviour and thermal impact from fires on the sea surface, as input to manage-
ment of safety in relation to fire on the sea level.

Experiments with fresh crude oil and oil water emulsions were carried out
during the test programme. The maximum amount of oil in one experiment was
8 m3.

7.3.3.1 Flow of Oil to Sea

The full scale tests showed that the manner in which the oil reaches the surface of
the sea is important. We may distinguish between oil which reaches the sea in a
‘plunge’ (i.e. free fall) from a ‘run’, where the oil runs down elements of the
structure. The importance for fire on sea is as follows:

• Oil will ‘plunge’ if it falls freely from the platform. Even if it is burning when
falling from the platform, it may be quenched through plunging into the sea.

• Oil may ‘run’ down the jacket legs, bracings risers etc., and may still be burning
when it reaches the sea surface. Quenching is less likely under these
circumstances.

• Oil released subsea can be regarded as ‘plunged’ oil, but is probably signifi-
cantly more ‘weathered’ (emulsified). Ignition would then be dependent on
whether a strong external source of ignition is in the area.

7.3.3.2 Oil Composition

Evaporation of the lightest fractions above the liquid surface is the main mecha-
nism that determines the sustained burning ability. The laboratory tests carried out
by SINTEF confirmed that a boundary layer still persisted in high wind conditions,
if sufficient amounts of the lighter fractions are contained in the crude oil.
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The other implication of this is that large differences in behaviour were iden-
tified between the different oils. Some oils had considerably more evaporation than
others. Obviously condensates ignited most easily. SINTEF suggested that the
flammability of the oil is dependent on the extent of flammable components with
boiling points below 150 �C.

7.3.3.3 Environmental Conditions

Because of the obvious limitations, the testing of ignitability and sustained burning
under different environmental conditions has been one of the most difficult aspects
to study. The large scale tests at Spitsbergen were carried out in wind speeds up to
5–10 m/s. Air movement velocities up to 25 m/s were used in the laboratory tests.
For the oils with the highest evaporation rates, there was a limited effect from the
highest wind speeds. It should be noted that the laboratory air movement velocity
of 25 m/s was measured only about 1 m above the surface, where as official wind
speed is measured 10 m above the surface. A wind speed of 28–30 m/s at a point
1 m above the surface would probably correspond to a wind speed of 55–58 knots.
This is close to a hurricane which begins at 64 knots.

Wave motions have not been studied in these tests, due to natural causes. The
large scale tests were carried out partly in a basin (in the sea ice!) and partly in a
sheltered lagoon. The possibility of significant wave actions in both scenarios was
non-existent.

The overall effects of wave action on the burning of an oil slick will be most
extensive for the thinnest slicks that are close to the critical minimum thickness for
ignition. The minimum film thickness for sustained ignition will increase with the
time as the oil is weathered. Non-breaking waves will introduce minor fluctuations
in oil film thickness and this will affect a proportion of the slick area at any time. If
the oil film is thick, this will not have any appreciable effect on the ignition
properties other than to slightly enhanced the dilution of the vapour cloud above
the slick. Breaking waves will disrupt the thinner areas of an oil slick. Although
this will only affect a small proportion of the slick area at any one time, the
thickness will not be reinstated. The cumulative effect of breaking waves will be to
break up the sheen. This will effectively prevent flame spreading and sustained
burning.

There is still considerable uncertainty about the effects of high wave actions,
especially breaking waves and extensive sea spray, which would be quite common
at high wind speeds. It is claimed that the evaporation rates will not be signifi-
cantly changed in the high wind state but this remains an unsupported assumption.

However, there is a general agreement that intense burning and sustained fire is
virtually impossible in high wind scenarios. This applies to both ‘‘weathered’’ and
‘fresh’ oil spills (i.e. where little or no weathering has taken place).

An indication of the results under different wind conditions is indicated in
Fig. 7.2 (SINTEF 2005), which shows that the chance of ignition is virtually
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independent of the heat transfer at low wind speeds, but much more dependent on
the heat transfer at high wind speeds.

Table 7.7 (Opstad and Guénette 1999) presents a summary of the results from
the tests carried out by SINTEF. It should be noted that the effects included are
limited to wind effects, and are not the combined effects of wind and waves.

7.3.4 Loads from Sea Level Fire

The most severe fire loads from fire on sea level may have extensive cost impli-
cations in relation to the amount of passive fire protection that is needed to protect
the structure. It is therefore important to consider the following parameters:

• Flame dimensions
• Fire duration (i.e. burn rates and inventory)
• Fire loads
• Smoke.

Table 7.7 Conditions for ignition and sustained burning for fire on the sea surface influenced by
weather

Conditions Type of oil

Condensate Light crude Crude oil

Minimum slick thickness (mm) 0.5 1 1–3
Maximum evaporative loss in (%) [30 \30 5–10
Maximum water-in-oil emulsions (%) Unknown Unknown \25
Maximum wind conditions (m/s) 25 20–25 15

Fig. 7.2 Heat transfer to the
surface at the time of ignition
in the laboratory tests
(courtesy of SINTEF)
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Consider, as an illustration, a floating production installation which was
installed in the Norwegian sector some years ago. The following structural
members were protected against sea level fire with passive fire protection:

• Support structure (columns)
• Deck support structure (beams).

The assessment of dimensioning loads was based on a conservative approach,
which resulted in high fire loads, as follows:

• Columns

– 250 kW/m2, from sea level up to 15 m
– 200 kW/m2, 15 m upwards

• Main structural beams (support for topside modules)

– 200 kW/m2

• All members protected for 2 h fire duration.

The total surface with protection was about 13,000 m2. If we in current prices
assume an average price of 600 USD per m2, then the cost of passive fire pro-
tection of the structure is about 8 million USD. But even this may be a low value,
if the protection has to be renewed on location. The cost of offshore reapplication
would be several times higher.

7.3.4.1 Flame Dimensions

There are three phases of oil slick spreading (Fay 1969); gravity driven, viscous
force limited and surface force limited spread. The diameter of a burning pool on
the sea is dependent on the scenario that has created the burning pool, including a
number of factors. All of the following need to be known in order to calculate the
likely extent of a burning pool:

• Type of liquid, including its density
• Whether the spill is continuous or instantaneous
• Volume or leakage rate
• Time of ignition in relation to the start of the spill.

The laboratory tests (SINTEF 2005) demonstrated that upwind flame spread
may occur, but not for the heaviest crude oils. The upwind flame spread may also
be limited by strong wind. The crosswind flame spread velocity is also of the same
order as the upwind velocity.
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7.3.4.2 Fire Duration

The duration is first and foremost dependent on whether it is a continuous release
or not. The fire will only last as long as the film thickness exceeds the minimum
thickness.

7.3.4.3 Fire Loads

The large scale tests gave surprisingly high heat fluxes. Temperatures of certain
regions inside the flames reached 1300 �C or more. The very hot regions are
located where the turbulent eddies of the flames entrain sufficient amounts of air in
order to allow complete combustion, and where the flames are optically thick.

Soot screening will trap some of the heat inside the fire plume, increasing the
temperature and the heat load on an engulfed object. Therefore the fire load on
objects inside a fire plume is of the same order as those found by experiments on
land. An object enveloped in the flames may experience a fluctuating heat load,
with peak values of approximately 400 kW/m2. Average values may be in the
order of 200–300 kW/m2.

In high winds, heat exposure will mainly be on objects close to the surface, as
long as no significant wind blocking from constructions occurs.

Fig. 7.3 Fire on sea level
tests at Spitsbergen, 1994,
photographed by the author
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7.3.4.4 Smoke

This aspect does not affect structural elements, but rather has an impact on per-
sonnel which may be very severe. This may be seen from Fig. 7.3, which shows a
sea level fire test using 8 m3 of stabilised crude oil. The spill was contained in a
10 m diameter ring when it was ignited, after which it was allowed to flow freely,
increasing in diameter to almost 50 m, and burning for some 15 min. The height of
the flames reached more than 60 m, but was pulsating with a period of some few
seconds. The extent of the black smoke may be seen from the picture.

7.4 Analysis of Smoke Effects

7.4.1 Methods for Prediction of Smoke Behaviour

Smoke is one of the major hazards to personnel in fires, especially in oil fires. The
reduced visibility due to thick black smoke is the first threat to people who want to
escape from, or fight, a fire. Knowledge of smoke production, smoke flow and
impact of smoke on people and facilities is available from literature, from labo-
ratory tests, and from experience of real fires such as the fire on Piper Alpha
platform (Lord Cullen 1990). A CFD-based computer code is needed for realistic
modelling of smoke production and dispersion (Holen and Magnussen 1990).

The smoke generation in enclosed hydrocarbon fires is mainly governed by the
properties of the fuel and the ventilation conditions. The nominal ventilation factor
a the air-to-fuel ratio defines certain regimes of a fire from below stoichiometric
conditions, characterised by oxygen starvation, through stoichiometric fires, to
well ventilated fires.

7.4.1.1 Mass Flow Rate

An important fire scenario for offshore platforms is the enclosed fire. The esti-
mated smoke production in this case is different from an open fire, since the
combustion products can be recirculated into the flames. The enclosure itself may
then be considered as a combustion chamber, and the mass and heat balance for the
enclosure are the basis for estimating temperatures and determining smoke pro-
duction rates and concentration of soot and gases.

A rough estimate of the smoke production rate in an enclosure may be obtained
by multiplying the fuel burning rate by the amount of air needed for complete
combustion. For most hydrocarbon fuels this is about 15 times the fuel burning
rate. This number can be noted, ka, the mass air-to-fuel stoichiometric ratio. In fires
where the air supply is sufficient for complete combustion, the total mass rate of
smoke can be calculated when the fuel burning rate is known. The total smoke
production rate is:
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_mtot ¼ _mf þ ka � m ¼ 1þ kað Þ _mf � 16 _mf ð7:4Þ

where
_mtot = total mass flow of smoke from the flames
_mf = fuel burning rate
ka = mass air-to-fuel stoichiometric ratio.

This gives a first step estimate which gives an idea of the amount of smoke that
is produced at high temperatures. The smoke produced by the fire is then mixed
with entrained air, a process which goes on inside the fire module if excess air is
available, or outside the module when the smoke escapes. This mixing process
dilutes the smoke, leading to a reduction in temperature, soot concentration, and
the concentration of toxic combustion products. The oxygen concentration in the
smoke however, increases by mixing with the fresh air. The prediction of mass
production rate of smoke is determined by the fuel burning rate, and the ventilation
of the fire enclosure.

7.4.1.2 Temperature

The temperature of the smoke leaving a fire enclosure is a result of the burning
conditions. If the ‘worst case’ fire severity is assumed, the maximum smoke
temperature will be up to &1200 �C. A temperature significantly lower than this
can be expected in most cases. It is not obvious that a ‘worst case’ fire develop-
ment inside the fire enclosure leads to the worst smoke hazard to people on a
platform. A very hot smoke plume developing from an opening in a fire com-
partment will have strong buoyancy and will tend to rise rapidly. In some cases
this will be favourable, since smoke can flow above the platform. A cooler smoke
plume will be more likely to follow the flow field of air around the platform and
may conflict with escape routes and lifeboat stations at lower levels.

7.4.1.3 Soot Production

Soot production rates are given as soot yield, expressed as a ratio of soot pro-
duction rate against fuel burning rate. The soot yield varies with fuel type, geo-
metrical configuration of the fuel within the fire enclosure, and the air-to-fuel ratio
of combustion.

Traditional building materials and furniture have a soot yield typically in the
order of 1–2 %. Liquid and gaseous hydrocarbon fuels usually have characteristic
soot yields significantly above this level.
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7.4.1.4 Carbon Monoxide

The concentration of carbon monoxide (CO) in the compartment and at the outlet
is typically less than 0.1 % for well ventilated fires. This is characterised by an air-
to-fuel ratio above 50.

The concentration of CO in fires with limited air supply goes up to about 2 %
when the air-to-fuel ratio becomes close to stoichiometric (15 kg/kg). CO con-
centration above 0.5 % can be found in fires with air-to-fuel ratio up to three times
the stoichiometric ratio. For ventilation controlled fires and fires with oxygen
starvation, CO concentrations of up to 35 % can theoretically occur. In practice, a
CO concentration of 5 % at air-to-fuel ratios about half the stoichiometric ratio,
has been measured in diffusion flames in poorly ventilated enclosures. This may be
considered as a realistic maximum CO concentration in an offshore fire.

7.4.1.5 Carbon Dioxide

Carbon dioxide concentration varies with air-to-fuel ratio and a maximum con-
centration of 14 % has been measured at the outlet opening in experiments by
SINTEF (1992).

7.4.1.6 Oxygen

Oxygen concentration at the outlet opening varies with air-to-fuel ratio from close
to zero at the stoichiometric ratio, up to the concentration of ambient air at large
for situations where excess air is available.

7.4.2 Smoke Flow and Dispersion

Smoke from fires in naturally ventilated areas will escape through openings and
louvered walls. The hot gases are lighter than air and thus, buoyancy will create a
smoke plume. The environment around the platform, characterised by wind
direction and velocity, will influence the smoke plume. Both the smoke plume and
the wind interact with the platform itself, creating areas with increased flow
velocity and recirculating zones. Important questions to answer are:

• Can smoke be transported downwards after leaving an opening from the fire
area, and be dragged below the platform?

• Can smoke flow upstream the wind direction?
• Will smoke enter the air intake for the accommodation areas ventilation system?
• Will smoke penetrate into a pressurised living quarter?
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• How fast will smoke infiltrate a living quarter if ventilation systems are shut
down?

• Which areas will be threatened by smoke in specified fire scenarios?
• What is the major impact of smoke on people?

The hazard of smoke is characterised by three factors:

• Reduced mobility
• Pain and injury to the personnel due to temperature of the smoke
• Incapacitation or death due to toxic or irritating components in the smoke.

The relative importance of these factors can be found by comparing the
threshold values with the actual or predicted exposure in a fire scenario.

When soot concentration is determined by modelling of soot production rates
and dispersion, this can be converted to a length of vision. Soot particles block the
passage of light and visibility is determined by the intensity of the light source, the
soot concentration, and the wavelength of the light.

The visibility of an object is determined by the contrast between the object and
its background. Light emitting signs, for example, are two to four times easier to
see than light reflecting signs.

7.5 Structural Response to Fire

7.5.1 Manual Methods

The simplest methods are directly based on results from fire tests, while the most
sophisticated computer models calculate the temperature increase in a structural
member based on a given temperature exposure curve and the thermal properties
of the materials which are also temperature dependent.

7.5.2 Uninsulated Steel

When unprotected steel is exposed to fire, the temperature will in most cases rise to
a critical level within minutes. A critical level is one at which the structural
member is unable to fulfil its load bearing function. However, if the steel section is
heavy and the temperature level is moderate, the structure may be able to carry
adequate loads for a sufficient time without further fire protection. The temperature
of an unprotected steel section may be predicted through an iterative process using
Eq. 7.5 (SINTEF 1992):
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DTs ¼
hcr

cpsqs

Ai

Vs
Tg � Ts

� �
Dt ð7:5Þ

where
DTs = temperature increase in steel section (�C)
Ts = temperature in steel section at time t (�C)
hcr = hc ? hr, coefficient of heat transfer (includes both convective and radiant
heat transfer) (W/m2 �C)
cps = specific heat of steel (J/kg �C)
qs = density of steel (kg/m3)
Ai/Vs = section factor of steel section (m-1), where
Ai = area of the inner surface of the insulation material per unit length of the
member (m2/m)
Vs = volume of the member per unit length (m2)
Tg = gas temperature at time t (�C)
Dt = time interval (s)

This equation is based on the assumption of quasi-steady-state, one-dimen-
sional heat transfer with the steel considered as heat sink. The heat supply to the
section is considered to be instantaneously distributed to give a uniform temper-
ature due to the high thermal conductivity of steel.

When the steel section is large, there may be considerable temperature gradi-
ents in the cross-sections. In such cases suitable computer codes should be used to
predict the temperature response more accurately.

7.5.3 Insulated Steel

There are few methods suitable for the hand calculation of the temperature
response of steel with passive fire protection. Those methods that are available are
not applicable to all types of fire protection materials. These methods are simple
iterative equations where the material properties of both steel and insulation
materials are given as constants. However, the thermal properties of both steel and
insulation materials may vary considerably with temperature, and the results from
such calculations should be carefully checked with test results.

7.5.3.1 Simple Calculation Methods

Simple methods for the hand calculation of temperatures in an exposed insulated
steel structure are limited to a one-dimensional approach. The calculation of the
steel temperature increase DTs of a member insulated with dry materials during a
time interval Dt follows from Eq. 7.6 (SINTEF 1992):
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DTs ¼
kci
di

cpsqs

Ai

Vs

1

1þ 2e
3

" #
Tg � Ts

� �
Dt � e

e
5 � 1

� �
DTg ð7:6Þ

e ¼ cpi di qi Ai

2 cps qs Vs
ð7:7Þ

where
kci = thermal conductivity for insulation (W/m �C)
di = thickness of insulation (m)
cpi = specific heat of insulation (J/kg �C)
qs = density of steel (kg/m3)
cps = specific heat of steel (J/kg �C)
qi = density of insulation (kg/m3)
Ai/Vs = section factor for steel member (m-1)
Tg = ambient gas temperature at time t (�C)
Ts = steel temperature at time t (�C)
DTg = increase of the ambient temperature during the time interval Dt (�C)
Dt = time interval (s).

These equations are valid for steel members insulated with dry materials. For
wet materials the calculation of the steel temperature increase DTs is based on the
same equations with the following modifications:

(a) Before reaching a steel temperature of 100 �C, Eq. 7.6 is used.
(b) At a steel temperature of 100 �C, a delay in the steel temperature rise, Dtv is

introduced. Methods for predicting the time delay are presented in SINTEF
(1992).

When using hand calculation of temperatures in insulated steel structures
exposed to fire, care should be taken when selecting the material data for the
insulation material. First, the thermal conductivity varies with temperature. If the
thermal conductivity is described with one single value, a relevant average value
should be used. Secondly, all materials have an upper validity temperature, and
calculations should not be undertaken outside this level. Thirdly, it is a good
principle to try to validate calculations with test results.

7.5.3.2 Computer Calculations

There are many non-linear computer codes for temperature analysis of structural
elements. Most computer codes can solve one and two-dimensional problems
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although only a few codes are capable of solving three-dimensional problems.
SUPER-TEMPCALC, and TASEF-2, are two codes which may be run on personal
computers.

Both codes are based on the finite element method (FEM), and cover one and
two-dimensional heat flow. The computer codes can analyse a cross-section of a
linear structural element exposed to an arbitrary time/temperature curve. The
cross-section can consist of different materials, and the thermal properties (k, cp)
can be given as non-linear functions of temperature. The heat exposure is modelled
either as a time/temperature-curve with a given convection and emissivity-value at
the surface, or as a prescribed time–radiation relationship. Hollow sections can
also be analysed.

The analysed cross-section is divided into an element mesh, and the governing
transient heat conduction equation is solved at the boundaries of each element.

Figure 7.4 shows an element mesh for an insulated I-section steel column. The
column is subjected to uniform heat exposure, and due to the two symmetry lines,
only a 1/4 of the cross-section has to be analysed.

Results from a calculation should not be accepted unless the validity of the
input-parameters is documented. Preferably the validity of the computer code
should have been verified through comparison with appropriate test results.

When using manual methods, care should be taken when choosing the thermal
parameters k and cp for the materials. For certain materials (gypsum and mineral
wool) particular care should be taken into account, when using k and cp curves
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outside certain ranges. When gypsum has reached a temperature of 600–650 �C
the chemically bound water is released and evaporated, and a gypsum board will
lose its strength and may fall off the protected structure. In calculations it is
suitable to simulate this by a rapid increase in the conductivity curve at e.g.
600 �C.

Results from a temperature analysis with FEM computer codes may be pre-
sented as time/temperature curves for the individual nodal points, or as isothermal
charts at given times.

7.6 Risk Reducing Measures

7.6.1 Overview

Measures to reduce risk in relation to the fire hazard have been the focus of the
technical safety discipline for many years. There are several papers and reports
published on these topics, and there is no need to go very deeply into these
subjects. A full discussion of all relevant aspects is outside the scope of this book,
which is focused on risk quantification.

The ISO 13702 standard was published in 1999 on these topics (ISO 1999),
‘Control and Mitigation of Fires and Explosions on Offshore Production Instal-
lations—Requirements and Guidelines’. The following are sections of the ISO
13702 standard that are relevant to the fire risk reduction:

5. Installation layout

6. Emergency shutdown systems and blowdown
7. Control of ignition
8. Control of spills
9. Emergency power systems

• Leak prevention • Welded connections
• Flange types with reduced leak probability

• Leak detection • Gas detection
• Fire detection
• Emergency shutdown system
• Blowdown system

• Ignition prevention • Hot work procedures
• ‘Ex’-protected equipment
• Maintenance of electrical equipment

• Escalation prevention • Installation layout
• Segregation of areas
• Active fire protection
• Passive fire protection.

250 7 Fire Risk Modelling



10. Fire and gas systems
11. Active fire protection
12. Passive fire protection
15. Inspection, testing and maintenance.

If the logic of a typical event tree is followed (see, for instance, Fig. 6.10), then
the risk reducing measures may be structured as follows:

7.6.2 Recent R&D Experience

The most extensive R&D effort has been performed through the so-called ‘Blast
and Fire Engineering for Topside Systems’ programme (BFETS), SCI (1998). This
programme has included both fire and explosion research, the explosion related
experience is discussed in Sect. 9.1.2. With respect to the fire related research,
some of the main issues have been:

• Realistic fire loads have been established for jet fires as well as pool fires. Some
of these fire loads are somewhat higher than anticipated.

• Pool fires in ventilated enclosures have been found to give almost as high heat
loads as jet fires.

• Use of active fire protection, for instance deluge water systems, has been found
to be even more effective than anticipated, especially in ventilated enclosures.

7.7 Dimensioning of Structural Fire Protection

7.7.1 Case Illustration

The case chosen to illustrate the dimensioning of structural passive fire protection
(PFP) concern the upgrading of the deck structure of an existing installation. The
deck structure in question is a module support structure consisting of trusses with
box section members. There is a limited amount of process equipment installed
inside the structure, which is relatively open.

The case study will demonstrate the calculations and risk evaluations necessary
to determine whether the most severely affected parts of the structure can be
effectively protected by PFP and how this may be efficiently accomplished.

7.6 Risk Reducing Measures 251

http://dx.doi.org/10.1007/978-1-4471-5207-1_6
http://dx.doi.org/10.1007/978-1-4471-5207-1_9
http://dx.doi.org/10.1007/978-1-4471-5207-1_9


7.7.2 Dimensioning Fire

The previous requirements for design against fire in the Norwegian regulations for
Fire and Explosion protection of offshore installations (NPD 1992a) and the reg-
ulations on structural design and protection (NPD 1992b) have been replaced by
requirements in NORSOK N-001 (Standard Norway 2012) and N-003 (Standard
Norway 2007). The requirements are the same, in the sense that adequate fire
protection of load-bearing structures is required in relation to the dimensioning
fire. Therefore, it is important to establish what a dimensioning fire is and what are
the associated fire loads.

It should be noted that whenever PFP is used, it shall also have the capability to
withstand the dimensioning explosion load, to protect against a scenario where fire
follows an explosion. PFP therefore also needs to have explosion resistance. This
is also addressed in a later section. The main characteristics of a dimensioning fire
are:

• Heat loads
• Dimensions of fire
• Duration of fire.

The use of constant values for these three parameters will sometimes be too
simplistic. The following example may illustrate this. If the contents of a liquid
filled vessel (stabilised crude oil) spilled onto the deck is not taken care of by the
drain system, a liquid pool on the deck of, say, 20 m diameter may result. The
resulting fire will then have the same diameter, and a height of about the same
value. More realistically, the height will be limited by the space between decks.
The time averaged heat loads will depend on the ventilation rate and air supply to
the flames, but may typically be 150 kW/m2. If the initial spill is 50 m3, the
diameter is 20 m, and the average burning rate is 3 mm/min, then the average
thickness of the pool is 0.159 m, and the duration of the fire is slightly above
53 min.
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In theory, the diameter and height of flames should be constant during the
duration of the fire. In practice, however, experience shows that the size of the pool
will shrink, and the flame height reduce (unless it is limited by other constraints,
such as distance between decks). In a full scale test with crude oil burning on the
sea surface, the size of the unconstrained pool on the sea varied as shown in
Fig. 7.5. The pool in that test was physically limited to 10 m, before ignition, after
which it was unconstrained. The behaviour in the initial phase must be considered
in the light of these constraints.

As a start, it will often be reasonable to assure that the fire dimensions and fire
loads will be constant. In that case, the only variable to consider is the duration of
the fire.

7.7.3 Fire Duration Distribution

If we make the approximation that all variables except duration are constant, we
end up with a ‘one-dimensional problem’. Thus the assessment of the integrity of a
structure subject to a dimensioning fire is limited to an analysis of fire response
under the applicable loading as a function of time. The critical aspect will be to
determine whether failure occurs before the fire has subsided. It is recognised that
it is impossible to define the fire ‘Design Accidental Event’, based on the theo-
retical definition of DAE. Various practical considerations are therefore used,
involving consideration of the following factors:

• Volumes of ESD segments
• Depressurisation capacities and times
• PFP applied on equipment and structures.

Figure 7.6 presents the exceedance frequency function for the cellar deck
(inside the support structure) as a function of the duration of the fire, for the case
study installation referred to in Sect. 7.7.1.
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The frequency of all fires (exceeding 0 min) is 7.3910-3 per year, whereas the
annual frequency of fires that exceed 20 min duration is 10-3. The duration that
corresponds to 10-4 exceedance frequency is 60 min. 10-4 exceedance frequency
shall be used as design basis for structural design, according to NORSOK S-001
(Standard Norway 2008).

The same distribution is presented in Fig. 7.7, where the conditional exceed-
ance probability is presented for the same fire durations. The conditional proba-
bilities are based on occurrence of fire within cellar deck.

It is shown that there is about 70 % probability that fires will last longer than
6 min. The probability that the fire duration exceeds 15 min is 50 %, where as the
probability that the fire exceeds 40 min is 20 %.

There is no accepted way to interpret these curves in order to define the duration
of the dimensioning fire. If the median value in the conditional distribution is
chosen, then this would imply a duration of the dimensioning fire of 15 min.
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7.7.4 Definition of Dimensioning Fire

Equation 7.8 presents the definition of a dimensioning fire according to the pre-
vious NPD regulations for load-bearing structures (NPD 1992b). A dimensioning
fire is defined by the following equation:

p system failureð Þ ¼ P system failurejfireð Þ � P fireð Þ� 10�4 ð7:8Þ

This definition is applied to the exceedance probability curve in Fig. 7.8. The
fire duration corresponding to a 10-4 exceedance probability, is approximately
37 min. The figure gives the frequency of fire as well as the probability of failure
for the fire durations shown, as well as the resulting exceedance frequency
function.

7.7.5 USFOS� Modelling

The program USFOS� is tailored for progressive collapse analysis of jackets and
topside structures under extreme environmental and accidental loads such as ship
collision, fire and explosions. The program is based on general continuum
mechanics principles and accounting for non-linear geometry and material effects
include several special features facilitating efficient non-linear static or dynamic
analysis. The basic idea behind the formulation is to use one finite element to
model each structural component and still obtain a realistic representation of the
non-linear material and geometry effects.

Due to the choice of displacement interpolation functions, USFOS� predicts the
exact buckling load of an axially compressed member with arbitrary end condi-
tions and nodal forces. Non-linear material behaviour is accounted for by intro-
ducing yield hinges at the beam ends and mid-section. The plasticity model is
formulated in the force space based on bounding surface theory. The thermal load
effects presently accounted for include thermal expansion and reduction of yield
stress and E-modulus at elevated temperatures. The effect of temperature loading
on an elastic element is to produce forces related to axial expansion and bowing
due to temperature gradients over the cross-section. Thermal expansion and
reduction of E-modulus yields consistent nodal forces. Within the boundary

• South-west corner Diffuse gas fire, 18 m diameter sphere, truncated by distance
between decks

• South-east corner Condensate pool fire, 24 m diameter sphere, flame height restricted
by distance between decks

• Frame structure around
top of shaft

Diffuse gas fire, 18 m diameter sphere, truncated by distance
between decks
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surface concept both the yield and bounding surface contracts (at different rates)
for increasing temperatures reflect the degradation of cross-sectional capacity.

7.7.5.1 Application in Risk Reduction Context

A comprehensive USFOS� analysis has been performed in order to provide further
insight into the fire performance of the module support frame and the possible
effects of installing PFP on selected members. Three locations are considered,
referred to as the following cases:

• South-west corner
• South-east corner
• Frame structure around top of shaft.

The South East corner is particularly critical, because this part of the MSF
supports a heavy module. The fire loads on the MSF are as defined below:

The PSA regulations require that active fire protection (water spray systems) is
not considered when PFP is calculated. On the other hand, in the QRA, the
combined effect of both active and passive systems may be considered. In the
present cases, the loads as shown in Table 7.8 are utilised as typical loads.

The values used in the study are different from those recommended in
NORSOK S-001 (Standard Norway 2008). These values are discussed in
Sect. 13.6.1.4. It should be noted that the USFOS FIRE� package has a module
that may be used for calculation of the detailed fire loads as a function of fuel
supply ventilation and time.

A detailed and specific analysis will be especially important when the modules
are either considerably under- or over-ventilated. The typical values shown in
Table 7.8 are otherwise usable (somewhat conservative) when ventilation is
around the stoichiometric ratio (15–16 kg air per kg hydrocarbon fuel), typically in
the range 10–20 kg air per kg hydrocarbon fuel. It should be noted that the fol-
lowing failure criterion was used in the analysis:

Table 7.8 Typical fire loads
according to fire type and fire
water application

Fire type Typical loads according to use of fire water
(kW/m2)

With fire water No fire water

Diffuse gas 150 200
Liquid pool 100 150

• Failure of support
structure

considered to occur when relative movements exceed 0.3 m in any
direction.
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Please note that such movement may not necessarily imply collapse, but is
likely to cause secondary rupture of piping, vessels, etc. Such mechanisms may
supply extra fuel to the fire, and fire water systems may fail.

7.7.5.2 USFOS� Results

The results from the USFOS� analysis are presented in Table 7.9 for the three
areas considered. The last case also includes the effects of providing PFP on
selected trusses in the South-east corner. The details are discussed in a later
subsection.

The last calculation, reflects the condition where PFP has been applied to the
truss members beneath module support points. Under one module support two
members are insulated while under the other supports only one of the members is
insulated. This point, although it is the most highly loaded, is not likely to be
subjected to high fire loads (only far field radiation), whereas the first support point
would be engulfed by flame in most fire scenarios.

7.7.6 QRA Modelling

The initial failure model of the deck used in the QRA is shown in Fig. 7.9. It
should be noted that:

• The curve is the overall average failure function for all decks and areas.
• The performance of the module support frame members is likely to be in the

lower probability range.

This is a simplistic model which does not pretend to be accurate in any sense,
but useful for the QRA modelling. The implications of the model are as follows:

Table 7.9 Main loads from USFOS� analysis

Area Time to failure
(min)

Deluge accounted
for

Comments

South-west
corner

7 No Fire size conservative for area

10 Yes Conservative fire size
Model slightly conservative

[150 Yes Realistic fire size
Most optimistic location

Top of column 16 No Standard fire size used
South-east

corner
22 Yes Calculated with realistic fire size and

heat load
45 Yes PFP on selected members
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• Structural failure (to an extent that it gives escalation of the fire from one deck
to that above) is impossible up to 15 min.

• Escalation of the fire through deck failure is certain after 30 min.
• It is assumed (as a simplified model) that the failure probability increases lin-

early between 15 and 30 min.

The definition of the curve may be expressed mathematically as follows:

Pf ¼
0; t\15

t
15� 1; 15� t� 30

1; t [ 30

8
<

: ð7:9Þ

where
t = duration of fire (in minutes).

It is important to note that the USFOS� studies seen in the context of the QRA
may be characterised as follows:
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• They provide ‘snapshots’ i.e., they provide a single deterministic calculation of
one case out of a myriad of possible cases.

• They provide a specific time to failure in defined areas under given fire and
structural loading.

• Since the USFOS� studies are normally conducted for the most critical areas in
the most severe circumstances, they are inclined to define the lowest starting
point of the failure curve.

For the evaluation of USFOS� results with respect to the QRA, the following
should be noted:

• For the ALARP analysis, active and passive fire protection can be considered in
combination, even though the regulations do not allow active fire fighting to be
accounted for, when passive fire protection is dimensioned.

Following the results from the USFOS� studies, the failure model in Fig. 7.9
was revised as shown in Fig. 7.10.

This failure curve is similar to that defined by Eq. 7.9, except that the failure
probability starts to increase above zero after 5 min rather than 15 min. The failure
probability is less than 1.0 until the fire duration reaches 30 min, at which the
probability of failure is 1, as with the previous model.

Lastly, Fig. 7.11 presents the failure function assumed to model the situation
when the structure was protected with Passive Fire Protection in the most vul-
nerable areas.

The implication of Fig. 7.11 is that even in the most critical areas the structure
will not fail for 20 min. In this case there would be only limited variations between
the different parts of the structure.

These two modelling cases (represented by the failure models in Figs. 7.10 and
7.11) were selected to represent a conservative approach to the ALARP demon-
stration, in that a limited protection by PFP in one area could not improve the
situation more extensively than is implied by these two diagrams, probably less
extensively.
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7.7.7 QRA Results

Figures 7.12 and 7.13 present the results for four categories of risk of material
damage to the assets.

It can be observed that the influence on the material damage risk is very small,
only in the order of 3–4 % change of frequencies for significant damage (one
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module damaged) and severe damage (damage to two or more modules). This is
interpreted in the following way: when the fire protection of the structure is
improved, some of the scenarios that earlier would escalate to a second module,
will be contained within one module. Therefore, the frequency of the most severe
damage is reduced, while the lowest category is correspondingly increased.

7.7.8 Observations

The case study discussed in this section has shown several aspects of the use of
advanced non-linear structural analysis in combination with QRA. The main
observations that may be drawn from this case are the following:

• The non-linear analysis will enable reflection of the differences in structural
sensitivity according to which structural members are affected.

• The analysis with the USFOS� (and associated software) allowed significant
improvements to be identified from a very limited application of PFP on the
structural members. Thus a realistic case for improvement could be defined and
implemented. More extensive PFP application would not have been practical,
neither from a technical nor economical point of view.

• The limited effect on risk levels from the improvement of structural fire pro-
tection is mainly due to the fact that no accommodation facilities are provided
on the installation in question.

7.8 Blast and Fire Design Guidance

Steel Construction Institute, in collaboration with British Gas and Shell, and
supported by a number of sponsors, issued in 1992 the following document:

• Interim Guidance Notes for the Design and Protection of Topside Structures
against Explosion and Fire (SCI 1992).

This guidance document has been undergoing revision for a number of years,
and a Revision 2 has been prepared for some years. The following is the status of
the different parts (see http://www.fireandblast.com):

• Fire and explosion guidance: Part 0—Fire and explosion hazard management,
Issue 2, October 2003 (Oil and Gas UK 2007).

• Fire and explosion guidance: Part I—Avoidance and mitigation of explosions,
Issue 1, October 2003 (Oil and Gas UK 2007).

• Fire and explosion guidance: Part II—Avoidance and mitigation of fires, Final
draft, February 2006 (Oil and Gas UK 2007).
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The final version; Fire and Explosion Guidance (Oil and Gas UK 2007) is
published by Oil and Gas UK (see http://oilangasuk.co.uk).
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Chapter 8
Explosion Risk Modelling

8.1 Overview

8.1.1 Introduction

Explosions on offshore installations have come very much into the focus in the
past years because new insight revealed that previous knowledge about blast loads
was obsolete. Even worse, the blast loads that result from the latest tests are so
high that they cannot be designed against, in many cases.

There is a lot of focus on what are realistic blast loads, how they may be
determined, and what is the most appropriate approach to design against blast
loads.

Calculation and assessment of blast loads are thus important subjects for this
book. The physical laws and detailed calculation methods are outside the scope of
this book because it would be a book in itself. A brief introduction to some of the
main concepts is provided.

8.1.2 Explosion Loads on Structure

The calculation of blast loads on a structure and its response follows a similar
series of steps to that used in fire analysis:

1. Calculation of HC releases.
2. Calculation of explosion overpressure loads as a function of time and ignition

location.
3. Calculation of structural response to the time dependent overpressure loads.
4. Evaluation of secondary blast effects, such as missiles, etc.

Explosion modelling has been substantially improved as a result of a pro-
gramme of large scale tests conducted through the BFETS (Blast and Fire Engi-
neering for Topside Structures) research programme (SCI 1998).

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
DOI: 10.1007/978-1-4471-5207-1_8, � Springer-Verlag London 2014
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The knowledge gained through this programme has led to the realisation that
loads are likely to be considerably higher than previously thought.

8.1.3 Explosion Loads on People

An assessment of the effects of explosion loads on people is parallel with the
structural effects analysis, although in some respects considerably simpler. Some
indicative loads were mentioned in Sect. 12.3.3.

8.2 Explosion Frequency

8.2.1 Event Tree Analysis

The frequency of explosion events is usually calculated from an event tree analysis
in QRA studies. Consider Fig. 8.1, which is the same as used in Chap. 5 in order to
illustrate the simple event tree following a process leak. The conditions in Fig. 8.1
which imply occurrence of explosions, given a medium gas leak, are the following:

• ESD unsuccessful, ignition inside module.
• ESD successful, ignition inside module.

The simple event tree assumes that all ignitions of the gas leak lead to
explosions. A detailed event tree will differentiate more explicitly between ignition
causing an explosion and just causing a fire, depending on whether it is immediate
or delayed.

Calculation of event frequencies in the event tree will establish the explosion
frequencies for all explosion cases, irrespective of associated blast load.

8.2.2 Historical Frequencies

A study (Vinnem 1998) has been conducted of potential explosions in the 25 year
period 1973–1997, covering the following geographical areas:

• Norwegian sector

– North Sea
– Norwegian Sea
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• UK sector

– North Sea
– Irish Sea
– Atlantic Sea (West of Shetland)

• Dutch sector

– North Sea

• Danish sector

– North Sea

With respect to explosions, there are registrations in the UK as well as Nor-
wegian sectors. In the Danish sector, one exploration drilling well blowout resulted
in an explosion in 1977, but mobile drilling units are excluded from the study
referenced. There has also been a significant explosion on a production installation
(in 2001) in the period after the study period.

In the Dutch sector, no explosions have been registered in the WOAD� data-
base, neither on fixed nor floating installations. However, there are confirmed
reports of one accident in the Dutch sector in August 1995, whereby a small
explosion occurred in an open area ignited by the hot oil heating system, with

0.11

1 2 3 4 5 6 7 8 9 10 11 12

Medium
gas leak

1. ESD unsuccessful

2. Ignition inside

module

3. Strong explosion
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Fig. 8.1 Event tree for medium gas leak
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minor damage. Details of the case are not known, and the event is not registered in
either WOAD� or Lloyds’ List database. The fire is certain to have occurred, but
the explosion preceding it is not confirmed, due to the lack of sources. Conser-
vatively, it has been assumed that it was an explosion, but with a low overpressure.

Thirty-four relevant explosion incidents have occurred in the relevant areas
during the period 1973–1997. The following distribution is found:

• UK 16 Incidents
• Norway 17 Incidents
• Holland 1 Incident
• Denmark 0 Incident

It is likely that there is some extent of underreporting from the sectors outside
the Norwegian sector, due to the fact that the WOAD� database has closer con-
nections to Norwegian authorities than to British, Dutch and Danish.

8.2.2.1 Blast Load Categorisation

The following categories were used for the classification of overpressure:

• \0.2 bar
• 0.2–1 bar
• 1–2 bar
• [2 bar

The following are additional aspects that may need to be considered in relation
to gas explosions and the responses to blast loads:

• Local maxima in relation to average maximum overpressure on a panel.
• Duration of pressure peaks.

Both these two aspects are important when responses and effects are being
evaluated, but the descriptions were too vague (even after consulting with the
companies) in order to allow any such considerations in relation to the 34
incidents.

8.2.2.2 Blast Occurrences

Table 8.1 presents an overview of the 34 blast occurrences and an assessment of
the applicability under various assumptions. Clear indications were found that
improvements had been made over the years, due to the following:
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• All the significant explosions occurred on installations that were installed off-
shore before 1980.

• Where comparison could be made between ‘older’ (pre-1980) and ‘newer’
(post-19801) installations for the insignificant explosions (\0.2 bar), there was
almost a 2:1 ratio between them.

• There is a clear downwards trend in the number of explosions per year for the
‘old’ installations, as time passes. Such a trend may be observed for significant
as well as insignificant explosions (i.e. above and below 0.2 bar).

It is thus concluded that quite considerable conservatism is implied by using the
25 year period with all installations included. An adjustment of the overall fre-
quencies has therefore been made. Unadjusted values are also presented in Vinnem
(1998).

Comparison was also made between Norwegian and UK installations, but the
numbers were too low in order to draw firm conclusions.

Table 8.1 Overview of blast load classification

Sector/assumptions Overpressure
classification (bar)

\0.2 0.2–1 1–2 [2

UK sector
All events 7 7 2 0
All events, but excluding events during shutdown for maintenance 7 6 1 0
All events, but excluding events during shutdown for maintenance and

irrelevant due to non-representative solutions
7 6 1 0

All events, but excluding events during shutdown for maintenance and
events that are ignited outside classified areas

7 5 1 0

Norwegian sector
All events 16 1 0 0
All events, but excluding events during shutdown for maintenance 16 1 0 0
All events, but excluding events during shutdown for maintenance and

irrelevant due to non-representative solutions
15 1 0 0

Dutch sector 1 0 0 0
Danish sector 0 0 0 0
Sum all sectors
All events 24 8 2 0
All events, but excluding events during shutdown for maintenance 24 7 1 0
All events, but excluding events during shutdown for maintenance and

irrelevant due to non-representative solutions
23 7 1 0

All events, but excluding events during shutdown for maintenance and
events that are ignited outside classified areas

23 6 1 0

1 It may seen surprising to call post-1980 installed facilities as ‘new’, butt his reflects the time of
the original study, about 15 year ago.

8.2 Explosion Frequency 267



8.2.2.3 Calculated Frequencies

Frequencies have been normalised ‘per platform year’ as well as a ‘per explosion
area year’. Figure 8.2 is limited to results for explosion areas and shows adjusted
exceedance frequencies. These frequencies have been based on different inter-
pretations of the data, whereby only events relevant to normal operation are used
in one case, whereas all events are used in another interpretation. Also an upper
50 % prediction limit is presented, based on only the so-called ‘relevant events’.
The exceedance diagram below uses the lower limits in the overpressure ranges as
basis for the plotting.

It was considered that there is some extent of conservatism in the adjusted
frequencies. It is therefore recommended in the report (Vinnem 1998) that the
50 % upper prediction limits are used as the upper limits against which results
from QRA may be compared. The calculated frequencies of failure of explosion
barriers and escalation are as follows:

• Frequency of explosion barrier failure 5.7 9 10-5 per explosion area year
• Frequency of escalation 2.9 9 10-5 per explosion area year

The values are based on the events relevant to normal production, and a con-
servative interpretation of the data regarding damage.
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A final note on the validity of the results relates to explosion accidents after the
study was performed. There are no known cases in the UK or Norway which
would imply that the results are invalid. However, the blast loads in the Macondo
accident (see also Chap. 5) might have influenced the results significantly. The
exact loads are however, not known to anybody, because the rig sank after about
36 h. The only possibility to establish the most likely range of overpressure would
have been a detailed inspection of the damage, including the distinction of
explosion versus fire damage. This has for obvious reasons never been made.

8.3 Explosion Consequence Analysis

8.3.1 Types of Explosion Loads

Explosion loads can range from less than 100 mbar overpressure to many bars
overpressure. The loads may cause the following range of effects on structures:

• Direct catastrophic failure.
• Considerable damage (to tertiary structures) which may be further extended by

the ensuing fire.
• Little or no damage (structurally), but cause critical failure of safety systems

thereby preventing control of the ensuing fire.
• Damage to passive fire protection, thereby reducing the survivability of struc-

tural members.
• Damage to process equipment thereby causing immediate escalation of the

accident.

It is worthwhile noting that the Piper Alpha accident was of the last type. Very
few events of the first type have occurred on offshore installations, but there have
been several on onshore petrochemical and chemical plants. The best known
accident of this type is the explosion at the Flixborough plant in the UK in 1974.

This phenomenon has several names: ‘Gas explosion’, ‘gaseous explosion’,
‘unconfined vapour cloud explosion’, ‘vapour cloud explosion’ or ‘fuel–air
explosion’. The term ‘gas explosion’ is used in the following.

An explosion is defined as an event leading to a rapid increase of pressure. This
pressure increase may arise from many different causes; nuclear reactions, loss of
containment in high pressure vessels, high explosives, metal water vapour
explosions, run-away reactions, combustion of dust, mist or gas (including
vapours) in air or in other oxidisers.

The burning of gas, liquids, or solids in which fuel is oxidised involves heat
release and often light emission. Combustion of methane (CH4) in air can be
described by the chemical equation:

CH4þ2 O2þ3:76 N2ð Þ ! CO2 + 2H2O + 2 3:76 N2ð Þ + Energy ð8:1Þ
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The chemical products from complete combustion of a HC fuel are mainly CO2

and H2O vapour. The combustion process will result in increased temperature, due
to the transformation of chemically bound energy into heat. It should be empha-
sised that the equation above constitutes a great simplification of the real com-
bustion process.

The combustion of gaseous fuels in air may develop in two different modes.
The most common is fire, where fuel and oxygen are mixed during the combustion
process. In the other case fuel and air (or another oxidiser) are premixed and the
fuel concentration must be within the flammability limits for ignition to occur. In
general the premixed situation allows the fuel to burn faster i.e., more fuel is
consumed per unit time. The premixed fuel may also burn as a fire, if ignited prior
to building up a cloud of any size.

8.3.2 Gas Explosion

A gas explosion is a process where combustion of a premixed gas cloud (i.e. fuel–
air) causes a rapid increase of pressure. Gas explosions can occur inside process
equipment or pipes, in buildings or offshore modules, in open process areas, or in
unconfined areas.

The consequences of a gas explosion will depend on the environment in which
the gas cloud is contained or which the gas cloud engulfs. Therefore it is natural to
classify a gas explosion from the environment in which the explosion takes place.
There are in general three categories of explosions:

• Confined gas explosions within closed rooms, vessels, pipes, channels or
tunnels.

• Partly confined gas explosions in compartments, buildings or offshore modules.
• Unconfined gas explosions in open area in process plants and other unconfined

areas.

It should be pointed out that these terms are not precise, and in an accidental
event it may be hard to classify the explosion. As an example, an unconfined
explosion in a process plant may also involve partly confined explosions in
compartments into which the gas cloud has leaked.

Confined gas explosions are explosions within tanks, process equipment, pipes,
culverts, sewage systems, closed rooms and underground installations. Confined
explosions are also called internal explosions. A typical property of this kind of
explosion is that the combustion process does not need to be fast in order to cause
serious pressure build-up.

Partly confined explosions occur when fuel is accidentally released inside a
building which is partly open. Typical cases are compressor rooms and offshore
modules. The building will confine the explosion and the explosion pressure can
only be relieved through the explosion vent areas (i.e. open areas in the walls or

270 8 Explosion Risk Modelling



light relief walls that open quickly at low overpressure), or through failure of the
surrounding enclosure.

The term ‘unconfined gas explosion’ is used to describe explosions in open
areas such as process plants. Large scale tests have demonstrated that a truly
unconfined, unobstructed gas cloud ignited by a weak ignition source will only
produce low overpressures while burning (flash fire). In a process plant there are
local areas which are partly confined and obstructed. In the case of a deflagration it
is these areas that are causing high explosion pressures. A deflagration has a
limited burning velocity, in the range 100–500 m/s.

However, if an unconfined gas cloud detonates, the explosion pressure will be
very high, in the order of at least 20 bar, and in principle independent of con-
finement and obstructions. The detonation front travels as a shock front, followed
by a combustion wave. The velocity of the detonation front reaches that of the
speed of sound in the hot products, and thus substantially higher than in unburnt
mixture. The detonation front velocity may reach 2–3,000 m/s.

Deflagrations are luckily rare events; the author witnessed a deflagration which
transitioned to detonation during model tests at a test site in Norway around 1980.
The Buncefield explosion and fire occurred outside London on 11th December
2005. Some experts have analysed damages to equipment and structures and
concluded that the deflagration in some local spots may have transitioned to
deflagration (Venart 2010).

8.3.3 Blast Wave

A blast wave can be defined as the air wave set in motion by an explosion. The
term ‘blast wave’ includes sonic compression waves, shock waves and rarefaction
waves. Figure 8.3 illustrates in principle different types of blast waves. We can
have:

1. shock wave followed by a rarefaction wave,
2. a shock wave followed by a sonic compression wave and then a rarefaction

wave,
3. a sonic compression wave and a rarefaction wave.

The type of blast wave depends on how and when the energy is released in the
explosion and the distance from the explosion area. For strong explosions Cate-
gory 1 is typical. Weak explosions initially give Category 3, but the wave can be
‘shocking up’ and end as Category 1 when it propagates away from the explosion.
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8.3.4 Pressure

Pressure is a type of stress which is exerted uniformly in all directions and is
measured as the force exerted per unit area. In fluid dynamics we often use the
terms like static pressure, dynamic pressure and stagnation pressure. Static pres-
sure is what we normally call the pressure.

Dynamic pressure is the pressure increase that a moving fluid would have if it
was brought to rest by isentropic flow against a pressure gradient. The dynamic
pressure can also be expressed by the flow velocity, u and density, q.

PDyn ¼
q � u2

3
ð8:2Þ

Stagnation pressure is the pressure that a moving fluid would have if it was
brought to rest by isentropic flow against a pressure gradient. The stagnation
pressure is the sum of the static and the dynamic pressures.

PStag ¼ PStat þ PDyn ð8:3Þ

For blast waves and shock waves we use the terms side-on pressure and
reflected pressure. The side-on pressure is measured perpendicular to the propa-
gation direction of the wave. Side-on pressure is the static pressure behind the
shock wave. The reflected pressure is measured when the wave hits an object like a
wall head-on. Since reflection is not an isentropic process there is a difference
between stagnation pressure and the reflected pressure. These definitions of side-
on and reflected pressures are illustrated in Fig. 8.4.
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Fig. 8.3 Blast waves
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8.3.5 Formation of Explosive Cloud

If the gas cloud formed by a release is outside the flammable concentration range
(i.e. the interval between LEL and UEL), or there is no ignition source, com-
bustion will not occur. Subsequently the gas cloud will dilute and disappear. In the
case of an immediate ignition a fire will develop. The most dangerous situation,
however, will occur if a large flammable premixed fuel–air cloud is formed and
ignited. A serious explosion may then result.

8.3.5.1 Jet Release and Evaporating Pool

The released substance can be a gas, an evaporating liquid, or a gas-liquid (two
phase) flow. The source will be characterised as a jet release (i.e. gas, two phase)
or evaporating liquid, or a diffuse release, (i.e. evaporating pool).

The two sources have quite different characteristics. The jet release will have a
high momentum and establish a strong flow field due to additional air entrainment.
Recirculation zones may be generated where the gas concentration can reach a
combustible cloud. The evaporating pool will act as a diffuse release source, the
wind forces and buoyancy will control the dispersion process. The flow velocities
will be much lower than for the jet release. If the evaporating liquid forms a dense
gas, a layer of combustible gas may be formed at the ground level, or in a lower
compartment. Similarly in an open area a dense gas cloud will have the tendency
to intrude into confined spaces such as buildings, which may pose serious prob-
lems due to high overpressure.

8.3.5.2 Gas Cloud and Ignition

To ignite a gas cloud requires an ignition source with sufficient strength. The
minimum ignition energy depends on fuel concentration and the type of fuel (see
Fig. 8.5). The minimum energy occurs for a concentration which is close to the
stoichiometric mixture (i.e. where the amount of oxygen is the exact value

Wave front

Wave front

Wall

Wall

Pside-on Preflected

Fig. 8.4 Side-on pressure
and reflected pressure
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required for full oxidation). The curve illustrates the principle, and the scales have
therefore been omitted.

As the source of the leak is emptied the release rate will gradually be reduced
and the gas concentration in the cloud will decrease. A weak ignition source will
‘sit and wait’ until the gas cloud has the right composition before it is ignited. In
several accidental gas explosions the time from the release until the explosion was
10–20 min. In such cases it is probable (but speculative) that the gas concentration
is decreasing at the time of ignition.

When the ignition source is strong the gas cloud will be ignited when the edge of
the cloud with flammable concentration reaches the ignition source. If the ignition
source is weak, however, the source may fail to ignite the cloud in the early phase of
the dispersion process or ignite only a small part of the cloud. Subsequently, a
homogeneous large gas cloud may be formed. This cloud reaches a flammable
concentration as the pressure reservoir is emptied and a weak ignition source may
ignite the cloud. This discussion shows some of the complexities involved in
assessing ignition probability and the formation of explosive gas clouds.

8.3.5.3 Ventilation of Compartment

It has been claimed that ‘the best building has no walls’. This is particularly true
with respect to gas explosion safety. In an open building the natural ventilation
will enhance the gas dispersion and if an explosion occurs, the pressure is dissi-
pated through the open areas. If the release rates are small there is no doubt that
mechanical ventilation systems can counteract the formation of explosive gas
clouds. However, for a massive release, the forced ventilation rate will in general
be too low.

A ventilation system may also transport gas from one area to another. This
occurred onboard the MODU ‘West Vanguard’ in 1985 (see Sect. 4.5), when gas
from a shallow gas pocket blew out under the platform, was sucked into the
ventilation system and ‘distributed’ around the platform. The subsequent gas
explosions also followed the ventilation ducts.
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8.3.6 Deflagration

8.3.6.1 Deflagration Waves and Explosion Pressure

A deflagration is a gas explosion where the flame front propagates at subsonic
speed (relative to the unburnt gas), immediately ahead of the pressure wave. The
propagating velocity can span more than three orders of magnitude in a gas
explosion. The mechanism of flame propagation will be quite different at different
velocities.

When the cloud is ignited by a weak ignition source (i.e. a spark or a hot
surface) the flame starts as a laminar flame. For a laminar flame the basic
mechanism of propagation is molecular diffusion of heat and mass. The diffusion
of heat and mass into the unburnt gas is relatively slow and the flame will prop-
agate with a velocity of the order of 3–4 m/s. The propagation velocity of the
laminar flame depends on the type of fuel and the fuel concentration.

The laminar flame will accelerate and transit into a turbulent deflagration (i.e.
turbulent flame) in most accidental explosions, since the flow field ahead of the
flame front becomes turbulent. The turbulence is caused by the interaction of the
flow field with process equipment, piping, structures etc. The mechanisms gen-
erating turbulence ahead of the flame front are discussed below.

One of the mechanisms causing the increased burning rate in turbulent defla-
grations is the wrinkling of the flame front by large turbulent eddies. For this
combustion regime the increased flame surface area causes the burning rate to
increase.

When a flame propagates through a premixed gas cloud there are two mecha-
nisms causing pressure build-up. These are:

1. fast flame propagation
2. burning in a confined volume.

In most accidental explosions a combination of these two effects causes the
pressure build-up. The pressure behind the flame (in the burnt gas) will gradually
decay away from the flame. This pressure decay will mainly depend on the
boundary conditions at the end of the tube (i.e. open or closed tube) and on the
flame velocity.

Since the flame front is a subsonic combustion wave, the burning will influence
the flow ahead of the flame. The pressure ahead of the flame depends on the flame
acceleration and speed. In order to get a shock wave ahead of the flame, a high
flame speed is required.

If the explosion happens inside a closed vessel, fast flame propagation is not
required to obtain high pressures. A stoichiometric fuel–air cloud in a closed
vessel will give up to 8–9 bar when exploding. By opening up part of the vessel
wall, relief will be provided and the pressure will be reduced. The reduction will
depend mainly on how fast the flame is burning in the vessel and the location and
size of the vent area.

8.3 Explosion Consequence Analysis 275



8.3.6.2 Flame Acceleration in a Channel Due to Repeated Obstacles

In a partly confined area with obstacles (i.e. process equipment, piping etc.) the
flame may accelerate to several hundred metres per second during a gas explosion.
The mechanisms causing the increased burning rate in turbulent deflagrations are
the wrinkling of the flame front by large eddies and the turbulent transport of heat
and mass at the reaction front. This turbulence is mainly caused by the interaction
of the flow with destructions such as structures, pipe racks, etc.

Figure 8.6 shows how turbulence is generated in the wake of obstacles in a
channel. When the flame consumes the unburnt gas, the products will expand. This
expansion can be up to 8–9 times the initial volume. The unburnt gas is thus
pushed ahead of the flame and a turbulent flow field may be generated. When the
flame propagates into a turbulent flow field, the burning rate will increase dra-
matically. This increased burning rate will further increase the flow velocity and
turbulence ahead of the flame.

The mechanism of flame accelerations due to the pressure of obstacles causing
turbulence constitutes a strong positive feedback loop. Flame accelerations may, to
some extent, be avoided by venting the hot combustion products. The flow and
turbulence in the unburnt mixture ahead of the flame will be reduced. Venting
combustion products is a very effective way of minimising the acceleration effect
of a member of obstacles.

Venting of unburnt gas ahead of the flame may also contribute to a lower
explosion pressure, particularly when the venting directs the flow away from the
obstacles. If unburnt gas passes a series of obstacles before it is vented, flame
acceleration will most likely occur. This is illustrated later in this chapter, see
Fig. 8.9.

This discussion shows that there are two mechanisms governing the pressure
build-up in deflagration of partly confined gas clouds, namely:

• Flame acceleration due to enhanced burning arising from turbulence generated
by obstacles.

• Pressure relief venting thereby reducing the effect of the feedback mechanism.

Burned gas Obstacles

Turbulence zones

Velocity
profile

Fig. 8.6 Turbulence generation in a tunnel due to repeated obstacles during a gas explosion
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These mechanisms have competing effects. The flame acceleration due to tur-
bulence will increase explosion pressure, while venting will reduce the pressure. It
is the balance between these two effects that is governing the pressure build-up.
When analysing gas explosions we have to take both of them into account.

8.3.7 Confined/Semi-confined Explosion

Blast waves from explosions in rooms, offshore modules etc., are difficult to
calculate and thus several research programmes have been carried out in order to
find a realistic calculation model for such explosions.

The blast wave will be affected by equipment etc., in the room although the
effect is difficult to quantify. It is, however, possible to place the equipment and
other obstacles favourably in order to reduce the maximum overpressure. This
must be done in the planning/engineering phase. Some important principles for
modules are listed below:

• Venting areas must be placed as near as possible to probable ignition sources.
• In many cases the most probable ignition sources are known. Ventilation should

then be placed on as many walls as possible in this area.
• If this is not possible, avoid venting areas only on the smallest wall.
• If this is impossible, then place possible ignition sources near openings.
• Avoid long and narrow rooms with openings only in the ends (cannon). If this

geometry is necessary, then place venting areas on at least one sidewall for its
entire length.

These principles are also shown in Fig. 8.7. All equipment in the room will
produce turbulence which will increase the burning velocity of the gas, thereby
increasing the overpressure.

WORSE BETTER BEST

BETTER WORSE

Ignition location

Closed sides Open sides

Fig. 8.7 Placing of possible ignition sources and venting areas
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The following principles should be followed in order to reduce the maximum
overpressure:

• Try to place the equipment and ventilation areas in a way that the ignition
sources will be between the largest equipment and the venting areas.

• The largest equipment should be placed as far as possible from the venting
areas.

• The long side of equipment should be parallel to the venting direction.
• Sharp profiles are worse than rounded profiles.
• An increase of the cross-section of equipment in the ventilation direction will

give an exponential increase of the overpressure.

These principles are also shown in Figs. 8.8 and 8.9.
Equipment and structural elements will be subjected to drag loading after the

overpressure phase, caused by the transient winds behind the blast wave front. The
drag force will be highest near the venting areas, and is often important for
structural elements; as columns and beams. Further away from the opening the
drag force will be considerable less.

Further details about explosion phenomena and calculations may be found in
Eckhoff (2005) and Bjerketvedt et al. (1997).

8.3.8 Calculation of Explosion Loads

FLACS� is one of the most advanced software packages available for simulation
through computational fluid dynamics (CFD) of gas explosion scenarios, through
ventilation and dispersion simulations, followed by explosion simulation. Location
of ignition sources is input to the software. FLACS� can give pressure-time his-
tories, including drag velocities, for user defined points and panels.

Table 8.2 presents an illustration of results from FLACS� that will be used as
input to probabilistic explosion load assessment (see Sect. 8.4).

Vent flow

BETTER

Vent flow

WORSE

Fig. 8.8 Placing ignition sources
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8.3.9 Explosion Design of Facilities

A Fire and explosion guidance document has been published by Oil and Gas UK,
sponsored also by Health and Safety Executive in the UK (Oil and Gas UK 2003).
The guide has the following parts:

• Part 0 Hazard management (formerly FEHM).
• Part 1 Avoidance and mitigation of explosions.
• Part 2 Avoidance and mitigation of fires.
• Part 3 Detailed design and assessment guidance.

A practical design explosion guide for offshore facilities has been published by
Czujko (2001). This engineering handbook has been developed based on the
results of the research up to 2001. The main objective was to develop methods and
procedures to improve gas explosion load assessment using computational fluid
dynamics (CFD) and structural behaviour using nonlinear finite element methods.
A number of practical studies have been documented in the book.

Safe area

WORSE BETTER

Fig. 8.9 Layout of
equipment
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8.4 Probabilistic Approach to Explosion Load Assessment

8.4.1 Basis

For design against blast loads, the dimensioning blast load must be determined.
This is usually based on a probability distribution. The assessment of design loads
implies that an exceedance function has to be established for each structural ele-
ment to be designed. This exceedance function may be defined as follows:

The annual frequency of exceeding a specified overpressure load, is a function of the
overpressure level

This exceedance function is established on the basis of uncertainties in the
explosion load assessment. Such uncertainties are related to:

• The actual location of the ignition point which may vary considerably and have
a strong influence on the resulting explosion overpressure.

• The strength of the ignition source which may vary depending on the type of
ignition source.

• The volume of gas cloud.
• The homogeneity of cloud.
• The gas concentration in the cloud relative to a stoichiometric concentration.

8.4.2 Approach to Probabilistic Evaluation

A statistical analysis of the occurrence of all aspects of the event sequence leading
up to an explosion is required, in order to establish a probabilistic representation of
blast loads. This will include the following aspects:

• location of the leak source
• direction of gas jet
• flow rate of the leak

Table 8.2 Example of FLACS result calculations for cellar deck

Case no Gas cloud size (%) Ignition point Deck El212 Wall T330/M10 Wall L400/M19

301 100 0 0.92 2.09 1.83
350 50 0 0.77 1.27 1.09
355 50 5 0.70 1.16 0.99
330 30 0 0.45 0.77 0.68
332 30 2 0.24 0.37 0.35
320 20 0 0.29 0.53 0.46
324 20 4 0.21 0.26 0.30
310 10 0 0.13 0.21 0.19
315 10 5 0.13 0.21 0.20
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• wind direction and speed
• performance of barrier elements, in order to limit size and duration of cloud.

Probability distributions need to be defined for all parameters. This is available
from environmental data for the wind conditions. Hole size distributions are
usually also available from the leak statistics, thus distributions for the flow rates
may be generated. Distributions for the location and the direction of the leak are
usually based on geometrical considerations.

These variations will generate input scenarios to dispersion CFD simulations.
Most of these parameters may have continuous variations, which in theory could
generate an infinite number of dispersion scenarios. Some form of categorisation
will have to be performed, in order to limit the number of cases. The basis for the
categorisation should as far as possible be scenario dependent, reflecting specific
limitations and considerations. If a leak from a flange is considered, there may be
variations in the direction corresponding to 360�. A coarse categorisation would
split the directions in two; below horizontal and above horizontal. If the flange is
close to the ceiling, and there is a vertical truss above and somewhat to the side of
the leak source, then such restrictions may limit the free flow of a gas jet and the
subsequent dispersion of a gas cloud. The angle, at which separation between the
two categories should be made, is where the gas jet will be split to either side of
the truss.

The resulting number of dispersion calculations may still be high, even if all
parameters are classified into categories. The dispersion simulations will therefore
have to be made with a coarse grid, in order to limit the computational time.

When the dispersion simulations have been completed, it will be required to
reduce the number of cases for blast load simulations through elimination of cases
which are unignitable and categorisation of cloud conditions when they are
similar.

One difficult aspect is to identify those dispersion scenarios that will be able to
reach ignitable atmospheres, but where the extent of the cloud in space or time is
insufficient to give a deflagration with significant blast effects. This has been
shown to be important in large scale gas leak dispersion tests carried out at Spade
Adam in 1998 (ERA 1998).

When all non-relevant dispersion scenarios have been eliminated, explosion
simulations should be carried out for the remaining cases, possibly combining
some of the cases into broader categories. When blast loads for all of the cases
have been simulated, the resulting blast load distributions may be generated from a
combination of simulated blast load and scenario probabilities.

The selection of combination of variations and cases may be carried out
according to Annex F; Procedure for probabilistic explosion simulation of
NORSOK Z-013; Risk and emergency preparedness assessment (Standard Norway
2010). This procedure is used extensively in QRA studies for Norwegian
installations.
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8.4.3 Probabilistic Evaluation

The simulation of uncertainty is dependent on the ability to express the uncertainty
as a function of a set of parameters and knowledge about the relationship between
the overpressure and the parameter in question. A brief qualitative discussion of
some of these aspects is presented below.

This evaluation is based on use of a simplified model which does not take into
account all the experience from the BFETS test programme. It is nevertheless
useful in order to illustrate the main parameters and their effects.

It should be emphasised that the science of establishing a probability distri-
bution for blast loads is far from well established. What is presented below should
be considered an overview of some of the important aspects, rather than a specific
recommendation for what should be done.

8.4.3.1 Distribution

The change in overpressure as a function of the basic parameters is not well known
and in some cases rather simplified so coarse models and functions have to be
used. Once each individual distribution is known (or modelled), the overall dis-
tribution may be generated, by either:
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• Statistical simulation, or
• Numerical solution.

The consultancy Safetec has an in-house software tool for the generation of
such distributions, called SERA (Safetec Explosion Risk Assessor). Other con-
sultants have similar tools, but the following illustration of methodology is based
on information from Safetec. Figure 8.10 presents a flowchart for the SERA
approach.

It should be noted that SERA Module 1 includes a gas dispersion module and
ignition probability model, whereas SERA Module 2 is the module that combines
the frequencies of ignition of gas cloud sizes with the resulting explosion over-
pressure results. The distribution is then actually created in the second module.

There are various consequence studies that create the input data to SERA. The
following are the main input data:

Fig. 8.11 Illustration of output from dispersion calculation, 5 kg/s gas leak, low wind speed
(Maximum cloud size in diagram corresponds to extension of LEL concentration, central jet from
wellheads up to opposite bulkhead is all above UEL concentration)
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• Dispersion simulation for various combinations of leak source location and
direction, as well as wind direction and speed.

• Ventilation simulations.
• Gas leak frequencies for leak sources and sizes.
• HC release calculations in order to establish leak rates as functions of time.
• Input to ignition probability modelling, using the ‘JIP’ model outlined in

Sect. 15.8.5.
• Reliability/availability data for barrier systems/elements.

SERA Module 1 has a simplified dispersion model which calculates the fraction
of ignitable gas and the equivalent stoichiometric fraction as a function of time.
The dispersion model is used in a calculation loop in order to calculate results for
all leak profiles and ventilation conditions. Figure 8.11 shows an illustration of the
output from dispersion calculations, for a relatively high gas leak rate in low wind
speed conditions.

SERA Module 2 combines the equivalent gas cloud distributions from Module 1
with explosion overpressures, using linear interpolation for calculation of explosion
overpressures that are lacking. Figure 8.12 presents an example of output from
SERA, illustrating overpressure distribution for a certain structural element.
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Fig. 8.12 Overpressure frequency curve as output from SERA
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8.4.3.2 Gas Leak Sources

The details of the possible gas leak sources are important for the dispersion cal-
culations. These details therefore need to be considered. The following aspects
need to be addressed:

• Location of the leak source, in three-dimensional space.
• Gas composition and characteristics, i.e. temperature and specific weight.
• Leak rate.
• Direction of flow from the leak source.
• Unrestricted gas jet or diffuse gas leak.

If all these parameters are allowed to vary, there will be a very large number of
combinations, even if the variation in each parameter is restricted to a handful of
categories.

8.4.3.3 Ventilation and Dispersion

The ventilation conditions also have considerable influence on the dispersion of a
gas leak, and the resulting gas cloud. Most installations have natural ventilation,
implying that the dispersion of a gas leak will be strongly dependent on the wind
strength and direction.

The variations in wind conditions are additional to those variations listed above
for the characteristics of the gas leak, implying that the number of parameters is
even higher.

It is impossible to carry out gas dispersion simulations (using a CFD code) for
all possible combinations, even if the variations are limited to large categories. It is
therefore required that a set of representative cases is chosen. Experience is
probably the only way to determine how such representative cases should be
selected. It has been indicated that the number of representative cases should be
limited to around 10. This appears very low in relation to the large number of
variations that are possible. It would not be unrealistic to expect in the order of
30–50 cases in a detailed study, but only experience will determine how many will
be required in order to establish a representative distribution.

8.4.3.4 Ignition Source

The actual location of the ignition point may vary considerably depending on the
type of ignition source. This will have a strong influence on the resulting explosion
overpressure. There are several types of ignition sources:
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• Rotating equipment These will be major equipment units, with a discrete distribution, related
to location of each unit.

• Electrical equipment There will usually be a high number of possible sources from electrical
equipment, such that a continuous function often may be the appropriate
description.

• Hot work (such as
welding)

Hot work activities are usually possible in most locations, such that a
continuous distribution over the area (or volume) would be most
representative.

The influence on the overpressure is mainly a function of the location of the
ignition in relation to the obstacles that generate turbulence, and thus increase the
flame front velocity and the resulting overpressure.

When the possible leak sources are considered, these need to be correlated with
the leak and ventilation characteristics. If the leak for instance is close to the floor
level with horizontal movement, and the gas is heavier than air, then only ignition
sources close to the floor level may be potential initiators of an explosion.

8.4.3.5 Ignition Strength

The strength of the ignition source will depend to a large extent on the type. The
strength of the ignition will also influence the maximum overpressure that may be
generated and thus the type of source also influences the overpressure generated.

8.4.3.6 Gas Cloud Characteristics

The overpressure is dependent on the gas cloud in several ways:

• Volume of gas
cloud

The size of the cloud is dependent on the leak rate, the ventilation, and the
ignition time and location. The larger the cloud is, the higher the
overpressure will be.

• Homogeneity of
cloud

Parts of the cloud may be within explosive limits and other parts may be
outside this range. In theory only the part of the cloud inside the explosive
limits should participate in an explosion, but it has been shown that the
deflagration itself may also cause larger parts of the cloud to participate in
the burning.

• Gas
concentration

Theoretically, the highest overpressure should result from stoichiometric
concentration in the gas cloud, but it has been shown that, actually, the
highest pressure results from a concentration somewhat higher than the
theoretical value. Most calculations assume stoichiometric concentrations.
FLACS simulations are increasingly being performed on the basis of a
simulated gas dispersion which more accurately reflects actual conditions.

Virtually all real gas clouds will be extremely far from homogenous, whereas
most of the experimental data are from homogenous, stoichiometric clouds. This is
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probably one of the most uncertain aspects of transfer of the experimental data to
modelling.

The dispersion experiments at Spade Adams (ERA 1998) have shown that real
clouds may be even further away from homogenous clouds than previously
assumed. The current practice in the case of inhomogeneous clouds is to determine
an equivalent size of a stoichiometric, homogenous cloud as input to the over-
pressure simulation (according to NORSOK Z-013, Annex F). This may be a
factor which leads to significant conservatism.

8.4.4 Example

Results for an offshore platform based on using SERA are shown in
Fig. 8.13. The results from SERA may be used as follows:

• Maximum overpressure is determined by using FLACS simulations. The
maximum overpressure is input value to SERA.

• Subjectively, the limit of secondary ruptures of process equipment on the
deck was assessed to 0.5 bar (0.05 MPa). This simplification was made to
avoid extensive structural response calculations.

• The diagram was used to give a coarse estimate of the conditional prob-
ability of escalation of accidental effects in the case of explosion.

8.4.5 Use of Load Function

Section 2.3.6 introduced the need for establishment of a probabilistic description
of the blast loads. An introduction to how this may be done using the latest
knowledge, is given in the preceding Sects. 8.4.2–8.4.4. This section will discuss
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the use of the probabilistic approach. An exceedance diagram may be used in one
of the following ways:

• Dimensioning load assessment
under ALS criteria

Compute overall annual exceedance frequency for relevant
explosion scenarios, then determine explosion load for ALS
check (see Chap. 19)

• QRA (probability of escalation)
escalation

If the equipment’s resistance to explosion loads is known,
then probability of secondary ruptures (escalation) may be
determined

The following would be the procedure (in accordance with the Norwegian
regulations for load bearing structures) for determining the design accidental loads
for explosion on deck structure:

1. Split the deck structure into sections, with the main emphasis on sections that
will be exposed to different explosion scenarios.

2. The system failure probability, 10-4 per year, is split into contributions from
each section. This distribution is ‘ad lib’, and an optimisation of the structure
may involve redistribution of these contributions several times.

3. For each section of the deck structure, establish the exceedance diagrams for
overpressure.

4. For each section, identify the design explosion load that corresponds to the
allowed contribution to system failure probability.

5. Check whether an alternative distribution of system failure probability on
sections of the deck structure is easier to implement and thus less expensive to
provide.

8.4.6 Structural Response Calculations

Because the current knowledge implies that blast loads are higher than previously
known, more emphasis has also to be placed on response calculations. The fol-
lowing choices are available:

• Simplified triangular pressure pulse, whereby max load and duration are the
required characteristics. Often the maximum overpressure will be limited to
pulses that have at least a millisecond duration.

• Detailed pressure–time history.

A relatively advanced structural analysis is required, capable of performing
more than just a static analysis. The software packages to be used for such analysis
should be able to consider the following:

• Dynamic responses to pressure-time histories (detailed or simplified, triangular).
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• Non-linear aspects of the structural response.

The drag forces on structures and equipment also need to be calculated, also
this load response calculation should consider dynamic aspects. It should be noted
that not very many software packages are able to carry out such analysis. Sim-
plified calculation of drag loads may be done with the formula given in OGP
(2010).

8.4.7 Is a Probabilistic Approach the Best Way Forward?

The preceding sections have briefly indicated how a probabilistic approach to
assessment of the design explosion loads could be developed. In principle, such an
approach is fully feasible, although quite laborious. This is also what may cause
some doubt about the realism. Another aspect which is also difficult to implement,
is the fact that none of the explosion events that have occurred on production
installations (see Sect. 8.2.2) have resulted in particularly high blast loads. It may
appear unrealistic to devote extensive resources to simulation of a wide spectrum
of results, when experience has not been able to demonstrate any such extensive
variations.

The main challenge is the high number of free variables, as already indicated.
This implies that the total number of variations will be very high, even if each
parameter is restricted to categories. The number of simulations of gas dispersion
to be carried out will therefore be quite considerable. The manner in which this
subsequently can be reduced to a manageable data set, is far from obvious.

It may therefore be relevant over time, to develop deterministic rules for which
cases to use as the design basis. It is likely that considerable experience will be
needed as the basis, in order to formulate such rules, and some time will probably
be needed before so extensive experience is available.

8.5 Explosion Risk Reduction

8.5.1 Establishing Basis for Design

The design basis for explosion hazards changed markedly in the 2–3 years from
1995/1996. Prior to the mid-1980s attention on explosion mitigation was relatively
low, even though the Flixborough accident in 1974 in the UK did focus attention
on the need to prevent serious explosion accidents. In the mid-1980s an approach
to explosion design evolved which may be summarised as follows:

• The worst case conditions were defined based upon insight into the hazard
circumstances.
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• Loads were simulated for the worst case using what was considered to be
appropriate tools.

• Design solutions could be made cost effectively even for the worst case
conditions.

This situation has changed considerably over a few years, culminating in the so-
called ‘Spade Adam’ test series (SCI 1998). It is now realised that worst case
conditions will be so severe, that it is impossible to find cost-effective solutions
which will protect against the worst case conditions. An alternative approach is
thus needed based upon probabilistic modelling.

The new knowledge is such that improvements to both existing and new
installations will be needed. It is worthwhile to consider the challenges to engi-
neering work for new installations which include:

• Dimensioning of structure and equipment against blast loads including:

– Primary structure or hull in the case of an FPSO
– Deck support structure, tank top for FPSO
– Module structure
– Supports for vessels and piping
– Blast and fire walls.

• The definition of loads including:

– Peak overpressure for all x, y, z coordinates
– Panel pressures
– Impulse or time pressure distributions
– Drag loads (‘Explosion wind’) for all/representative x, y, z coordinates.

• Other critical aspects including:

– Fragments
– Displacement of structures.

8.5.2 BFETS R&D Experience

The most extensive recent R&D work is the ‘Blast and Fire Engineering for
Topside Structures’ (BFETS) programme (SCI 1998). This programme included
an extensive series of tests with large scale models having realistic offshore
module geometry. The tests were conducted on models having volumes in the
range 1600–2700 m3 which were designed to resist explosion overpressures up to
4 barg (i.e. bar overpressure). The parameters that have been studied include the
following:

• Confinement
• Congestion
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• Ignition location
• Effect of deluge
• Deluge droplet size
• Only homogenous, stoichiometric gas/air mixtures.

The tests were conducted as a joint effort between European oil companies and
the UK Health and Safety Executive. The interim results were considered so
important by the HSE, that they were released to the industry in order that nec-
essary action could be taken as early as possible. The main results may be sum-
marised as follows:

• The overpressures measured were higher than expected based on previous
medium scale tests (e.g. CMR tests).

• Damage to the module occurred in several tests due to exceedance of the design
limits.

• The congestion inside the module was shown to be a very important parameter
in determining the overpressure.

• Typical for global load characteristics:

– Determined by the balance between the production of combustion products
and their loss due to venting

– Important for the design of the main structure
– Closer to what was predicted than in the local effects prediction.

• Typical for local load characteristics:

– Determined by local physical mechanisms such as flow, turbulence, reflec-
tions, mixing

– Important for design of bulkheads, local structures, and equipment
– Sometimes locally quite high.

From these results it may be concluded as follows for local effects and global
trends respectively:

• Local effects:

– Dominated by pressure-time profiles
– Difficult to predict
– Short durations, pulse loads may need to be considered
– Structural response/damage may be less from a pulse loading, if the duration

is short.

• Global trends

– Usually easier to predict
– Quite good correlation with predictions by the best software tools.
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8.5.3 Main Experience, Mitigation

The local effects of explosion relief were not always as expected. If the extent of
explosion relief increases, then it would be expected that there would be a decrease
in overpressures. This was not always the case for local conditions although for
global effects the trend was as expected.

Smaller sized objects have the larger effect on module congestion, if there are a
sufficient number of these objects. The dramatic effect of small sized objects may
be illustrated from the test results. When the module congestion was increased
from 7.5 % blockage (so-called ‘low’ congestion) to 9.5 % blockage (so-called
‘high’ congestion), the peak overpressure increased by a factor of four. It has been
shown in the medium scale tests that cable trays and pipe racks are the most
critical small sized equipment for increasing the overpressure. The density of
equipment was shown to be most critical for the longest flame paths.

One of the most important potential risk reducing measures is the use of deluge
for blast load reduction. For this to occur, deluge needs to be initiated prior to
ignition (for instance on detection of a gas leak). The tests have shown that use of
deluge is particularly effective in preventing so-called runaway flame accelera-
tions. The tests have, however, also shown that the active use of deluge has given
reduction of the peak overpressure in all the tests. The most extensive reductions
have occurred for the long flame paths. When the conditions are ideal, quite
extensive reductions may occur.

Ideal conditions require droplets from the deluge system to be larger than
normal droplets, thus requiring special nozzles. Deluge from standard nozzles
however, produces lower overpressure although the extent of the reduction is quite
scenario dependent.

The most critical aspect in relation to the use of deluge for overpressure
reduction is the need to activate the system prior to ignition. Modelling of ignition
has shown that the most likely interval between release and ignition is 2–3 min.
Thus to be effective, deluge activation has to be within the first � min.

8.5.4 Risk Reduction Possibilities

8.5.4.1 Priorities

The general approach to risk reduction is to give priority to the reduction of
accident probability over reduction of accident consequences. Probability reduction
may often however, be rather difficult to document, due to the following factors:

• Probability reduction may be dependent on operational measures, which may
have a limited reliability.

• The effect of the actions on the probability may be qualitatively certain, but the
extent of the reduction may be quantitatively unknown.
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Consequence reduction is often easier to document and often more reliable if
passive measures are adopted. The probability and consequence reduction options
in relation to gas explosion are discussed in the following sections.

8.5.4.2 Probability Reduction: Prevent Gas Leaks Through Design

The most obvious action to prevent gas leaks is to reduce the number of potential
leak sources, most typically the number of flanges. This is probably easiest to
accomplish for a new installation. In the case of an existing installation, it is still
technically feasible, but may in itself lead to increased risk, because open flame
cutting and welding will most probably be needed in the modification work.

The choice of connection approach therefore needs to be a trade-off between the
desire to prevent leaks through the use of all welded connections, and the need to
minimise hot work during disconnection (opening) of welded connections.

Other alternatives for reducing the number of gas leaks are: improvement of the
quality of the maintenance work in the process areas; selection of higher quality
materials for gaskets; the follow-up of minor leaks in order to identify trends and
unwanted tendencies at the earliest possible time. Many of these aspects were
briefly discussed in Sects. 6.7 and 6.8.

8.5.4.3 Probability Reduction: Prevent Gas Leaks from Operations

It has been demonstrated during recent years that the majority of the HC leaks, at
least on the Norwegian Continental shelf, are due to loss of containment during
operational/maintenance/inspection activities (see Sect. 6.6.1).

One of the most effective ways to prevent gas leaks will be to improve oper-
ational barriers. One approach that may be used in this connection is the BORA
approach (see Sect. 15.3.1).

8.5.4.4 Prevent Ignitable Concentration

The next possibility to halt the accident sequence if a gas leak has occurred is to
prevent the formation of an ignitable atmosphere. Extensive natural ventilation is
one of the obvious actions in order to achieve this. In the design phase good natural
ventilation is frequently provided, but sometimes this is reduced during operations
by temporary equipment being installed or left temporarily in openings. In other
cases, ventilation is purposely reduced, because a need is perceived to improve the
working environment (reduce chilling draft).

Increasing the natural ventilation often requires a difficult trade-off between
reduced ignition probability and aggravated working environment conditions.
Increased ventilation usually implies colder working conditions and possible
freezing of equipment. The author still remembers well almost 20 years ago, after
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having initiated opening up of weather cladding on process modules on an old North
Sea installation, arriving offshore on the coldest weekend in February. The threat of
being thrown over board from persons who had spent many hours out in the cold
having to use miscellaneous equipment, including hair dryers, to prevent process
instruments from freezing, was probably not real, but it was perceived as quite real.

8.5.4.5 Prevent Ignition

The next option is to prevent an explosive atmosphere from being ignited. Several
actions are possible in this regard:

• Reduce the extent of hot work activities. This has been applied successfully on
many installations where it has been proven that a wide variety of tasks may be
done in a ‘cold’ fashion i.e., without the use of hot work.

• Improved maintenance of ‘Ex-proof’ equipment. On many installations there is
probably some explosion proof equipment which has improper maintenance
routines, most typically this applies to light-fittings.

• Attention should also be given to so-called ‘continuous sources’ i.e., potential
ignition sources that are constantly active, such as a lighted flare.

Prevention of ignition is the last of the probability reducing measures and thus
consequence reduction measures are briefly outlined below.

8.5.4.6 Prevent High Turbulence

There are some basic design rules which may help to prevent high turbulence.
These rules may be summarised as:

• Optimise the arrangement of equipment.
• Avoid extensive multiple pieces of equipment.
• Optimise the location of pipe racks relative to likely ignition sources.

The rules were shown in Figs. 8.8 and 8.9.

8.5.4.7 Prevent High Blockage

The same actions that may contribute to improved ventilation, may also prevent
high blockage in the modules, and thus help to prevent increased overpressure.
Risk reducing actions may include (see also Figs. 8.8 and 8.9):

• Remove temporary installations which may have been installed during operation
and maintenance, containers, new equipment, and weather cladding.

• Arrange vessels in a way which minimises blockage of the most likely path of
the flame front.
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8.5.4.8 Install Fire and Blast Barriers

Escalation due to explosion may be limited by the provision of fire and blast
barriers between modules and areas. There are, however, several problems that
may be introduced by such actions:

• More barriers (walls, decks) may cause problems for keeping well ventilated
areas.

• Barriers may also restrict explosion relief and introduce more blockage.
• The retrofitting of such barriers may give rise to extensive hot work although

this may be avoided by good planning and preparations.

8.5.4.9 Activate Deluge on Gas Leaks

Use of deluge to reduce blast loads has already been mentioned, including the
issue of which nozzles to use. This is, however, to some extent a controversial
issue. Some operators have claimed that activation of deluge prior to ignition, has
in the past been the apparent cause of the ignition itself. It cannot be ruled out that
this may be the case in special circumstances although there are indications that
the problem is not very large.

The most obvious positive demonstration of the potential advantage of this
approach is the fact that many operating companies in the North Sea have over
some years an extensive experience with numerous gas leaks which have been
‘deluged’, without any problem. Even so, there appears to be considerable
reluctance to the release of deluge on confined gas detection. The possible effect of
deluge may be seen from Table 8.3, with results from BFETS.

Table 8.3 compares two otherwise identical tests from the BFETS programme
(SCI 1998), especially with respect to the effect of deluge activation prior to
ignition. Standard offshore nozzles were applied. It may be seen that the effects on
the maximum overpressures is higher than the effect on the average overpressures.
This is claimed to be general for the effect of deluge, that the peaks are affected
more than the average loads.

The idealised triangular pressure pulses generated from the maximum and
minimum values with at least 1 ms duration are shown in Fig. 8.14.

The triangular pressure pulses may be integrated, in order to show the differ-
ences with respect to impulse. The results are shown in Table 8.4.

It may be noted that the impulse reduction for the points with the maximum
overpressure is 183 %, whereas the impulse for the point with the lowest over-
pressure actually increases when deluge is applied. This may also be seen from
Fig. 8.14, which shows the increased duration for this case.

It may be noted that the minimum overpressure is recorded at the same point
physically, whereas the point where the maximum is recorded has moved quite
considerably.
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Finally it should be noted that other tests have shown that more extensive
improvement may be achieved through the use of nozzles that produce larger
droplets, implying that more energy than is consumed in the break-up of the larger
droplets into many smaller ones.

8.5.4.10 Improve Resistance of Equipment and Structures

The last possibility for consequence reduction is to improve the resistance of
equipment and structures to blast effects. The large scale explosion test programme
(SCI 1998) has shown that the resistance of equipment to explosion loads (up to
and in some cases above 4 bar overpressure) was better than had been anticipated.
To design additional resistance to explosion overpressures is, however, likely to be
quite expensive for existing installations.

8.6 Example, Dimensioning Against Blast Load

8.6.1 Introduction

Dimensioning against blast load presents a suitable illustration of the free-
dom offered by the functional regulations, with respect to accidental loads.
Blast loading is suitable to use in this illustration because it may be
described by a one-dimensional function. Fire loads are far more complex
because there are several degrees of freedom including duration, intensity,
radiative, convective and smoke generated loads. The comment should be
added that explosion loads are simpler because we make simplifications to

Table 8.3 Comparison of BFETS results with and without deluge activation

Parameter Blast loads without deluge
(bar)

Blast loads with deluge
(bar)

Maximum recorded 3.73 (+155 %) 1.46
Minimum recorded 1.44 (+95 %) 0.74
Average recorded 2.38 (+118 %) 1.09
Maximum recorded with

duration [ 1 ms
2.29 (+83 %) 1.25

Minimum recorded with
duration [ 1 ms

1.05 (+46 %) 0.72

Average recorded with
duration [ 1 ms

1.76 (+69 %) 1.04
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make them simpler. Explosion loads would be similarly complex if we took
the full pressure–time function into account.

This illustration involves dimensioning the deck structure of a simple
unmanned wellhead platform using the regulations for load-bearing struc-
tures where applicable.

8.6.1.1 Platform Design

The platform is a simple installation with four wells. The wellheads are
located in a wellhead area and first stage separation in the process area.
Figure 8.15 presents a schematic overview of the main areas which are
placed inside the platform deck structure. The two areas are separated by a
blast wall.
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Table 8.4 Change in impulse values, according to the use of deluge

Parameter Min, with
deluge

Max, with
deluge

Min, without
deluge

Max, without
deluge

Overpressure (bar) 0.717 1.251 1.051 2.294
Impulse (Ns/m2) 3047 4504 2102 12732
Change in impulse

(%)
-31 183
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The blast wall is considered to separate the two areas, such that explosion
in one area should not affect the other area. The blast wall will be designed
to resist the most severe loading from both areas.

8.6.1.2 Sources of Blast Loads

For the design against blast loads, the sources of gas explosion need to be
identified. For the simple platform in question, the scenarios that may lead to
gas explosion are gas leaks from the following sources:

• Leaks from X-mas tree and wellhead or well blowout.
• Gas leak from separation.
• Subsea gas leak.

For each of these areas, the occurrence of gas explosion is calculated
according the following formulae:

fgas xpl ¼ fgas leak � PðignitionÞ PðxpljignitionÞ ð8:4Þ

Process area Wellhead area

Blast
wall

Fig. 8.15 Platform sketch
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8.6.2 Basis for Dimensioning

According to the applicable Norwegian facilities regulations (PSA 2011) the
impairment check shall be carried out for blast loads on the deck structure,
with the following limitation:

X
P Deck failure under blast loadingð Þ� 10�4 ð8:5Þ

For the platform in question, with the blast loads as stated above, this
equation may be written as:

P Deck failsWHð Þ þ P Deck failsPROCð Þ þ P Deck failsSSð Þ� 10�4 ð8:6Þ

The optimisation that may be done in the present case is to distribute the
failure probabilities among these sources, such that they sum up to the
allowable limit as stated above.

8.6.3 Design Capability

An initial estimate of the blast resistance of the deck may be implied by
considering other load cases. In the present case, the initial design capability
(static loads) is:

0:2 barg overpressureð Þ

8.6.4 Load Distributions

8.6.4.1 Wellhead Area

Figure 8.16 presents the conditional exceedance probability distribution for
the wellhead area. The maximum overpressure has been determined to be
0.5 barg. There is a 90 % probability that the overpressure will exceed
0.2 barg, and 50 % probability that the overpressure will exceed 0.4 barg.
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8.6.4.2 Process Area

Figure 8.17 presents the conditional exceedance probability distribution for
the process area.

In the process area there are usually many obstructions that produce
turbulence and high flame speeds, thus resulting in higher overpressures. The
maximum overpressure has been determined to be 1.2 barg. There is an
80 % probability that the overpressure will exceed 0.5 barg, and 15 %
probability that the overpressure will exceed 1.0 barg.

8.6.4.3 Subsea Gas Leaks

Figure 8.18 presents the conditional exceedance probability distribution for
subsea leaks.

The gas cloud from subsea sources will be partly outside the platform
structure, but also partly inside the platform. Some parts will inevitably have
to be inside the platform, in order to find an ignition source. The over-
pressures are usually low, due to the fact that most of the cloud is outside the
structures. The maximum overpressure has been determined to be 0.3 barg.
There is a 80 % probability that the overpressure will exceed 0.1 barg, and a
45 % probability that the overpressure will exceed 0.2 barg.
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8.6.5 Gas Explosion Frequency

The frequency of gas explosions are given in Table 8.5, based on event tree
analysis (not shown). Just above half the total frequency is caused by
explosions in the process area, with almost 40 % of the total value due to gas
explosions in the wellhead area.

It has been shown already that the explosions in the process area are the
most serious in that they are likely to cause the highest overpressures.

By combining the frequencies given in Table 8.5 with the conditional
load distributions shown in Figs. 8.16, 8.17 and 8.18, exceedance functions
may be generated as shown in Fig. 8.19. Assuming that the wall has the
same resistance to loads from either side, the pressure with a frequency of
exceedance of 10-4 per year is 0.45 barg.

This would suggest that the structure would need reinforcement to resist
this higher load, compared to the original strength given as 0.2 barg. With
the overpressures as stated, the following failure frequencies are found:

• Wellhead area 2.0 9 10-5 per year
• Process area 8.0 9 10-5 per year
• Subsea leaks 0

8.6.6 Reinforcement Costs

The regulations give freedom to distribute failure frequency among the areas
in whatever way we want. This may be used for optimisation. In the present
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case study, this has been exemplified by assuming that there are differences
in cost according to which side of the wall the protection is applied on.

Figure 8.20 presents the additional costs associated with reinforcement of
the deck structure in the wellhead area for it to be able to resist higher blast
loads. The costs are incremental costs over those associated with achieving
the baseline resistance, 0.2 barg.

Figure 8.20 also presents the additional costs associated with reinforce-
ment of the structure in the process area, to be able to resist higher blast
loads. The costs are incremental costs over those associated with achieving
the baseline resistance of 0.2 barg. The costs are higher for this area,
compared to the costs in the wellhead area.
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Table 8.5 Gas explosion
frequencies, wellhead
platform

Contribution Annual frequency

Wellhead area 7.5 9 10-5

Process area 1.10 9 10-4

Subsea 2.8 9 10-5

Total, all leaks 2.13 9 10-4
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The overpressure protection needed is such that there is a zero probability
that a gas cloud from a subsea leak will give blast loads that need to be
considered.

8.6.7 Optimisation

Based upon Fig. 8.20 the total cost of reinforcement if all the deck is
reinforced to resist the same overpressure (0.45 barg) is 83 MNOK. The cost
for the wellhead area is 38.6 MNOK and the cost for the process area is
44.4 MNOK. An optimisation of cost may be achieved as follows, see also
Table 8.6:

• With an assumed level of reinforcement in the wellhead area determine:

– the failure frequency of structure in this area
– the cost associated with reinforcement of the structure.

• The allowed failure frequency in the process area is thus determined from
Equation 8.6. From this failure frequency, the following can be found for
the process area:

– the required structural reinforcement
– the cost associated with the reinforcement.

• The steps above are repeated for new values of reinforcement in the
wellhead area in order to determine the variability of the cost functions.

The values show that the cost increase for the wellhead area is less
extensive than the cost increase for the process area. Thus the cost is min-
imised if the total system failure frequency is taken in the process area.

The differences in cost for reinforcing the different areas are clearly
shown in Fig. 8.21. The total cost is thus seen to fall continuously when the
structural reinforcement is increased in the wellhead area.
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8.7 Case Study; Reduction of Blast Load

This case study is focused on reduction of blast loads within semi-confined deck
spaces on a process platform. The criticality of explosion loads was documented
through a QRA, which emphasised the need to study possible explosion loads in
more detail. In the QRA, explosion loads of different strength were shown to have
the following possible effects:

• Rupture of process equipment, thereby causing extended fuel sources which
may escalate the accident.
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Table 8.6 Optimum structural reinforcement of deck in wellhead and process areas

Resistance
WH (barg)

Cost WH
area
(MNOK)

Failure freq
WH area

Failure freq
Proc area

Resistance
Proc area

Cost Proc
area
(MNOK)

Total cost
(MNOK)

0.3 10.00 6.00 9 10-5 4.00 9 10-5 0.77 145.56 155.56
0.4 28.28 3.75 9 10-5 6.25 9 10-5 0.69 115.78 144.07
0.45 38.62 2.02 9 10-5 7.98 9 10-5 0.45 44.43 83.06
0.5 51.96 0.00 1.00 9 10-4 0.34 20.53 72.49
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• Impairment of safety systems to the extent that prevention of escalation is
impossible (Piper Alpha).

• Damage to structure causing direct escalation of the accident.

It was actually shown in the QRA that high overpressures were likely, and thus
explosions were the dominating cause of escalation from one deck to another.

The damage mechanisms involved in escalation of this type are very complex,
and relatively limited modelling work has been carried out. The physical model-
ling of damage to equipment caused by blast loads is discussed by Eknes and
Moan (1996). In the QRA study referred to here, the following coarse assumptions
were made:

• Escalation by rupture of other equipment will be caused by overpressure
exceeding 0.3 barg.

• Escalation by structural damage to decks and walls is caused by overpressure
exceeding 0.5 barg.

These values are quite frequently used. It should be noted, however, that recent
R&D has indicated that there may be some conservatism in these estimates.

Because the likelihood of escalation was shown to be quite high, investigation
of remedial measures was undertaken, including consideration of the following:

• Removal of equipment not in use.
• Partial removal of cladding.

The potential for reduction of overpressure by removal of equipment was found
to be rather low. This is therefore not further discussed. The effect of partial
removal of the cladding (corrugated light steel plate walls, with air gap close to
floor and roof), is discussed in the following text. It should also be noted that
removal of cladding usually implies improved natural ventilation and this is also
briefly touched upon below.

8.7.1 Layout and Geometry

The platform considered in its original configuration has three decks. The cellar
deck and main deck are partially enclosed with cladded walls while the upper deck
is open. The deck dimensions are approximately 70 by 50 m. There is normal
weather cladding on three sides of the deck, but the north side of the deck is closed
off by a series of equipment rooms.

The walls around the process area (except the fire wall) are mainly composed of
light corrugated steel plate. There are narrow horizontal (0.3–0.5 m) openings at
deck and roof levels. These gaps are intended to provide the natural draft needed
for ventilation purposes. It was however, noted that ventilation was not very
extensive. A natural solution was therefore to open the cladding to provide
increased ventilation and thereby also reduce the explosion overpressure.

8.7 Case Study; Reduction of Blast Load 305



8.7.2 Cases and Configurations Analysed

Two types of models were used to consider the effects of removing cladding. The
models were based upon the following scenarios:

• Stoichiometric mixture in defined parts of the area.
• Realistic gas cloud configuration based upon modelling of the gas dispersion

given a defined leak source and environmental conditions.

Stoichiometric clouds are often used in gas explosion studies due to the
straightforward definition of cases, and limited calculation resources. It is recog-
nised that such an approach is conservative. The degree of conservatism may be
studied in a probabilistic manner.

The case study referred to also includes consideration of the effects of installing
a fire wall to subdivide one large fire area into two smaller fire areas. This was in
addition to considering the effect of partial removal of wall cladding. The
explosion studies that were undertaken for the cellar and main decks were as
follows:

• Cellar deck, comparison of cases before and after partial removal of cladding.
• Main deck, comparison of overpressure for the following cases:

– Entire deck prior to segregation by fire wall and removal of cladding
– Area 1 after segregation by fire wall and partial removal of cladding
– Area 2 after segregation by fire wall and partial removal of cladding.

8.7.3 Ventilation Results

The effect of partial removal of cladding is usually to improve the ventilation rates
which has the following effects (in addition to the reduced overpressure loads):

• Reduced likelihood of ignition, due to more extensive dilution of the gas cloud.
• Reduced effectiveness of automatic gas detection for small gas leaks.
• Increased exposure of personnel to harsh environment.

When considering possible partial removal of cladding, one of the main con-
siderations is to balance the improved ventilation and reduced overpressure against
deterioration of working environment conditions. Such deterioration can have an
effect on the likelihood of accidents. Improvements in ventilation are nevertheless
usually considerably more important.

Figure 8.22 shows the improvement in ventilation rates resulting from the
cladding modifications i.e., a higher number of module air changes per hour for the
same time fraction.

The diagram was obtained by running CFD calculations of the platform con-
figuration to determine the distribution of ventilation rates for different
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environmental conditions. It may be added that results for the cellar deck are
similar to these for Area 2 on the main deck.

There is no universally used standard defining adequate ventilation. Some
operators have stipulated a minimum requirement of 12 air changes per hour, for at
least 95 % of the time. Increasing the opening of walls ensures that such a standard
may be more easily reached.

8.7.4 Explosion Studies

There were three purposes of the explosion studies; determine the need for
explosion risk reduction; how such reduction could be achieved; and improve the
QRA modelling. The basic approach adopted consisted of the following:

• Explosion (FLACS) studies with stoichiometric methane-air atmosphere

– Complete filling of areas and modules
– Partial (50 and 25 %) filling of areas and modules.

• FLACS studies with gas clouds resulting from dispersion studies following
realistic gas leak scenarios.

The studies were completed with the FLACS version at the time, ‘FLACS
1994’ (see Appendix A). The experience from the BFETS test programme (SCI
1998) showed clearly that this version under-predicted the likely blast loads.
Selected cases from the initial study were therefore repeated some years later,
using the 1998 version of the software. The 1998 version has incorporated the
findings from the large scale tests mentioned in Sect. 8.5.2. When comparisons
between 1994 and 1998 versions are made, increases are rather scenario depen-
dent, but are typically in the range +50–150 %.
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8.7.5 FLACS Results

The results outlined in the following are based on the 1994 version of the FLACS
software. The following observations may be made from the discussion of FLACS
results:

• Local overpressure may be up to twice the average pressures on walls, decks,
etc.

• The difference between overpressure for the stoichiometric scenario versus a
scenario with gas dispersion varies quite considerably. The average pressures to
walls, decks and roof are found to be 50 % higher in the stoichiometric model
whereas the average pressure on small rooms within the area shows an increase
of nearly 290 %.

• The dispersion based calculation is much to be preferred in terms of realism, but
the computing power and time needed for such calculations are very extensive
(up to several hours of computing time), thus making it necessary to limit the
number of calculations done in this way.

• Calculations based on stoichiometric gas cloud may be adequate in order to
study the relative effects of alternatives. The more realistic dispersion based
calculations need to be done in order to define dimensioning loads.

• The variations between stoichiometric and gas dispersion models are strongly
dependent on local effects.

• The effect of partial cladding removal is most extensive on the main deck and
more limited on the cellar deck. One possible explanation is that the size of the
area is greater on the cellar deck than on the main deck. It is expected that the
effect of explosion relief walls around an area has the highest effect on smaller
areas. For larger areas, the turbulence and acceleration increases pressures to a
high value, before the pressure wave reaches the relief walls.

8.7.6 Demonstration of Parameter Sensitivities

This section presents another sensitivity study that demonstrates the effect of small
changes in parameters. The object of this section is to show how one process
module may be separated from a larger process area by the installation of a fire
wall. It should be observed that on two sides there is to be a 1 m gap between the
module and the rest of the platform. The two other sides of the module are used for
ventilation purposes, as they are facing out from the platform.

The results from the following FLACS 94 analyses are presented in Fig. 8.23
and described below:

These different design cases are shown diagrammatically in Fig. 8.24. The
process module being considered is shown in the southeast corner of the drawing.
The area to the west of this module is an open process area without internal walls.
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A. Base case, no fire wall installed, relatively full cladding.
B. Fire wall installed on the module, no change in cladding.
C. Fire wall installed on the neighbouring module, on the other side of the air gap,

no change in cladding.
D. As case C, with increased explosion relief through reduced cladding.
E. As case D, with additional wall opened for relief.
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8.7.7 Implications for QRA Modelling

Escalation by rupture of nearby equipment is taken to occur at 0.30 barg and
escalation through destruction of decks, at 0.50 barg. Reduced maximum over-
pressure results in reduced conditional probability of escalation. The conditional
probabilities of overpressure exceedance are determined by the SERA software (or
similar) and used as an input to the QRA.

Typical exceedance curves are shown in Fig. 8.25, for the base case before
cladding modification, and after modification.

With the reduced overpressure, the probability of escalation to equipment is
reduced from 90 to 57 %, and the probability of escalation through the deck is
reduced from 70 to 10 %. It should be noted that the shape of such curves is very
dependent on local aspects. These reductions are therefore not universal values,
but are very case specific. It is thus seen that reduction of the maximum over-
pressure by 50 % implies the following reductions:

• P(Equipment escalation): 37 %.
• P(Deck escalation): 86 %.

These reductions are very large, and suggest that the risk to personnel caused by
explosions is drastically reduced by modification to the cladding.

8.7.8 QRA Sensitivity Results

Based on the overpressure results, the following average values were used as input
to calculations, for the following decks and areas:

• Cellar deck: 20 % reduction in maximum overpressure.
• Main area 1: 50 % reduction in maximum overpressure.
• Main area 2: 50 % reduction in maximum overpressure.
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Table 8.7 presents the changes in risk levels resulting from the reduction in
explosion overpressure arising from the cladding modifications. There is a con-
siderable reduction in the potential loss of life (PLL) associated with process
system accidents. Such accidents however, make only a limited contribution to the
total risk, so the overall reduction in PLL is not particularly large.

The reduction in frequency of accidents causing damage to several modules, or
total loss of the platform, is considerable. This is due to the reduced probability of
escalation to other areas arising from the reduced explosion overpressures.

8.7.9 Discussion and Evaluation

The risk reduction measure discussed in this case presentation had a total cost of
about 4 MNOK. The total risk reduction over the field lifetime is some 0.05
fatalities, implying a cost of 80 MNOK per statistical life saved. This is certainly
not a low value, but is in the range of cost per life saved that will be committed to
by operating companies.

A simplified assessment of the risk to assets could focus on the largest con-
sequences, that is, damage to several modules or total loss. If we assume an
average accident cost of 1 billion NOK per accident, then the expected value of
reduced costs over the field lifetime is about 10 MNOK, taking an NPV approach
to cost accumulation. This underlines the fact that the cladding modification is an
effective risk reducing measure. In fact, reduction of explosion overpressure is one
of the few modifications which has a significant effect on risk to personnel and
may be carried out without excessive cost.

It is worthwhile noting that the considerable reduction of the risk level from
cladding modifications is strongly influenced by the shape of the curves in
Fig. 8.25. These curves have a ‘lazy s’-configuration. If these curves had a steeper
s-shape i.e., were falling much more rapidly, the effect on the risk level would be
less, although most probably, still significant.

Table 8.7 Effect on risk parameters from cladding modifications

Risk aspect Change in risk value (%)

PLL value due to process accidents 40
Total PLL value 5
Total frequency of damage up to one module 2
Total frequency of damage to several modules or total loss 40
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Chapter 9
Collision Risk Modelling

9.1 Historical Collision Risk

9.1.1 Significant Collisions

According to the WOAD� database, (DNV 1998) there have been six cases of total
loss of a platform since 1980 due to collision or ‘contact’ (impact by vessel in
close attention):

• Two jacket structures in US Gulf of Mexico have been lost due to collision as
the initiating event.

• One jacket structure in Middle East waters has been lost due to collision as the
initiating event.

• One jack-up was lost in US Gulf of Mexico during movement, due to listing,
structural damage, contact with platform, and finally loss of buoyancy.

• One jack-up structure was lost in the North Sea, due to collision with a pier. This
is a non-representative case, involving a small jack-up, which was lost due to
severe weather. The jack-up was engaged in tunnel drilling and was standing
only a few metres from the waterfront. The jack-up was small and not repre-
sentative of offshore jack-ups. The accident is disregarded from further
discussions.

• One jack-up structure was lost in South American waters (Atlantic coast) due to
contact with attending vessel.

It is worthwhile noting that none of these occurrences have taken place in the
North Sea although there have been a number of near collapses. There is a story
that a North Sea jack-up was impacted by a supply vessel at full speed (making a
last minute attempted evasive manoeuvre, resulting in a so-called ‘glancing
blow’). One of the legs had substantial damage to two of the three vertical
members, and between five and ten of the diagonal members. Luckily it was a day
with calm weather, and the platform could be removed in a controlled manner with
no personnel injuries.

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
DOI: 10.1007/978-1-4471-5207-1_9, � Springer-Verlag London 2014
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If we turn to fatal accidents due to collision or contact, it becomes clear that the
crew of the boats are the ones at risk. Five accidents after 1980 (DNV 1998) have
resulted in two fatalities on a jacket structure (South America, Pacific coast), while
the four remaining cases have caused 23 fatalities on the vessels. Two of these
accidents occurred in US Gulf of Mexico, one in South America (Pacific), and one
in the Middle East.

A structure will have to fulfil a number of other requirements in addition to
design requirements against progressive collapse due to an impact load. These
additional requirements will often govern the dimensions and the design of the
platform. This means that the platform may have quite extensive over-capacity
with respect to collision impact, compared to the minimum design limits. This
over-capacity is concept dependent and may vary significantly.

9.1.2 Norwegian Platform Collisions

No very serious collisions have occurred in the Norwegian North Sea, but there
have been some of medium severity, and some very close calls. The section
provides an overview of the significant collisions. All the light contacts between
vessels and installations during loading operations and other cases with close
proximity, low velocity manoeuvring are excluded, except for shuttle tankers. All
other vessels except shuttle tanker will have low impact energy when the speed is
low.

It may be noted that whereas most other critical incidents have shown a
downward trend during the past 15–20 years, six of the eight significant collisions
in the list below have occurred after 1999:

• 1988: Oseberg B jacket, submarine collision
• 1995: Small coastal freighter head-on collision into Norpipe H-7 platform
• 2000: Shuttle tanker impact into FPSO (see Sect. 4.25)
• 2004: Large supply vessel colliding with mobile installation at high speed
• 2005: Large supply vessel colliding with bridge between two Ekofisk installations
• 2006: Shuttle tanker impact into Njord B storage tanker
• 2007: Large supply vessel colliding with Grane production platform at low

speed
• 2009: Large well simulation vessel colliding with unmanned Ekofisk installation

at high speed.

The second event did not actually occur on the Norwegian Shelf, but in the
German sector. The platform, however, was operated from Norway, as a com-
pressor station on the Norpipe line from Ekofisk to Emden.

There have also been various light contacts with supply vessels and collisions
of shuttle tankers into loading buoys while loading offshore. There have also been
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several cases of drifting vessels and vessels on a collision course, but none of them
have ended up impacting on an installation. Finally, there have been several near-
misses, which had the potential to result in serious head-on collisions. Several of
these have occurred at Haltenbanken in the Norwegian Sea. Collisions involving
FPSOs and shuttle tankers are discussed in Sect. 10.4.

9.1.2.1 Oseberg B Collision

The submarine collision at Oseberg occurred on 6th March 1988, when the West
German submarine U27 collided with the Oseberg B steel jacket platform. Per-
sonnel on board were evacuated to the flotel ‘Polyconfidence’, which was linked to
the platform with a gangway. A later survey found that a 1.2 m diameter bracing
had been dented to a depth of about 20 cm. The repairs which could be safely
postponed until the following summer season, had a final cost of some 80 MNOK
(1988 value). The submarine was navigating approximately 20 m below the sur-
face. The platform was marked on the map, but no signals from the sonar were
received. The submarine sustained damage to the bow, bridge, and navigation
equipment, but there were no injuries.

9.1.2.2 Norpipe H-7 Collision

The head-on collision of a merchant vessel with the Norpipe H7-platform,
occurred on 30th September 1995 when a small (273 GRT) German cargo ship
‘Reint’ was en route for Aalborg in Denmark. The fact that the vessel was heading
straight for the platform was only discovered at a late stage by personnel on the
platform. The platform’s standby vessel tried to contact the ship, but with no
success. The standby vessel also tried to intercept the vessel, but the ship went on.
Then at 10:42 h platform shutdown was initiated before the ship hit in a ‘glancing
blow’ manner on one of the platform’s legs. There was only minimal damage to
the platform, and neither any injuries nor spills were caused. The ship’s mast was
smashed. The platform had two large risers one on each side and thus there was the
potential for a very serious accident. As it happened however, the ship was not
even close to hitting the risers. It was later revealed that the ship was on autopilot
when the accident occurred.

9.1.2.3 West Venture Collision

On 7th March 2004, a supply vessel was just a few months into its first contract,
impacted directly into a corner column of the mobile installation West Venture in
the middle of the night. The vessel had a displacement of about 5,000 tons, and a
speed of 7.3 knots, making this a high energy collision.
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Two ballast tanks in the column were punctured, but no water ingress occurred,
as the holes were above the sea level. The installation experienced a sideways
movement of about 7 m, while the BOP was suspended in 300 m riser, but was not
in close proximity to other equipment.

The vessel had its bow indented about 1.5 m, and damage to the bulbous bow.
117 persons were on the installation and 14 crew on the vessel, none of whom
were injured during the accident. Both the installation and vessel could travel to
shore under their own propulsion for repairs.

The direct cause of the accident was that the standby vessel Far Symphony was
heading for the installation without deactivation of the autopilot. Due to the auto-
pilot being active, the officer on the bridge was prevented from manoeuvring the
vessel in a normal manner. The autopilot did not have the installation as the
waypoint, but had not corrected its course for deviations due to wind and waves.
The officer in charge had not tested the manoeuvring system prior to entering into
the safety zone. The crew was not familiar with the emergency manoeuvring
equipment.

9.1.2.4 Ekofisk Centre Collision

This collision occurred on 2nd June 2005, in dense fog, with 100–150 m visibility.
The standby vessel steamed at full speed into the bridge between two installations
on the Ekofisk field. The displacement of the vessel was 5,600 tons, and the speed
was about 6 m/s, implying a very high collision energy level. The hit was on the
bridge between two installations, which was hit by the vessel’s superstructure. The
bridge was left unusable, but the damage was small, comparatively speaking, due
to the lucky circumstances of the impact. Had the hit been on the small steel jacket
platform at the end of the bridge, this would probably have experienced a total
loss. Operations on this installation had been abandoned in the late 1990s, and thus
hydrocarbons had been removed and it was not a ‘live’ installation.

The direct cause of the collision was communication failure during crew change
on the bridge immediately prior to arrival at the Ekofisk field.

9.1.2.5 Njord B Shuttle Tanker Collision

The shuttle tanker Navion Hispania collided with Njord B storage tanker on 13th
November 2006 during preparations to start off-loading. The shuttle tanker lost
power to all but one of the propellers, due to contaminated fuel. The Dynamic
Positioning (DP) system should have ensured that at least 50 % of the propulsion
should be intact, but had an unrevealed fault. There was thus insufficient power
available to prevent collision, which occurred with 1.2 m/s shuttle tanker speed.
The collision energy was 55 MJ, making this one of the highest energy collisions
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offshore ever. No injuries or spills occurred, but the potential for damage was
present due to the high collision energy.

9.1.2.6 Supply Vessel Collision at Grane

The supply vessel Bourbon Surf (3,120 dwt) was heading for the installation on
18th July 2007. Both the captain and the first mate left the bridge to attend to other
tasks, after having passed the safety zone limit around the installation. When they
returned, it was too late to avoid the collision, but the speed was reduced to 1 m/s
before the impact.

9.1.2.7 Big Orange Ekofisk Collision

The well stimulation vessel was approaching one of the Ekofisk complex instal-
lations to start on a job on 6th June 2009. The captain had activated the auto-pilot,
and had forgotten to deactivate the auto-pilot when approaching the installation.
When attempting to manoeuvre manually, his actions were overridden by the auto-
pilot repeatedly. He managed to avoid two installations, but collided with an
unmanned water injection platform with high speed, 9.5 knots. Serious damage to
the jacket structure and the bridge to the platform, as well as the stimulation vessel,
but no injuries occurred.

9.1.3 Attendant Vessel Collisions

The most comprehensive study of attendant vessel collisions in the past was
considered to be J. P. Kenny’s study on the protection of offshore installations
against impacts (Kenny 1988). This study was prepared for the UK Department of
Energy. Collision incidents recorded by the Department of Energy between 1975
and 1986 were analysed.

Since then, the HSE has issued analysis of all collision incidents recorded in
their database, as well as other databases, the most recent report cover the period
1975 to 31 October 2001 (HSE 2003). Out of the total 557 collision incidents
included in the report, the following distribution on vessel types may be
summarised:

• Supply vessels: 353 incidents, 63.4 %
• Standby vessels: 87 incidents, 15.6 %
• Other attending: 74 incidents, 13.3 %
• Passing vessels: 8 incidents, 1.4 %
• Unspecified vessels: 35 incidents, 6.3 %
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With respect to attendant vessels, the following trend may be reported, when we
consider 10 year periods:

• 1975–1984: 218 incidents
• 1985–1994: 211 incidents
• 1995–2001: 85 incidents

Attendant vessels account for 514 incidents, which is over 96 % of the total, if
unspecified vessels are disregarded. The falling trend since 1995 is clearly visible,
even if the last period is shorter, due to absence of data for the period 2002–2005.
The report also presents volume of installation years, which allow calculation of
the following frequencies per installation year:

• Supply vessels: 0.010 per installation year.
• Standby vessels: 0.0030 per installation year.
• Other attending vessels: 0.0038 per installation year.

These frequencies are down almost an order of magnitude from what was
reported previously by J. P. Kenny. If we consider the differences between fixed
and mobile installations, we would expect the mobile installations to have higher
frequencies, due to two floating structures. The following frequencies for the
period 1995–2001 confirm this expectation:

• Fixed installations: 0.026 per installation year.
• Mobile installations: 0.102 per installation year.

With respect to causes of collision incidents, detailed and overall distributions
are available, the following is the overall distribution on main categories:

• External factors: 82 incidents, 14.7 %
• Mechanical control failure: 126 incidents, 22.6 %
• Human control failure: 152 incidents, 27.3 %
• Watch-keeping failure: 15 incidents, 2.7 %
• Unspecified: 182 incidents, 32.7 %

There are also many light collision recorded in the RNNP project for the
Norwegian sector, a small number of these collisions have been high speed col-
lisions, as described in Sect. 9.1.2.

The number of high energy collisions with attendant vessels has increased as
shown above. Three significant collisions with attendant vessels have occurred
during the last 10 years. There are about 100 installations on NCS, including
production and mobile installations. If we conservatively assume that there are two
supply vessel visits in average per installation per week, there are about 10,000
supply vessel visits to Norwegian offshore installations each year. Three incidents
during 10 years imply a frequency of 3 9 10-5 per year. This is below the 10-4

limit according the Norwegian regulations.
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9.2 Modelling Overview

9.2.1 Introduction

The initial step in a review of collision risk models will be to specify the different
vessel categories which have to be considered. The different types of vessels that
may pose a collision hazard for an offshore platform (fixed or floating) are shown
in Tables 9.1 and 9.2.

Each of the vessel categories is presented in the following sections with an
evaluation of relevant traffic patterns and vessel behaviour as a basis for the dis-
cussion of relevant collision probability models. A broader presentation of models
may be found in Haugen (1991). The models presented in the following are:

• Passing vessel collision model
• Collision model for drifting floating units.

Table 9.1 Categories of external vessels considered in relation to risk modelling

Traffic
category

Vessel category Remarks

Merchant Merchant ships Commercial traffic passing the area
Naval traffic Surface vessels Both warships and submarines

Submerged
vessels

Submerged submarines

Fishing vessels Fishing vessels Divided into vessels in transit and vessels operating in the
area

Offshore traffic Standby boats Vessels going to and from other fields
Supply vessels Vessels going to and from other fields
Offshore tankers Vessels going to and from other fields
Tugs Towing of drilling rigs, flotels, etc.

Table 9.2 Categories of colliding field related traffic considered in risk modelling

Traffic category Vessel category Remarks

Offshore traffic Standby boats Dedicated standby boats
Supply vessels Visiting supply vessels
Working vessels Special service/support as diving vessels,

anchor handling, well servicing, etc.
Offshore tankers Shuttle tankers visiting the field

Floating Units Storage vessels Dedicated floating units at the field
Flotels
Drilling units
Crane barges
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9.2.2 Merchant Vessels

Merchant vessels are frequently found to represent the greatest hazard, for several
reasons:

• They may be large and thus possess considerable impact energy.
• They are usually travelling at high speed and therefore almost any vessel size

will represent a considerable impact energy.
• The traffic may be very dense in some areas.
• These vessels are among the ‘traditional’ users of the ocean, as opposed to the

vessels and installations associated with the oil and gas exploration and
exploitation. The tradition of the maritime world is that the oceans are free with
a minimum of restrictions, and merchant vessel masters are generally not very
willing to accept limitations on their operation.

The last aspect may have changed for the better during the last 20 years or so.
Traffic restrictions are more common, and monitoring systems imply that vessel
operations become more transparent. This may have contributed to a change
whereby the merchant vessel fleet will accept restrictions more easily.

There are few occurrences of collision by merchant vessels. This is obviously a
good thing, but implies at the same time that there is limited experience data for
risk analysis purposes. Consequently, there is considerable uncertainty about the
risk estimates.

Navigation failure of passing vessels is often called ‘powered’ collisions i.e.,
vessel steaming towards the installation on a collision course. These are often
further split into:

• Blind Vessels Ships with ineffective watch-keeping, because the radar is in-operable or ships
being incorrectly operated, in conditions of poor visibility.

• Errant Vessels Ships where no effective watch is being kept due to the watch-keeper’s
absence, distraction, incompetence or any other form of incapacitation. The
watch must be ineffective for a significant period (at least twenty minutes) for
a vessel to be classified as errant.

It may be assumed that blind or errant vessels should be possible to avoid with
current navigational aids and monitoring systems. The list in Sect. 9.1.2 suggests
that the number of events has actually increased rather than decreased.

9.2.3 Naval Traffic

Traditionally naval vessels were never considered in risk analyses prior to the
collision in 1988 because it was assumed that they would always have excellent
control over their navigation. This assumption was to some extent shown to be
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false by the Oseberg incident. Naval traffic is, however, always a problem because
no navy is willing to give out information on movements of either their own or
foreign vessels. Projections of the traffic are therefore difficult to obtain and very
often have to be based on more or less subjective evaluations. Naval traffic may be
divided into two main categories, surface traffic and submerged submarines.

In spite of the collision at Oseberg, naval traffic is not assumed to represent a
significant risk contribution for the following reasons:

• The number of vessels is generally relatively low.
• The vessels are considered to be technically very reliable, thus giving a low

probability of them drifting out of control.
• The manning level and the standards are generally high, implying that it is less

likely that the watch-keeper(s) will not be aware of any platform on his course.

Naval vessels are therefore often disregarded in collisions risk studies due to the
perceived low risk.

9.2.4 Fishing Vessels

Fishing vessels vary in size from large factory/freezer ships to smaller vessels
operating near the coast. Fishing vessels are divided into two groups, depending on
their operational pattern:

• Vessels in transit between the coast and the fishing areas.
• Vessels fishing in an area. The vessels’ operation and behaviour during fishing

will be complex and varied, but usually at low speed with no preferred heading.

The vessels are usually so small that they represent no serious hazard to the
structural integrity of a platform. Typically, a large fishing vessel will have a
displacement of around 1,000 tons. This implies that the collision energy will be
less than 20 MJ in most cases and neither drifting vessels nor vessels under power
will normally be able to threaten the integrity of any installation. Risers and
umbilicals, if located in an exposed position, may however, be subject to damage
from fishing vessels.

9.2.5 Offshore Traffic

9.2.5.1 External Offshore Traffic

Passing offshore vessels, including tankers, supply, standby and work vessels, are
in many respects similar to passing merchant vessels. Their level of knowledge
about installations should be considerably higher because they operate in the area
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all the time. The risk assessment approach for passing vessels is therefore appli-
cable also to this vessel category, but the parameter values will have to reflect the
relevant facts about this traffic.

9.2.5.2 Field Related Attendant Vessel Traffic

Vessels in this category are travelling to and from the field which is being con-
sidered. In addition, they may stay at the field for some time. This means that they
have two different operational modes that should be considered.

The majority of attendant vessel collisions occur at low velocities while the
vessels are manoeuvring in the vicinity of the platform (Kenny 1988). These low
energy impacts will normally not threaten the integrity of normal manned offshore
platforms. An exception may occur for some of the new, very lightweight struc-
tures for not normally manned installations, which may not have the same load
resistance as a manned structure. It was considered in the 1980s that general design
rules usually provided sufficient resistance for low energy impacts. The DNV rules
(DNV 1981) imply a collision resistance of 14 MJ, with respect to local damage.

PSA has argued for several years that the average size of supply vessels has
increased by a factor of two to three during this 30-year period, but the 14 MJ
collision requirements has not been changed. It is questionable if this resistance is
adequate for the new, large attendant vessels.

Accident statistics for attendant vessels are often used as a base for a collision
frequency assessment. These data will, however, have to be modified for the
specific vessel types considered, the installation design, and other specific field
data.

Vessels may also collide with the platform while they are approaching it. This
can occur if, for example, a supply vessel is heading for the platform, but fails to
alter course or slow down due to some equipment failure or human error, as has
occurred on NCS during the past 10 years (see Sect. 9.1.2). The point is some-
times made that the use of satellite based navigational systems (GPS, etc.) means
that a vessel which fixes its route on the exact position of an installation, will
inevitably ram into it, if there is a failure to control course and speed during the
final stages. Thus, many operators require supply vessels to enter the route ter-
minal point a minimum of 500 m off the installation (outside the safety zone), in
order to eliminate the potential for ramming into it.

Historical data show a significant risk contribution from attendant vessels
approaching the field. These collisions will therefore have to be included in a
complete collision risk study.

9.2.5.3 Field Related Shuttle Tanker Traffic

A shuttle tanker will be totally dependent on its computer controlled propulsion
(dynamic positioning system) while loading oil. The failure frequency of the
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tanker will be based on the possibility of breakdown of main engines, control
systems or reference systems.

The contribution from shuttle tankers waiting at the field for loading is usually
quite low, since these vessels will be located on the leeward side of the platform to
prevent drifting into the installation.

9.2.6 Floating Units

The final category is collision between a floating unit and an installation. The term
floating unit includes flotels, drilling rigs, crane vessels, barges, storage tankers,
diving vessels as well as shuttle tankers located at the field while loading. The
floating unit may be positioned by mooring lines or a DP-system, or a combination
of both. If the positioning system fails, the unit may start drifting. The models for
drifting of floating units are mainly based on equipment failure frequencies and
geometrical considerations. This is discussed in Safetec (1994), and is not covered
in the following.

9.3 Passing Traffic

Collisions between vessels and offshore installations are distinctly different from
vessel–vessel collisions. When two vessels collide, this is often due to failure in
the coordination of passage at a safe distance, due to misunderstanding, commu-
nication failure, etc. When a vessel collides with an offshore installation, only the
vessel is moving and the installation is stationary. Floating installations can move
marginally, but this is nothing like the movement of a vessel manoeuvring under
power and seamanship. FPSOs, may be considered something of an exception as
they in theory may be able to rotate.

Because of this significant difference, the collision models that apply to vessel–
vessel collisions cannot be used for vessel–platform collisions and vice versa. The
models presented in the following for powered and drifting collisions are to a large
extent based on the ‘COLLIDE�’ model; see Haugen (1991).

9.3.1 Introduction

Collisions can occur because the vessel is drifting, (i.e. it is out of control), or it is
steaming without its crew being aware that it is heading towards the platform. This
can be expressed as:

PCP ¼ PCPD þ PCPP ð9:1Þ
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where

PCP = probability of passing vessel collisions
PCPD = probability of collision due to a passing drifting vessel
PCPP = probability of powered collisions

The probabilities of collision are usually quite low values, such that there is in
practice no real numerical validation possible of the probability of collision. In the
following the probability notation above is used in the sense of frequencies. The
model for drifting vessels is general for all traffic categories and is not discussed
here. Powered collisions are considered in the following.

9.3.2 Powered Passing Vessel Collisions: Model Overview

9.3.2.1 Basic Approach

The basic equation for calculating the passing vessel collision frequency for a
platform in a specific location may be expressed as follows:

PCPP ¼
Xm

i ¼ 1

X6

j ¼ 1

Xn

k ¼ 1

Nijk

X4

l ¼ 1

PCC;jkl PFSIRjkl PFPIR;jkl ð9:2Þ

where
PCPP = annual frequency of powered passing vessel collisions
Nijk = annual number of vessels in vessel category j in size category

k travelling in lane i. The risk contribution from each relevant ‘lane’
is calculated and added together to get the total risk to the platform

PCC,ijkl = probability that a vessel in vessels category j in size category k in
traffic group l travelling in lane i is on a collision course at the point
when the vessel can observe the platform, visually or on radar.
There are six vessel categories:

• Merchant vessels
• Fishing vessels
• Standby boats
• Supply vessels
• Shuttle tankers
• Naval vessels (including submarines)

PFSIR,jkl = probability that the vessel itself does not initiate some action to
avoid a collision with the platform (Failure of Ship Initiated
Recovery)
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PFPIR,jkl = probability that the platform or the standby vessel does not succeed
in initiating avoiding action on the vessel, given that the vessel has
not initiated such action itself (Failure of Platform Initiated
Recovery).

Equation 9.2 may appear to be based on independence of the individual factors,
but this is not the case. These probabilities should rather be considered as con-
ditional probabilities, similar to those used in an event tree (see also Fig. 9.3). The
two failure probabilities are specific to vessel, size, and traffic category, but not
dependent on the lane.

The traffic volume, Nijk, is the most straightforward parameter. No modelling is
necessary, the only problem with this parameter is that quite a lot of data are
needed. The COAST� database (Safetec 2002) provides an extensive, up-to-data
shipping route database covering entire UKCS and NCS, in addition to other areas
around the world, see also Appendix A. The COLLIDE� software uses data from
COAST� as input for calculating the collision frequency for a location.

The probability of collision course, PCC, is the ‘geometrical factor’, which
includes all factors related to the composition and position of the traffic flow.

The two causation factors, PFSIR and PFPIR, deal with the underlying mecha-
nisms when the vessel fails to take actions to avoid a collision. A reliability
analysis is required, taking account of a variety of human and equipment failures.
These values are strongly correlated.

9.3.2.2 Model Evaluation

As far as possible, the COLLIDE� approach attempts to describe the situation for
the responsible navigator on the vessel. The process may be described as follows:

• The first step is the advance planning before leaving port. During the planning
the navigator may be or become aware of the platform or not, and he may decide
to plan his voyage in detail or not. This is an important step because the vessel’s
behaviour in the time before reaching the platform is determined at this stage.

• Once the voyage has started, the situation is assumed to remain unchanged until
the vessel can observe the platform, visually or on radar. The distance at which
this occurs will vary, but a distance of 12 nautical miles is typical. From this
point on, all vessels will have access to the same ‘information’, in that all
navigators keeping a proper lookout now have the opportunity to be aware of the
platform. The distance from the platform is however, still so far that the vessel
may be heading directly towards the platform without any real concern from the
navigator.

• The next change occurs when the vessel has come so near the platform that it is
seen as unnatural to continue without the vessel changing course, at least seen
from the platform’s point of view. This is the time the platform, if it is aware of
the approach, will expect the vessel to perform avoiding actions, as the time left
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is reduced according to the reduced distance. Seen from the vessel it may still be
‘normal’ to be on a collision course, but it becomes increasingly threatening for
the platform’s crew, if the vessel is kept on its course.

• During the last few minutes before the vessel reaches the platform, there may
still be time to perform avoidance manoeuvres. This is usually considered as last
minute evasive action which also could result in a glancing blow rather than a
head-on contact.

Figure 9.1 illustrates the different phases of this process. The risk level is very
low, through the so-called ‘early recovery zone’ and ‘late recovery zone’, until the
vessel enters the safety zone. Then it increases almost exponentially.

One aspect of the approach, which may be worrying, is that the approach
assumes that navigators operate in a responsible manner, which most navigators
do. For each 999 responsible navigators there may be one who behaves irre-
sponsibly. This person probably accounts for 90 % of the collision risk alone. Is
the modelling of the approach taken by the 999 persons (which may only be
accountable for 10 % of the risk) representative of the behaviour of the one
irresponsible person? This is mainly a philosophical consideration, as attempting
to model the irresponsible person’s behaviour would be impossible. As a further
illustration of this point consider what was pointed out with respect to the captain
of the vessel ‘Reint’ which collided with the H-7 compression platform in 1995. It
was reported that the same person during a period of less than 10 years had been
involved in three accidents or incidents involving violation of navigation rules
(and his license was revoked).

But there are other aspects that should also be considered in relation to the
navigation process itself. These are the GPS satellite system and the AIS (Auto-
matic Identification System) which has been enforced by IMO. The introduction of
the GPS satellite based navigation systems occurred more than ten years ago, and
such systems are very common at present. When these were introduced, proce-
dures changed somewhat, at least with respect to voyage planning. There may still
be some smaller vessels that do not have GPS installed. These vessels are possibly

12 n.mile 20 minutes 500
metre

0

Distance from the platform

Risk level

Fig. 9.1 Illustration of approach to platform
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the ‘main worry’ from a collision hazard point of view, because some ships may
have lower standards of seamanship and they may be more likely to become
involved in accidents. AIS is different, because it is required on all vessels that
may pose a hazard for offshore installations (see Sect. 9.3.10). However, these
aspects are unfortunately not reflected in the COLLIDE� model.

9.3.3 Traffic Pattern and Volume

The traffic volume is probably the parameter which most directly can be based on
observations and which can be treated statistically without applying analytical
considerations or engineering judgement. This is therefore the parameter which
requires the least effort in terms of modelling.

The database with route data for collision calculations (COAST�) has already
been mentioned. A more fundamental source is Lloyd’s Maritime Intelligence
Unit’s port log data, which on a daily basis reports worldwide ship movements.
COAST� uses this data as one of its main data sources. Port statistics may also be
used in addition to actual observations on the location for which the collision risk
is assessed. In all cases it should be noted that traffic patterns and volumes change
fairly often.

The lateral sailing patterns in a certain lane are often described using a normal
distribution. The width of the lane is often taken as four standard deviations (e.g.
COLLIDE), as shown in Fig. 9.2. There may also be other traffic distributions, see
Haugen (1991).

One of the basic premises of the model is that merchant vessels travel in
relatively well-defined routes or lanes. This has been confirmed in numerous traffic
surveys, which have shown that this assumption is reasonable.

Fig. 9.2 Route based traffic

9.3 Passing Traffic 327



Ideally, routes should be defined for each possible, or likely, combination of
ports that vessels will travel between. This division would give a traffic picture
which would be simple to handle from the point of view of risk calculations
because all routes would be clearly defined. It would also improve traceability of
the data and improve the possibility of updating the traffic data. Aspects such as
‘shuttling’ (the fact that some vessels perform repeated journeys over a short time
interval) on a route and also ship size distribution would be easy to control with
such a route definition, provided sufficient data collection had taken place.

However, this would be inconvenient, as it would lead to a very large number of
routes, of which the majority would have very limited traffic. In addition, it is not
always necessary to divide the traffic to such a degree of detail because even if two
vessels start from different ports they may nevertheless have to pass a common
way point which would imply that they will travel along the same route for at least
part of the way. These way points are used in the definition of routes.

9.3.4 Probability of Collision Course

The basic condition for a collision is that a vessel is on a collision course. It is
assumed that the collision course is reached before the platform can be observed. It
is very unlikely that a vessel not already on a collision course will change course in
such a way that they are heading towards the platform if they can observe it.
Consequently it is the process before the point where the platform can be observed
which determines the value of the parameter PCC.

A vessel on a course straight for a platform is a normal occurrence in the North
Sea. The statistics from the RNNP have confirmed this beyond doubt. This in itself
can therefore not be regarded as a critical situation, if the distance from the
platform is sufficiently large. The criticality arises only when the distance between
the vessel and the platform is decreasing and the vessel still maintains its course.
The discussion in this section is concentrated on the situation before the vessel has
discovered the platform visually or on radar, an event which is considered to take
place around the time when the vessel reaches a distance 12 nm from the platform.

A route which passes through open waters, with no particular obstructions, is
initially considered. It is then reasonable to assume that the traffic is distributed
across the route width in accordance with a normal distribution. Deviations from
the straight (or ideal) route between two points may be due to a number of different
causes, e.g.:

• different choice of route
• different navigational practice
• inaccuracies in navigation (human related)
• inaccuracies in equipment, charts, etc.
• deviation due to wind, waves, and current.
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All these factors are to some extent random, and it can be assumed that they
together will produce deviations from the straight line which may be modelled
with a normal distribution. This however, only relates to navigation in open sea.

The next step is to consider the effect on navigation of the platform, which may
be an obstruction in the route. The platform is initially considered to be located in
the centre, or close to the centre, of the route.

The traffic is divided into vessels which know about the platform and vessels
which are not aware of its presence. The latter group will continue unaffected until
they discover the platform i.e., until they are at a distance of approximately 12 nm.
For this group of vessels, the normal distribution is still applicable, at least until
the platform is detected and avoiding actions are performed.

The remaining vessels are supposed to be aware of the platform’s presence before
it is detected visually or on the radar. It is also, however, assumed that some of these
vessels proceed as if the platform was not there, at least until they come fairly close to
the platform and can determine whether there is a risk of collision or not.

The main reason for this is that the navigational accuracy (not considering satellite
based systems) will be limited and that wind and waves may give a deviation of a few
nautical miles anyway. There is therefore no point in planning the voyage in extreme
detail because the vessel in most cases will pass well clear of the platform, due to
random variations. Instead, the problem is handled if it arises.

The last category of vessels, those which know the platform and plan their
voyage in detail so as to avoid it, is different. In order to avoid coming into conflict
with the safety zone around the platform, and taking the deviation discussed above
into account, it is natural to choose a course which brings the ship perhaps 1–2 nm
off the platform. The distribution is likely to be skewed, with a rather sharp drop
towards the platform, but a longer tail away from the platform.

A somewhat special group of vessels included in the last category are those
which use the platform as a navigational mark. Some ships divert from the shortest
course line to locate an installation for position-fixing purposes.

This group of vessels cannot be excluded from the risk calculations because,
even if the vessels plan to pass to the side of the platform, random deviations from
the planned course may result in a vessel ending up on a collision course.

These aspects are applicable to ships that do not navigate with a satellite based
GPS system, which are most ships. If satellite based navigation is used, then the
course is virtually deterministic, not subject to random variations. Such navigation
requires that a fixed target position is selected for each leg of the journey.

9.3.4.1 Event Tree Model

The basis for evaluating the probability of being on a collision course is the event
tree shown in Fig. 9.3. The top event is a vessel moving toward a platform.

There are eight terminal events in the tree, divided into two groups, ‘vessel on
collision course’ and ‘vessel not on collision course’. In the further evaluation,
‘Vessel on collision course’ events cannot be considered together, because the
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human aspects which are considered later, are closely tied to what group the vessel
belongs to. The probability of ‘failure of ship-initiated recovery’ is e.g., dependent
on whether an ‘unknown’, ‘planning’ or ‘non-planning’ vessel is considered.

An effect which is not included in the event tree above is the so called
‘shielding effect’. This is the ‘protection’ an installation may get if it is ‘hidden’
behind one or more installations against ship traffic from certain directions. This is
not a probability value, but purely a geometric factor which may be regarded as
deterministic.

The specific equations for the probability that a vessel is on a collision course
12 nm from the platform can now be deduced from the event tree. For the four
main vessel groups the equations are as follows:

PCC1 ¼ ð1� pKÞ FD;1 FNS ð9:3Þ

PCC2 ¼ pK ð1� pP;AÞ ð1� pP;PFÞ FD;2 FNS ð9:4Þ

PCC3 ¼ pK ð1� pP;AÞ pP;PF FD;3 FNS ð9:5Þ

PCC4 ¼ pK pP;A FD;4 FNS ð9:6Þ

where
PCCl = probability of collision course 12 nm from the platform

l = 1 signifies unknown vessels
l = 2 signifies non-planning vessels
l = 3 signifies position-fixing vessels
l = 4 signifies avoidance vessels

NC CC NC NC NC CC NC CC

Movement of a
vessel in

approach to a
field

1. The platform is known

2. Deliberate steps to avoid platform
during planning

3. Deliberate steps to use the platform
to position fixing during planning

4. Heading for the platform

Yes

NC - Not on Collision Course 12 nm before the vessel reaches the platform
CC - On Collision Course 12 nm before the vessel reaches the platform

Fig. 9.3 Event tree for probability of collision course 12 nm before vessel reaches platform
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pK = probability of platform being known

pP,A = probability of avoidance planning

pP,PF = probability of position-fixing planning

FD,l = fraction of vessels heading for the platform

FNS = shielding factor.

9.3.4.2 Probability of Platform Being Known

The probability that a platform is known is considered to be dependent on the time
since it was installed. Distribution of information essential to the safety of navi-
gation takes place via radio navigational warnings, notices to mariners and
eventually publishing of updated charts. Some time will elapse from the first
announcement until most vessels have had a chance to receive the information and
update their charts. Hence, there will be a transition period where the knowledge
of the platform increases. On the other hand, one will perhaps never reach the
point where all vessels know about the platform, even a fixed platform, because
vessels with old charts (or even without charts at all) may pass now and then.
(Refer back to the discussion about irresponsible navigators.)

Another factor which also contributes to increasing the knowledge of the platform
after installation is ‘shuttling’. A significant part of the traffic in the North Sea
consists of vessels travelling on regular schedules. This implies that they regularly
pass the same areas and that they quickly become aware of any new installations in an
area, regardless of the efficiency of the information distribution process.

9.3.4.3 Avoidance and Position-Fixing

The probability that deliberate actions to avoid the platform are determined at the
planning stage of the voyage depend upon the ability of the crew to plan their
voyage to pass some distance from the installation before it can be observed either
visually or on radar. As described in the context of the event tree this will obvi-
ously only apply to those vessels who know of the installation.

Several traffic surveys and ship master interviews show clearly that ship masters
and navigating officers often adjust their course a long time before the platform is
observed, to pass the platform at a safe distance.

As new satellite navigational systems are being commissioned, the accuracy
will be very good, but in spite of this, it appears that some navigators still prefer to
be able to verify their position with visual observations of fixed installations such
as platforms.
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In practice, this results in some vessels deliberately planning their voyage to
pass closer to the installation than they would if they followed a straight line
between ports. This is an aspect of planning which should also be considered and
which actually has the opposite effect of what usually is considered in relation to
planning. These two types of planning, which may be called ‘avoidance planning’
and ‘position-fixing planning’, are considered not to appear in the route simulta-
neously. The following assumptions are made:

• Vessels which may want to apply ‘avoidance planning’ will pass the platform so
close anyway that they have no need for ‘position-fixing planning’.

• Vessels which may want to apply ‘position-fixing planning’ will pass the
platform at a safe distance and need not apply ‘avoidance planning’.

9.3.4.4 Example

An illustration is presented later in the section, for an assumed field instal-
lation, referred to as ‘XXXX’. For illustrative purposes, one route, and one
vessel category are picked out in order to present some of the input data and
specific results. The data for the actual route is presented in Table 9.3,
Figs. 10.5 and 10.10. It is shown that the majority of the traffic is small
vessels i.e., below 1500 dwt.

For the illustration, the second size category is picked out, vessels
1,500–4,999 dwt, which again is broken down into three subcategories. The
distributions for speed categories, flag of registration and shuttling frequency
are also shown.

For illustration of other input data, the following may be mentioned
(please note that the data is only valid for the stated vessel size category.

• For vessels which pass up to once per year:

– 80 % will know about the platform
– 10 % update their charts regularly
– 40 % will exercise avoidance planning, with a safe distance of 2 nm
– 15 % will use the installation as a fixed navigation point

• 140 vessels per year, traffic in both directions, all year seasons
• Gaussian lateral distribution, with 6 nm standard deviation
• 1.35 nm distance to installation XXXX.
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The input data have conditional probabilities for several aspects relating
to vessels in the different size groups:

• Subdivision of sizes [light (Lgt), medium (Med), heavy (Hvy)]
• Speed categories (slow, ordinary (Ordn), fast)
• Flags of registration (Categories A, B, C, see Table 10.5)
• Shuttling categories (\ 1 pass/year, 1–4 passes/year, [ 4 passes/year)

The values in Table 9.3 are conditional probabilities which in each size
category and for each aspect should sum to 1.0. The values are usually
different for the different size categories, which is not the case for the values
in Table 9.3.

The width of the platform is 18 m, almost perpendicularly on the lane
heading (see Fig. 9.10). In a normalised Gaussian distribution, the following
data is used for further calculation:

• 1.35 nm *0.225 standard deviations
• 1.35 nm ? 18 m *0.22662 standard deviations

For a Gaussian distribution, the following value may be found:

F 0:22662ð Þ � F 0:225ð Þ ¼ 0:00063

This implies that the conditional probability of a vessel hitting the plat-
form is 0.063 %, when on a course line as stated, and with the standard
deviation as given.

9.3.5 Probability of Failure of Ship Initiated Recovery

So far the situation before the vessel can actually observe the platform, either
visually or on radar, has been considered. Up to this point, the vessel has therefore
been totally reliant on charts and navigational equipment to determine its position
relative to the platform.

A new situation arises once the platform is within the radar coverage zone of
the vessel or the platform can be observed visually. At this stage, the situation
changes from being based on the crew’s previous knowledge of the area to a
situation where any person, provided he or she can use radar, can detect the
platform.
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In this zone the previous division of the vessels into those who know the
platform and those who do not, and those who plan their voyage in detail to avoid
it and those who do not, starts to lose significance because all vessels now have a
possibility of obtaining the same information and executing the same actions. This
does not imply that the different vessel categories will necessarily act in the same
way even after they have entered this zone, but all will have the same opportu-
nities. The outer limit of this zone will depend on the radar range of the vessels and
possibly the visibility.

This range may vary considerably with the vessel size and the installed
equipment. For small and medium sized vessels, it may, however, not be feasible
to operate with a radar range greater than 10–12 nm because the radar antenna
cannot be positioned sufficiently high to give reliable radar coverage outside this
area. On larger vessels, which presumably will have a higher superstructure and
the antenna higher above sea level, greater radar range may be used, although it is
assumed that 12 nm is sufficient radar range also for these vessels. This
assumption may be conservative for large vessels.

Captains were asked in a questionnaire survey (Haugen 1991) when they would
change their course if they discovered that they were heading for a platform. The
answers ranged from ‘immediately’ to 3–5 nm away from the platform. According
to Haugen (1991) this suggested that the ‘normal’ period for recovery to take place
would be from the moment the platform was discovered until perhaps 3–5 nm
away.

The ship initiated recovery is therefore divided into two ‘phases’, of which the
initial normal recovery has been called ‘early recovery’. Recovery during this
period is in accordance with normal practice and does not represent an extraor-
dinary situation. However, if recovery does not take place during this period, the
implication is that the watch-keeping on the vessel is ineffective or non-existent.
There are however, still 20 min (assuming a distance of 4 nm and an average
speed of 12 knots) to recover from the situation, and the possibility that the
situation is corrected in this period must also be considered, called ‘late recovery’.
Three main modes of failure of ship initiated recovery may be noted together with
some of the likely causes:

• No reaction by the watch-keeper on the bridge (watch-keeping failure)

– Absent from bridge
– Present but absorbed in other matters
– Present but incapacitated
– Present but asleep
– Present but incapacitated from alcohol
– Ineffective radar use (bad visibility only)

• Erroneous action by the watch-keeper on the bridge
• Equipment failure.
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The second item is probably less important, because the required action is
obvious. Equipment failures leading to collision are also a low probability scenario
and can probably be disregarded, with the exception of radar failure.

The six modes of watch-keeping failure listed above are mainly human failures.
It is also possible that the navigator continues on the collision course on purpose.
Excluding terrorists and suicidal persons, this may be due to other obstructions,
platforms or vessels, which cause the navigator to choose to continue closer
towards the platform before changing its course. Rather general failure models are
often used for the probability of the different failure modes. More detailed and
explicit models are therefore needed in this area.

Accident statistics clearly show that the probability of collisions between two
ships and grounding or stranding increase when the visibility is reduced. The same
trend can also be expected for collisions with platforms. The visibility conditions
therefore constitute the most obvious factor which needs to be taken into account.

The visibility conditions may be accounted for by developing separate event
trees for good and bad visibility conditions. The equipment on the vessel and how
it is used will be of importance. If the vessel has only one, perhaps erratic, radar,
the probability of collision in bad visibility will obviously increase unless the
vessel takes other precautionary measures e.g., reducing the speed and thereby
increasing the time available for discovering the platform and performing avoid-
ance actions. On the other hand, there is no point in modern, sophisticated
equipment if it is not used properly.

The efficiency of the radar is also affected by installation of RACON on the
platform. A platform with RACON will return a radar signal which is easier to
detect and identify than the signal from a platform without RACON.

The manning level on the ship is also important. There will be a considerable
difference between a ship with only one person on the bridge compared to a vessel
with two. This has an effect upon a number of aspects, but mainly it affects the
probability of falling asleep. The manning level in general is largely related to ship
size and type, and this may therefore be used as a factor in the evaluation of the
risk level. But the number of personnel on the bridge may not be so dependent on
size and type. Manning levels are also correlated with the so-called ‘flag effect’,
which is considered as shown in Table 9.4.

Another factor which also may be considered is the general activity which takes
place in an area. If a platform is located in an area where there are many other
platforms and where there are many other limitations on navigation it is likely that
the watch-keeper has a higher awareness level and is generally more alert com-
pared to a situation where the platform is in an isolated location and where there

Table 9.4 Flag effect
categories

Category Countries considered to belong to category

A Denmark, France, Germany, Holland, Italy,
Japan, Norway, Spain, Sweden, UK, US,

B Cyprus, Greece, Liberia, Panama
C Other flags
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are no other restrictions on vessel travel. Typical values for ship initiated recovery
are shown in Table 9.5.

The values for platform initiated recovery and ship initiated recovery were
originally derived in a coarse manner in the late 1980s, without a study that
involved modern MTO or HRA analysis techniques. The values for are thus in
need of reassessment and revision.

9.3.6 Probability of Failure of Platform Initiated Recovery

The final stage of collision avoidance is called platform initiated recovery. The
probability of failure of this is easier to handle than ship-initiated recovery.
The incoming vessel is not regarded as a threat to the platform until it reaches the
20 min limit. We can in this case also assume that there will be limited differences
between the planning, non-planning and unknown vessels. The ability to perform
Platform Initiated Recovery is mainly based on whether the actions including the
following are performed in time:

• Identification of the vessel as a possible threat
• Attempt to call the vessel on VHF
• Position the standby vessel alongside the vessel
• Undertaken correct avoidance action by the standby vessel.

As noted earlier, the platform initiated recovery and ship-initiated recovery are
strongly correlated. The probability of platform initiated action will therefore be
highly dependent upon the reason for the failure of the ship initiated recovery
(Haugen 1991).

Typical values for ship initiated and platform initiated recovery are presented in
Table 9.5. It should be noted that the failure probabilities of platform initiated
recovery are conditional probabilities i.e., given that failure of ship initiated action
has already failed.

In the Norwegian sector, a majority of the installations are being monitored
with respect to vessels on potential collision course, from a ship traffic surveillance

Table 9.5 Typical probabilities for recovery failure

Recovery failure mode Failure probabilities for recovery failure

By ship From platform

Alcohol 1.1 9 10-4 0.72
Asleep 2.3 9 10-3 0.2
Accident 1.2 9 10-5 0.75
Absent 9.5 9 10-4 0.012
Distracted 9.5 9 10-4 0.01
Radar 9.8 9 10-3 0.18
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centre. There are two such centres, one offshore for the southern Norwegian North
Sea, and one onshore, at Statoil’s Bergen operations office, for the Northern
Norwegian North Sea and Norwegian Sea. The latter has the highest number of
installations being surveyed, and probably also the highest reporting reliability.
The radar signals from the installations are transmitted on fibre cable to the centre,
where they are combined into a common presentation of large areas. This means
that the radar operators in the traffic centre may follow the vessels for long dis-
tances, especially in the North Sea. With AIS, the identification system, they will
also know the names and other details of the vessels.

9.3.7 Example Results

The results for Installation XXXX and Route 6 are shown in Table 9.6, for
different subgroups of size category 1,500–4,999 dwt, and different speed
categories.

9.3.8 Coast�

The COAST� database (Safetec 2002) is a route database that was started for the
North Sea, and was first released March 1996. It has since undergone continuous
updating to ensure that any changes in the traffic pattern and density are detected.
An increased number of offshore installations and changes in port activity might
have large effects on the traffic pattern in an area. The COAST� database utilises
MapInfo� as the GIS (Geographical Information System) platform and digitalised
nautical ARCS� charts for presentation of route and vessel information. The
database is based on data from several different sources, including:

• Lloyd’s Port Log
• Port statistics
• Statistics in ferry traffic
• Data from coastal radars
• Information from operators of ships and offshore installations
• Information from pilots
• Data from offshore radars
• Data from land based and offshore AIS-systems
• Offshore traffic surveys.
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The initial release of the COAST� database focused on the UK part of the
North Sea. In order to extend the database to Norwegian waters the Norwegian Oil
and Gas Association and Safetec started a project in 2001 to map the regular
shipping traffic within Norwegian waters (COAST� Norway Database v2002).
This project included collection of radar data from fixed offshore installations, data
on offshore traffic from operators, collection of voyage plans for larger tankers and
extended port statistics. The database currently holds information about regular
shipping traffic, including:

• Volume of traffic on each route
• Route standard deviations (defines the width of each route)
• Vessel type distribution on each route (general cargo, bulk, tanker, container,

RoRo, supply, standby and ferry)
• Size, flag and age distribution of vessels on each route.

As COAST� holds information about regular shipping traffic the database does
not cover non-regular traffic such as fishing vessels, naval vessels, pleasure crafts
and traffic related to mobile offshore installations.

Safetec has been granted access to historical AIS data for the North Sea and the
Norwegian coastline in order to increase the accuracy of the COAST� database.
The AIS system has a significantly larger coverage area compared to a standard
radar system, as AIS utilises VHF radio signals instead of radar. The AIS data also
holds information that enables tracking of a vessel through a larger area, in
addition to providing more detailed information about the ships in each route.
Collectively these give wide opportunities related to increasing the accuracy of the
database, and thereby establish a more correct picture of the traffic pattern in the
North Sea and Norwegian Waters, in addition to easing traffic pattern updates.
COAST� is at the time of writing being updated. A plan for regular collection of
AIS data has been establish for future updates of the COAST� database.

The COAST� database is unique in its worldwide coverage, at present the
following marine areas:

• UK waters
• Irish Sea
• Norwegian waters
• The Netherlands
• The Faeroe Islands
• Gulf of Mexico
• Mediterranean
• Straits of Hormuz
• Singapore Strait
• Gulf of Paria (Venezuela).
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9.3.9 Traffic Monitoring in the Norwegian Sector

There are two traffic surveillance centres for ship traffic monitoring based on
electronic transfer of radar signals, these cover well over 90 % of the installations
on NCS. One centre is located in the Ekofisk field, covering all installations in the
southern Norwegian North Sea. Statoil has a centre in Bergen, which cover all
Statoil installations on NCS, production as well as mobile installations. They also
perform traffic surveillance for some other operators.

It has been observed that the surveillance performed by these centres is reliable,
efficient and imply a long warning time with ample opportunity to contact the
ships in order to make them change course before the installation has to start
preparations for shutdown and evacuation (Vinnem 2011).

The experience is clearly that where the installation itself or its standby vessel
has the responsibility for detection of vessels on collision course, vessels are rarely
detected on collision course. As there is no reason to assume that there are fewer
vessels on collision course in these areas, the implication is that such surveillance
is less reliable. It would be highly preferable if all installations had traffic centres
to take care of the ship traffic monitoring.

Virtually no ships at all were detected on collision course before these centres
were started up. There were 40 vessels registered annually on collision course on
NCS in 2003, whereas the annual value the last 3 years has been in the range
15–20 per year (PSA 2012). These are incidents that satisfy the following criteria:

• Vessels that have not replied to radio message when time to closest point of
approach, tcpa = 25 min, alternatively if standby vessel or SAR helicopter has
been mobilized

• Fishing vessel fishing and pleasure boats are disregarded.

The installations have implemented a practice implying that all personnel are
mustered in their lifeboats, if the vessels are contacted and have not replied at
tcpa = 50 min, which is required in order for the lifeboats to be ready to launch at
tcpa = 25 min. So far, lifeboats have not been launched in any incident.

The clear reduction in annual reports over a period of just over 5 years is
probably due to an effort by Statoil traffic centre personnel to inform especially
fishing vessel crews about the consequence of using offshore installations as way-
points in their navigation. The consequence may easily be that all personnel are
mustered in their lifeboats until the contact with the fishing vessel is established
and a course change is implemented.
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9.3.10 Model Validation

The proceeding discussion is to a large extent based on the COLLIDE� approach,
which also appears to be most widely accepted in the industry. The main weak-
nesses of the COLLIDE� and COAST� models are as follows:

• The model for failure of ship initiated recovery is quite detailed and describes
explicitly many different failure mechanisms. However, the quantification is
based on a very limited data set with generic data and many assumptions.
Considerable uncertainty is therefore inherent in the model.

• The modelling of the navigation process was established in the late 1980s.
Since, then a lot of technological developments have taken place and have
become common on ships. This includes satellite based navigation systems
(GPS) and AIS. More advanced radars with navigation warning signals have
also become more common. These are likely to have had a significant effect both
on the way voyages are planned and how the whole navigation process is
performed. Further, introduction of safety management systems in the shipping
industry is also likely to have had an impact. All in all, some of the basic
premises in the model are therefore not necessarily entirely correct any more.

Earlier, the position of the routes was considered to be a significant weakness of
the model. The definition of route terminals (especially the so-called macro
positions) is very critical when a route is passing near to an installation. The
location of these points is uncertain. Improvements have been made by limiting the
use of macro positions significantly, in order to reduce the importance of this
aspect. Further, it is common practice to supplement the information from COAST
with radar survey data (if available) and/or AIS-data. This is used to verify the
position of the routes, and also to adjust them as necessary. This is therefore not
considered to be a key weakness of the model as such, but if the COAST database
is used uncritically, this may introduce considerable uncertainty.

The model has been validated on a global level, for the entire North Sea.
Collision frequencies for all installations for a given period of time were then
calculated and the total result was compared with the actual statistics for the same
period. The results from the model were then found to be reasonably correct.
However, there are clear weaknesses in this validation process:

• First of all, the validation was performed some time ago and did not account for
the recent developments in technology and navigation, as mentioned above.

• The validity for a specific location is less certain. The variation in collision risk
between locations is very large and the validation does not confirm that the
model captures this variation correctly.

• If individual routes and specific types of traffic are being considered, the
uncertainty is even greater.
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These uncertainties imply that choosing risk reducing measures becomes more
uncertain and that the effect of proposed measures will not be known.

The model is therefore clearly in need of development. However, at the same
time it is noted that the COLLIDE� model is, the most advanced model available
at present. An update of the COLLIDE� software has been imminent for a long
time, in order to address some of the issues mentioned above. COAST has been
updated and at the time of writing, further updates of both COAST and COLLIDE
are planned in 2013, according to Safetec Nordic.

9.4 Collision Energy

9.4.1 Impact Energy and Platform Energy Absorption
Capacity

The minimum collision design criteria for Norwegian offshore structures (DNV
1981) correspond to an impact energy of 11 MJ for head-on collisions and 14 MJ
for sideways collisions (5,000 tons, 2 m/s, added mass of 10 and 40 % respec-
tively). The equation for calculating the kinetic energy is as follows:

E ¼ 1
2

mþ amð Þ � v2

ð9:7Þ
where

m = mass of the vessel
am = hydrodynamic added mass
v = impact velocity.

It may be seen that a head-on collision with a 1,000 ton vessel with added mass
of 10 % and a velocity of 10 knots would give an impact energy level just below
the specified criterion. In other words, it is likely that a powered collision by a
small merchant vessel may be inside the design criterion. Further, calculations of
over-capacity in relation to collision and reserve strength implied by the design
rules have shown that platforms may be able to tolerate considerably higher impact
energies than the design criterion specifies, before global collapse occurs. For
semi-submersibles, energy absorption capacities in the range 60 MJ have been
found and for large concrete platforms the impact resistance is likely to be con-
siderably higher. On the other hand, for smaller and less robust platforms e.g.,
small jackets, the capacity may be close to the design criterion.

Based on this discussion, it may be argued that the smallest vessels do not
represent any real hazard to a platform, even at full speed. This may be true, at
least for large, integrated platforms on the Norwegian Continental Shelf. Small
platforms which are less capable of withstanding collisions will on the other hand
become more common in the future. Collision design criteria are also different in
different countries.
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9.4.2 Mass of Colliding Vessels

Vessels are often divided into different size groups, defined on the basis of the
vessels deadweight (dwt). The mass of the vessel is expressed by the displacement.
The problem with estimating the displacement is that it is varying, depending on
whether the vessel is loaded or in ballast. In addition to the mass of the vessel
itself, the hydrodynamic added mass must also be included.

9.4.3 Impact Velocity of Colliding Vessel

9.4.3.1 Powered Impacts

The velocity categories of the vessels should be calculated on the basis of typical
service speeds for the different vessel categories. In addition to estimating an
average speed, a certain distribution within each size category should be
considered.

9.4.3.2 Drifting Speed of Disabled Vessels

When a vessel is disabled and lies idle in the sea, it will drift subject to the forces
of the wind, waves and current. There will be a transient phase, during which the
forces act on the vessel and turn it onto a different heading and the path that
the vessel takes changes. This is then followed by a steady drift phase in which the
vessel drifts with a set course and speed and a constant heading (unless wind and
current headings are changing).

The drifting speeds in the transient phase are of limited interest since the
distance the vessel travels before reaching its steady state condition is relatively
short. The probability of a collision in this phase is therefore small. Drifting speeds
are likely to be between 2 and 3 knots (less than 2 m/s), see Table 9.7.

9.4.4 Critical Collisions

There are many factors that may influence the collision consequences, depending
upon the design of the structure, the actual detailed path followed by the vessel,
and geometrical considerations. Among the most important are the following:

• Design/dimensioning principles applied for the structure of the platform
• Fendering/reinforcement
• Platform topology
• Mass and velocity of colliding vessel
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• Distribution of collision energy between vessel and platform
• Strength of colliding vessel
• Relative orientation of platform and vessel
• Location of point of impact.

Some of these factors can be defined as clearly concept independent, (e.g. the
mass and velocity of the colliding vessel), whereas others, like the design and
dimensioning of the platform, are clearly dependent on the concept.

The most important factors in this list are probably the mass and velocity of the
colliding vessel i.e., the kinetic energy. A simple and convenient assumption to
apply is the principle of energy conservation i.e., that the kinetic energy arising
from the vessel’s movement prior to the impact is distributed between kinetic
energy after the impact (may in principle be both vessel and installation) and
deformation (elastic and plastic) energy. This principle should be used with care
because the differences in design of ships are large. Thus some ships will absorb a
larger proportion of the kinetic energy than other ships. It should be remembered
that all the kinetic energy will only be absorbed in a head on impact which brings
the ship to a standstill. For a glancing impact part of the impact energy will be
retained as kinetic energy, implying that even higher initial impact energy is
necessary to cause a critical collision.

During the collision all forces except collision forces and inertia forces are
neglected. Assuming a central impact, the amount of energy to be dissipated as
strain energy is given by:

E ¼ 1
2

mþ amð Þ v2
1� vi

vv

� �

1þ mþam
MþAm

ð9:8Þ

Table 9.7 The mean value of the drifting speed (knots)

Vessel categories Wind speed (Beaufort)

3 4 5 6 7 8 9

Merchant vessels
0–1,499 dwt 0.9 1.1 1.4 1.7 2.1 2.6 5.0a

1,500–4,999 dwt 0.9 1.1 1.4 1.7 2.1 2.6 5.0a

5,000–14,999 dwt 1.1 1.3 1.7 2.1 2.5 2.3 5.0a

15,000–49,999 dwt 0.9 1.2 1.4 1.7 2.1 2.3 5.0a

Over 40,000 dwt 1.0 1.2 1.5 1.7 2.0 2.1 2.2
Fishing vessels 0.9 1.1 1.4 1.7 2.1 2.6 5.0a

Standby and supply vessels 1.1 1.3 1.6 1.9 2.3 3.1 5.0a

Shuttle tankers 1.0 1.2 1.5 1.7 2.0 2.1 2.2
a Conservatively calculated
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where

M = vessel displacement
am = vessel added mass
M = installation displacement
Am = installation added mass
vv = vessel [impact] velocity
vi = installation velocity [after impact].

9.5 Collision Consequences

For a given impact energy the platform consequences are mainly dependant on the
platform concept and the impact scenario. Some of the most important factors
were listed in Sect. 9.4.4 above.

The critical impact velocity for different levels of damage is dependent on size
of the vessel. Typical critical velocities for global structural failure are shown in
Table 9.8.

9.5.1 Failure Criteria

The failure criteria have to reflect the purpose of the study. Different criteria will
be chosen if only the structure is being considered rather than the entire platform
concept. The failure criteria most commonly selected for the structure, are:

1. Global failure: The impact leads to large deformations of the structure
requiring personnel to be evacuated and operations to be shut
down.

2. Local failure: The local stresses exceed the yield strength, and a plastic,
irreversible deformation occurs. The platform’s integrity is
not threatened.

Table 9.8 Critical impact velocities for global failure

Colliding vessel Vessel displacement (dwt) Critical velocity
(m/s)

Critical velocity
(Knots)

Head-on Fishing vessel 700 8.8 17.1
Supply vessel 2,500 4.7 9.1
Merchant vessel 10,000 2.3 4.5
Semi-submersible 50,000 1.0 1.9
Attendant vessel 2,200 5.0 9.7

Sideways Attendant vessel 2,200 4.4 1.9
Stern Attendant vessel 2,200 5.0 9.7
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If consequences to the platform as a whole are considered, then there may be a
requirement for additional failure criteria, for instance in relation to impact on
risers or well conductors. These may be different from the global failure, especially
for a steel jacket structure. The following sections address these scenarios.

9.5.2 Collision Geometry

The collision geometry may decide the distribution of energy between the vessel
and the platform, reflecting whether hard spots are hit, what residual kinetic energy
is retained in the vessel, etc. For a steel jacket structure, the following distinctions
should be made:

• Hit of vertical column or
bracing(s)

Hitting the bracings will result in larger plastic deformations, and
thus higher energy absorption by the structure.

• Central impact or
‘glancing blow’.

Considerable kinetic energy may be retained by the vessel, if the hit
is a glancing blow, possibly resulting from last minute evasive
actions.

• Rotation of vessel May transform energy to rotational, and thus limit the energy
required to be absorbed by the platform structure.

• Contact point on vessel The contact point on the vessel may be important, especially for
impact with concrete columns. If the contact point is a ‘hard spot’ on
the vessel (e.g. heavily framed curvatures, such as bulb, stern, or
edge) high puncture loads may be generated.

9.5.3 Local Collision Damage

Assessment of damage to steel structures is considered extensively in the
NORSOK Standard for Design of Steel Structures (NORSOK 2004) Annex A,
Design against Accidental Actions is devoted to accidental loads:

• Ship collisions
• Dropped objects
• Fires
• Explosions.

The following are aspects considered by the NORSOK Annex A in relation to
consequences of ship collisions:

• Collision mechanics
• Dissipation of strain energy
• Collision forces
• Force–deformation relationships for denting of tubular members
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• Force–deformation relationships for beams
• Strength of connections
• Strength of adjacent structures
• Ductility limits
• Resistance of large diameter, stiffened columns
• Energy dissipation in floating production vessels
• Global integrity during impact.

9.5.4 Global Damage

For steel jacket platforms with four legs, global failure is often assumed to occur if
one leg loses its load carrying capability. Analysis of the structure is normally
needed on a case-by-case basis. Often other loads have determined the design of
the leg and therefore there will be an in-built reserve capacity. Typically, global
failure loads may occur above 20 MJ.

The collision energy causing global failure of a steel jacket platform with six or
eight legs, is expected to be larger than for a four legged platform. In these cases it
is often assumed that two legs have to fail to cause global failure.

As a simple illustration, it may be assumed that the collapse resistance of the
second leg is only 50 % of the original impact resistance. Typically, the total
collision resistance will then be in the order of 30 MJ. To account for the fact that
the 50 % assumption is probably conservative and the ship has also to deform
bracing in addition to the two legs, 30 MJ is often chosen as the criterion for global
failure for six or eight legged jackets.

9.6 Risk Reducing Measures

9.6.1 Overview of Risk Reducing Measures

When risk-reducing measures are considered, account will have to be taken of
which type of vessel represents the greatest risk to the installation. The effect of
different risk reducing measures can be identified by considering the models that
are used for quantification of collision risk for the different vessel groups. There
are different models for passing vessels, nearby navigating vessels, drifting vessels
and drifting floating units. The following discussion will be limited to passing
vessel collision.

As mentioned in the previous section, it will be important to get a warning of a
potential hazard as early as possible. This will apply to all vessel groups. A
collision warning system on the platform will therefore be valuable. An ARPA
type radar, with the antenna mounted high up on the platform, may start moni-
toring of vessels as much as 30–40 nm away from the platform. Installing an AIS
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station on board will improve the detection range because the AIS system trans-
mits on the VHF band, and has a normal range of approximately 40 nm, with up to
60–80 nm during good conditions.

Warning of a vessel on a dangerous heading should not start around 40 nm
distance, because there may be many vessels on a theoretical collision course at
this distance, which plan to divert away from the platform at a later stage.

A study has been carried out by Safetec on behalf of the HSE Offshore Safety
Division (HSE 1997) to assess the benefits of a variety of collision control and
avoidance systems under a number of different scenarios. Six different systems
were reviewed to assess their benefits with respect to the reduction of collision
probability. The systems investigated included:

• Standby vessel with standard marine radar
• Standby vessel with ARPA
• Installation-mounted radar early warning system
• Vessel traffic system (VTS).

The systems were assessed in varying environmental conditions and for dif-
ferent traffic pattern characteristics, e.g., high traffic density-high speed vessels,
low traffic density–low speed vessels, etc. The probability of averting collision by
having each of the systems in the different scenarios was determined. These
probabilities may be used in order to calculate an overall risk reduction factor for
other installations. The resulting level of risk reduction will be site-specific based
on the characteristics of the location.

9.6.2 Passing Vessels

The different parameters in the model for collision by passing vessels are reviewed
below with respect to possibilities for risk reduction.

• Traffic volume Not practical to affect.
• Probability of the platform

being known
Can be increased by better distribution of information about
the platform. Dedicated measures can be put into effect.

• Probability of avoidance
planning

Not likely that it can be affected significantly.

• Probability of position-fixing
planning

Not likely that it can be affected significantly.

• Distance between lane centre
line and platform

Can be affected by moving either the lane or the platform.
Moving the lane will require international agreements
(traffic regulations), and this is not feasible unless the risk
is very high. Moving the platform is also often impossible,
except in very occasional circumstances such as
intermediate booster platforms and pipelines.
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• Lateral distribution of the lane
traffic

Not likely that it can be affected significantly.

• Probability of failure of ship-
initiated recovery

Not likely that it can be affected significantly.

• Probability of failure of
platform-initiated recovery

Can be affected in a number of ways:
• Calling vessel - on VHF radio.
• Light and sound signals.
• Active use of helicopter.
• Active intervention by standby vessel.

The possibilities to reduce the collision risk level are identified by reverting to
the collision risk model, Eq. 10.2. Three parameters can essentially be affected:

• Probability of the platform being known.
• Distance between the shipping lane and the platform.
• Probability of failure of the platform initiated measures.

If the platform can be moved, this is probably the simplest measure, but this is
not usually possible. Thus, the following measures are left:

• Improved efficiency of distribution of information about platform
• Procedures for warning incoming vessel of situation

– Collision warning system
– Calling vessel on VHF/radio
– Use of light and sound signals on platform

• Active use of standby vessel
• Active use of helicopter
• Availability of tugs.

9.6.3 Effect of Risk Reducing Measures

The different risk reducing measures, mainly relating to passing vessels, are briefly
reviewed in the following sections, starting with a brief description of what each
measure implies in terms of equipment, actions or procedures. A brief reference is
made to the vessel groups that are affected, and parameters in the relevant collision
model that are affected. A qualitative discussion of the measure is also included.

9.6.3.1 Collision Warning System

Collision warning systems have become relatively standard in the North Sea
and surrounding areas. This is a radar based system which automatically gives
a warning if a vessel is on a course which will take it close to the platform
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(i.e. maintains constant heading for the platform for a defined period). The system
may be characterised as below:

• Vessel groups
affected

To some extent all groups. Most important for passing vessels. System
has limited use for visiting vessels.

• Model parameters
affected

No direct effect on the collision risk, but enables other measures to be
put into effect earlier.

• Discussion of effect A dedicated collision warning system enables the platform crew to
detect incoming vessels on a collision course far earlier and more
reliably than would otherwise be the case. Such a system will follow all
vessels which enter the radar coverage zone and can give warnings if any
of the vessels have a heading which will take them too close to the
platform. The warning limit can, for example, be set equal to the safety
zone radius.
The increased warning time can be used to contact the vessel on VHF/
radio, to prepare a helicopter for take-off (if available), to position the
stand-by vessel, etc. The possibilities of warning the vessel will be
considerably increased. The longer time also implies that even if the
watch-keeper is incapacitated, other members of the crew may be
warned sufficiently early to perform the recovery.
In terms of the model for passing vessels, the effect is that the time to
induce platform initiated recovery is increased from 20 to 30–40 min.

The monitoring of vessel traffic around the majority of Norwegian installations
has since 1998 been based on transmission of radar screen pictures from the
installations to a shore based surveillance station. These traffic centres are con-
tinuously manned and perform the automatic and manual tracking for all the
installations involved. It is believed that the reliability of such monitoring is very
high.

The most recent development is that also AIS-data is integrated with the radar
data, in order to achieve the most extensive identification and description of the
vessels on possible collision course.

9.6.3.2 Distribution of Information About Platform

Improved distribution of information about the location and installation date of the
platform is important to achieve the highest possible awareness. Various means
can be used. This measure is applicable to production installations which are
permanently in location over a long period, and mobile installations that have the
AIS installed. The system may be characterised as below:

• Vessel groups
affected

Passing vessels

• Model parameters
affected

Probability of platform being known
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• Discussion of effect The probability of the platform being known generally increases sharply
in the first few months after the platform has been installed. In some
locations, there is therefore little to gain from improving the distribution
of information. These measures will generally be effective to reduce the
risk level only during the initial period after installation of the platform.

9.6.3.3 Warning the Vessel

This measure involves warning the vessel of its errant course either from the
platform or from a standby vessel. Various means of warning an incoming vessel
of the danger can be used. The primary means would be calling the vessel on VHF
radio. Secondary means are foghorns, lights, etc. A standby vessel may also use its
fire water monitors to create noise against the hull of the vessel, in order to notify
personnel onboard.

• Vessel groups
affected

Passing vessels and vessels navigating nearby

• Model parameters
affected

Probability of failure of platform-initiated recovery

• Discussion of effect With early warning of an incoming vessel, there will be much more time
to put into effect various measures to warn the incoming vessel of the
imminent danger.

As a final option, to reduce the consequences of an imminent collision, shut-
down of the platform and evacuation will ultimately have to be performed.

The following is a sketch of a procedure which could be used for collision
warning and avoidance:

1. The automatic collision warning system will give a warning of a vessel on a
collision course according to a predefined limit, often set to 45 min. This
implies that the vessel may be tracked for some time (especially if monitored
from a land-based station) from the time it enters the radar coverage zone. The
position, course, Closest Point of Approach (CPA), speed, and estimated time
of arrival of the incoming vessel can be obtained from the radar-based warning
system.

2. When the alarm is given, the standby vessel is immediately given the course
and position of the vessel.

3. The first action from the platform and/or the standby vessel is to start calling the
vessel on VHF radio. At the same time, the standby vessel starts to move into
position between the platform and the vessel.

4. If there is no response from the vessel within the first few minutes of calling,
the standby vessel starts steaming towards the incoming vessel. Before doing
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this, it must be assured that the standby vessel is able to travel at least at the
same speed as the incoming vessel. At the same time, calling on VHF radio
continues.

5. The standby vessel should be able to meet the incoming vessel around
20–30 min travelling time away from the platform. The standby vessel then
takes up a position alongside the incoming vessel, as close as is regarded to be
safe.

6. When in position, the standby vessel immediately starts using the various
maritime sound and light signals which are available. This would include
floodlights, white flares, foghorn etc.

7. If this gives no response after 5–10 min, further measures aimed at making
noise against the hull of the vessel are put into effect. This may involve using
fire monitors in order to make noise against the hull. This may in the extreme
also involve firing small explosives or heavy objects against the hull, the aim
being to raise the attention of not only the watch-keeper but any member of the
crew.

8. Some 10–15 years ago, the prevailing thinking was that the standby vessel
should prepare to try to deflect the incoming vessel, if there has been no
response by the time the vessel is 15–20 min travelling time away from the
platform. At this distance, even a deflection of less than 5� would be sufficient
to avoid a collision. But unfortunate experience with actual contacts some years
ago, has changed the thinking. It is currently unlikely that a standby vessel
master will decide to make a physical contact.

The decision about contact will be the sole responsibility of the standby vessel’s
master, and his/her evaluation of the appropriateness of such an action. This action
may involve serious structural damage to the standby vessel or the incoming
vessel, depending on vessel sizes. The master’s evaluation will have to involve the
safety of both vessels and their crews.

With this procedure, there are several steps in the process which may cause the
incoming vessel to discover that it is on a collision course. The effects of the
different measures are therefore considered separately, anticipating that they are
put into effect sequentially.

Recovery from a potential collision situation is divided into two effects in the
collision model: Ship-initiated recovery and platform-initiated recovery. In the
model, it is assumed that no warning system is present and that platform-initiated
recovery only will take place during the last 20 min before the vessel reaches the
platform. Before this, recovery is assumed to be initiated on the vessel itself.

When a collision warning system is in effect, this means that the platform-
initiated recovery can start taking effect much earlier. In modelling terms,
platform-initiated recovery will start having effect at the same time as the ship-
initiated recovery is supposed to be affecting the possibility of collision.
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9.6.4 Experience with Collision Avoidance

It is difficult to obtain data relating to experience with the use of field related
resources to avoid threatening collisions. The data summarised below is therefore
not a complete data set, but limited to what has been possible to establish from
contacts with the companies involved. None of the sources are in the public
domain. The experience discussed is not focused on fishing vessels, which for
fishing purposes often navigate quite close to the installations, in fact often just
outside the 500 m safety zone.

One of the important observations was that vessels that were contacted by radio,
appeared to be less and less willing to respond with their identification and voyage
particulars. This, however, has changed with the introduction of AIS.

In the Norwegian Sea (Haltenbanken) a German merchant vessel (about 2900
GRT) came very close to a collision on 24.6.1986, when the vessel was steaming
for a long time directly towards a mobile drilling unit performing drilling opera-
tions. Both the drilling unit and the standby vessel tried repeatedly to contact the
vessel on the radio, but no contact was established. The dangerous course was not
altered until it was 200 m away from the installation, resulting in the safety zone
being infringed. No other examples of collision avoidance actions are known.

One case is anecdotally known from the North Sea in 1982, where a standby
vessel made physical contact outside the safety zone with a fishing vessel, in order
to deflect its course away from the installation. The responsible oil company in
charge ended up having to pay for the damage to the fishing vessel.

In one case where the standby vessel was mobilised, the standby vessel took up
position immediately in line with an approaching large trawler, but the trawler kept
coming towards the standby vessel without responding to radio contact attempts.
Only when the standby vessel lit up its floodlights did the trawler alter its course.

A collision in the German sector occurred in 1995 (see Sect. 9.1.2.2), in which
a small German freighter made contact with a pipeline riser platform (Norpipe H7
platform). There was virtually no damage to the installation and limited damage to
the vessel. The following is a brief summary of the events and associated timing of
the steps that occurred.

ca. 10:00 The vessel is detected by the standby vessel, whose master concluded
that based upon manual observations the CPA would be 800–900 m to
the west side of the installation.

ca. 10:35 The standby vessel crew claim that the vessel altered course directly
towards the installation at this time, however, this is not confirmed by
the platform crew.

ca. 10:37 The standby vessel starts heading towards the approaching vessel
using its sirens continuously (800 m distance).

ca. 10:42 General alarm and shutdown are initiated on the platform just seconds
before the vessel hits the installation just scratching along one of the
legs. The standby vessel is 50 m away from the merchant vessel when
the contact occurs.
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The avoidance actions were not successful in this instance and the procedures
for warning and fending off threatening vessels have been changed by the operator
of the platform based on this instance.

9.6.5 Illustration of Effect of Risk Reduction

The previous pages have illustrated that the effects of many of the risk-reducing
measures are generally difficult to quantify, because there will be individual dif-
ferences between platforms, locations and the traffic picture which will have to be
taken into account.

For several reasons the potentially largest problem may be passing vessels. In
many high risk locations, they are the most important contributor. Further, if other
groups are more important they are usually all vessels which are related to the
operation of the platform in some way, e.g. supply vessels or offshore tankers.
The risk associated with these vessels can usually be controlled more easily than
the risk due to merchant vessels, mainly through operational restrictions or
improved design. The same measures cannot be applied to merchant vessels.

Based on this, it can be concluded that the most important risk-reducing
measure, at least to reduce the risk of merchant vessel collisions, will be the use of
a collision warning system and procedures to give warning of an incoming vessel
on a collision course.

To exemplify the effect, calculations have been performed for an actual plat-
form in the North Sea, using the COLLIDE� model. This is a riser platform, and
therefore the number of supply vessel visits is relatively limited. There are no other
fields in the vicinity which would result in large activity of other offshore vessels
near the platform. The fishing activity is significant, but fishing vessels are gen-
erally too small to give collision energies which represent any risk to the platform.
We are thus left with passing merchant vessels as the main contributor.

In practice, there are two measures which can be effective in reducing the risk
of collision with merchant vessels: Improved distribution of information about the
platform and a collision warning system combined with procedures for warning
the vessel.

Improved distribution of information is practically irrelevant as the platform
has been on location for a number of years. The probability that the platform is
known has therefore reached the ‘plateau’ level already (this is not the same
example platform as ‘XXXX’ in the following section).

It may also be noted that even if the platform had been new, it would have been
difficult to do very much with the distribution of information about the platform.
Reaching the vessels directly before they leave port is difficult as the traffic is a
combination of vessels from many different ports. The only foreseeable possibility
would therefore be to send regular warning signals from the platform itself. The
effect of this is difficult to assess.
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The only measure left is thus a collision warning system in combination with
procedures. An example calculation has been made for this installation, with and
without the collision warning system. The total collision frequency is reduced by a
little over 50 % by the introduction of the collision warning system and procedures
for warning the vessel. The initial collision frequency of 1.2 9 10-3 is reduced to
5.4 9 10-4 by these measures.

9.7 Collision Risk Case Study

9.7.1 Installation

Table 9.9 shows the input parameters for the installation ‘XXXX’. The platform is
considered as recently installed (‘0 quarters’ at the field). It is considered as an
unmanned installation with no risk reducing measures implemented. The platform
is a steel jacket with four legs, 18 m apart. In the input there is also the possibility
to specify whether the platform is permanently manned and whether it is a fixed or
a floating installation

Figure 9.4 shows a simplified section of the side view of the jacket structure. In
addition to the trusses and columns, the conductors and risers are also shown.

9.7.2 Routes

Using the COAST� database as input, COLLIDE� 2.60 identifies 13 routes, in the
vicinity of the platform. Seven of these are routes of commercial shipping, and six
are offshore related traffic i.e., supply vessels and shuttle tankers. The commercial
routes (with annual volumes) are as given below (please note that this is not from
the current version):

Table 9.9 Input characteristics for platform XXXX

Installation number : 1

Name : XXXX

Position and dimensions:

Latitude Longitude Width (m) Width (m) Direction

59� 440 50 N 2� 330 260 E 18.00 18.00 45.00�
Season All year

Category Permanent

Quarters at location 0

Manned installation No

Risk reducing measures No

Floating unit No
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1. Lervick–Stavanger 35
2. Baltic–Seydhisfjordur 18
3. Kinnairds Head–Bergen 9
4. Scarborough–Bodø 9
5. Leith–Bergen 18
6. Stadt–Tyne/Tees 140
7. Lindesnes E–Iceland 120

Table 9.10 shows data for the first route, Lervick–Stavanger. The table shows
how the traffic is distributed over the year, shows terminal points for the route,
distance to the installation, and a size distribution for the vessels. For each vessel
size category there are three subgroups for each of the following parameters:

• size within category
• speed
• flag
• number of passes per year.

The routes with offshore related traffic are the following:

• Frigg/Heimdal–Stavanger 104
• Odin–Kårstø 104
• Statfjord/Gullfaks–Rotterdam 280
• Statfjord/Gullfaks–LeHavre 80
• Statfjord/Gullfaks–Thames 100
• Brent–Rotterdam 100

The first two are supply routes, while the other routes are shuttle tankers. Both
heading and closest distance are important for the analysis. The closest of the

Fig. 9.4 Jacket structure side
view
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commercial routes is Kinnairds Head–Bergen (0.74 nm), but the traffic volume on
this route is low. The closest of the offshore routes is the supply traffic to/from
Frigg/Heimdal (1.30 nm).

Figure 9.5 presents a sketch of the route headings. Please note that the main
purpose of the map is to show the headings of the routes and thus distances
between the routes and the installation should not be inferred from the sketch.

Two other installations that are close to XXXX are also shown as INST–1 and
INST–2. These are manned installations with standby vessels present at all times,
available for interception of incoming vessels. Please note that the collision risk of
these nearby platforms is not considered in this example. The actual output from
COAST� for the same area as in Fig. 9.5 is shown in Fig. 9.6.

9.7.3 Results

The overall results are shown in Table 9.11. It can be clearly seen that head-on
collision by errant or blind vessels completely dominates the risk picture.

The following are the contributions to overall collision risk:

• Merchant vessels: 56.6 %
• Supply vessels: 39.7 %
• Shuttle tankers: 3.7 %

Only the head-on collisions are considered further in this example as they
represent more than 98 % of the overall risk.

1

2
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4
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6

7

10/11/12

13

10/11/12/13

XXXX
INST-1

INST-2

Fig. 9.5 Route sketch for
traffic around installation
XXXX
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9.7.4 Energy Distributions

The distribution of frequency against energy may be stated for all colliding vessels
or for each vessel type separately. The distribution for all colliding vessels is
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Fig. 9.6 COAST� traffic output for the same area around installation XXXX

360 9 Collision Risk Modelling



shown in Fig. 2.14 in Chap. 2. It may actually be more illustrative however to
consider the distributions for each type of vessel separately, because the distri-
butions are rather different. Figures 9.7, 9.8, and 9.9 present these distributions.

Table 9.11 Collision results
for platform XXXX

Collision mode Annual frequency

Head-on 6.6 9 10-4

Drifting 1.3 9 10-5

Total, all modes 6.7 9 10-4
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Fig. 9.7 Exceedance curve for merchant vessels

1.E-05

1.E-04

1.E-03

1 10 100 1000 10000

Impact energy (MJ)

A
n

n
u

al
 f

re
q

u
en

cy
 o

f 
ex

ce
ed

an
ce

Fig. 9.8 Exceedance curve for supply vessels
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9.7.5 Intervention Options

This subsection is concerned with the possibility of reducing the collision risk for
the unmanned installation XXXX. Effective radar warning is assumed for this
exercise, without considering how such warning could be achieved technically.

The following is a brief discussion of possibilities of how the standby vessels
from INST–1 and INST–2 could be used to intercept (not necessarily physically)
errant or blind vessels. This assumes that warning is possible at a distance of
approximately 20 nm, (i.e. around 90 min prior to potential collision in the case of
the fastest moving vessels).

Route 2. Southeasterly
heading

INST–1 (also INST–2) standby is available to intercept vessels.

Northwesterly
heading

INST–2 standby should be able to intercept the approaching
vessel in time.

Route 3. Southwesterly
heading

None of the standbys are favourably positioned to intercept
vessels.

Northeasterly
heading

INST–2 standby is available to intercept the approaching vessel
in time.

Route 6. Southwesterly
heading

None of the standbys are favourably positioned to intercept
vessels.

Northwesterly
heading

INST–2 standby is available to intercept the approaching vessel
in time.

Routes 10, 11, 12, 13
Southeasterly
heading

INST–1 standby is available to intercept vessels.

Northeasterly
heading

INST–2 standby is available to intercept vessels.
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Fig. 9.9 Exceedance curve for shuttle tankers
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The consideration above does not address whether a standby vessel is physi-
cally able to intercept a shuttle tanker. For a shuttle tanker, however, radio contact
should be sufficient, because they must be assumed to have crew on the bridge at
all times.

For the other routes, the possibilities to intercept (such as by blocking the
course line) are good, considering the following vessel size information:

Route 2. All vessels less than 5,000 dwt
3. All vessels less than 1,500 dwt
6. 98 % of traffic less than 5,000 dwt, 2 % of traffic above 15,000 dwt.

We have assumed equal number of passes in each direction. (COAST� actually
has route data on this aspect.) Thus, half of the volume in routes 3 and 6 could not
be intercepted effectively, due to long steaming time for standby vessels.

If it is assumed simplistically that the possibility to intercept (not physical, but
for instance by blocking) eliminates the risk, then the scenarios which still rep-
resent a risk are the following:

Route 3. Southwesterly heading
Route 6. Southwesterly heading

Using this approach the risk from both directions in Routes 2, 10, 11, 12, 13 and
in the northeasterly direction in Routes 3 and 6 is eliminated.

9.7.6 Collision Geometry

Figure 9.10 shows the orientation of the main support structure in relation to Route
6, the dominating route. It is noted first of all that the route is almost parallel to one
of the sides. The marginal angle is disregarded.

The waterline section is 18 9 18 m. The two route centre lines show the middle
line and the extreme position which will result in a head-on collision with the
platform. This distance ‘b’ is calculated as:

half platform width ? quarter of vessel breadth = 9 ? 3 = 12 m
Typical vessel breadth = 12 m, for 1,500–2,500 dwt. For the half width shown,

the central zone causing impact against braces only, is 3 m. The total hit zone is
18 ? 12 = 30 m. This can now be split into the following partial zones (breadth is
measured across the route centre line, negative values on the starboard side,
positive values on the port side of the centre line):
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• -15 to -12: Glancing collision
• -12 to -3: Corner column collision
• -3 to +3: Bracing collision
• +3 to +12: Corner column collision
• +12 to +15: Glancing collision.

The probability is assumed constant across the total zone. Thus given that a
collision occurs, the conditional probabilities of the collision scenarios are as
follows:

• Glancing collision: 20 %
• Column collision: 60%
• Bracing collision: 20 %.

Based on these scenarios, an event tree for collision scenarios and consequences
may now be established, as shown in Fig. 9.11. For each of the scenarios discussed
above, a distinction must be made between local failure, progressive failure, and
complete push-over (foundation failure) of the jacket structure. The terminal
events in the event tree may be characterised as follows:
Nodes 1, 4, 8: Local failure
Nodes 2, 6, 10: Uncontrolled fire due to riser or well conductor rupture
Nodes 3, 7, 11: Critical structural failure, load bearing ability not impaired
Nodes 5, 9: Jacket topples over.

The conditional probabilities for the collision scenarios (first branching point in
the event tree) have already been determined above. The probabilities of different
levels of damage are now determined for Route 6, as an illustration of the
applicable approach. Figure 9.12 shows the conditional probability distribution of
impact energy in Route 6.

Route 6

Installation
XXXX

waterline
section

b

Fig. 9.10 Route 6 in relation
to orientation of structure
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For the jacket in question the following energy levels are found to be critical:

• 3 MJ Plastic failure of one bracing.
• 8 MJ Plastic failure of several bracings.
• 14 MJ Plastic deformation of corner leg, able to withstand 100 year storm.
• 40 MJ Substantial plastic deformation of leg, damaged in 100 year storm.
• 50 MJ Rupture of riser. Conductors also assumed to rupture.
• 60 MJ Jacket push-over.

Corner column

2 31 4 5 6 7

Collision

Collision scenario

Local failure

Riser failure

Conductor failure

Yes

9 10 118

Glancing Bracing

Jacket push-over

Fig. 9.11 Event tree for collision scenarios and consequences
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Fig. 9.12 Conditional probability of exceedance for Route 6
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These energy levels apply to energy absorbed by the structure and it must be
remembered that in many impacts some energy will be retained by vessel. For this
purpose, the following assumptions are used:
Corner column impact: 25 % of energy retained in vessel
Glancing impact: 75 % of energy retained in vessel
Bracing impact: 40 % of energy retained in vessel

The conditional probabilities of impact energies equal to those different levels
of damage to the platform may then be determined from Fig. 9.12. The values in
Table 9.12 were found from interpolation of the values produced by the software,
in order to get exact values.

The results for Route 6 are then summarised in Table 9.13. The total frequency of
failures causing total loss (that is Rows 2 and 4 in Table 10.14) is 1.94 9 10-5 per
year.
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Chapter 10
Marine Systems Risk Modelling

10.1 Ballast System Failure

10.1.1 Background

It is more than 30 years since serious accidents or incidents associated with loss of
buoyancy or stability occurred in the Norwegian sector. But there have been
incidents and accidents in other areas, which remind us that this hazard has not
been eliminated. The most serious accident ever in this category was the capsize
and total loss of semisubmersible drilling unit Ocean Ranger in 1982 off New-
foundland (see Sect. 4.21).

Two incidents in the Norwegian sector during the autumn of 2012 may be seen
as indications that the lessons from the 1980s are forgotten and this hazard is being
neglected by operating personnel. In one incident the operator put personnel
without adequate competence in charge of ballasting operations, this resulted in
faults during ballast operations, significant listing and mustering of personnel in
their lifeboats. In the second case an anchor had not been properly secured before
bad weather conditions, causing the anchor to puncture a ballast tank, which
resulted in a significant listing and precautionary evacuation of nonessential per-
sonnel by helicopter. Both incidents are being investigated by PSA, in addition to
the owners’ investigations.

10.1.2 Regulatory Requirements

The regulatory requirements discussed here are those applicable to analysis of
reliability, vulnerability and risk associated with loss of buoyancy and stability.

There are requirements for the design of ballast systems and for the stability of
floating units. The requirements for probabilistic/risk analysis of these systems are
somewhat indirect. The survivability of the units is included in the phrase ‘main
support structure’, which in the facilities regulations (PSA 2011a) Section 6 is

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
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defined as a Main Safety Function. The facilities regulations Section 10 specifies
limits for the frequency of loads that may impair the Main Safety Functions. The
HES management regulations (PSA 2011b) require that QRA studies are con-
ducted for the Main Safety Functions.

The facilities regulations refer to the detailed requirements of the Norwegian
Maritime Directorate (NMD) regulations for ballast systems on mobile units and
the regulations for stability and watertight divisions. These again refer to NMD’s
risk analysis regulations. These regulations do not have explicit requirements for
probabilistic/risk analysis of ballast systems, but there are requirements for demon-
stration of accordance with regulations, which may be satisfied through risk or
reliability analysis.

PSA has for almost 10 years focused attention on hazards associated with
floating installations, and have requested the industry to put more focus on hazards
associated with buoyancy, stability and station-keeping. Several reports were
issued in order to five the industry relevant documentation (Kvitrud et al. 2006;
Nilsen 2005; Vinnem et al. 2006a). They appear to have spoken in vein; there is no
evidence that there is any increased focus on these hazards.

The author advised an oil company in a recent development project on risk
management issues, including the execution of QRA studies in the FEED phase.
The QRA contractor had initially not intended to include stability as one of the
applicable hazards, but was persuaded to include also this hazard. At the end, it
turned out to be the hazards with the highest contribution to the annual PLL value
for the concept.

10.1.3 Relevant Hazards

Loss of stability may be caused by a single failure or perhaps more likely by a
combination of different causes for mobile units and floating production installa-
tions including:

• Ballast system failure, including pumps, valves and control systems.
• Operational failure of ballast systems.
• Filling of buoyancy volumes or water filling of volumes on the deck from errors

or maloperation of internal water sources, such as fire water or water tanks.
• Filling of buoyancy volumes due water ingress caused by collision impact.
• Filling of buoyancy volumes due to design or construction errors.
• Filling of buoyancy volumes or water filling of volumes on the deck due to fire

or explosion, including fire water.
• Filling of pump rooms.
• Displacement of large weights on deck (SS).
• Loss of weights due to anchor line failure or failures in the anchor line brakes

(SS).
• Ballast system failure or maloperation during transition of mobile units (JU).
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• Loading system failure which leads to abnormal weight condition (FPSO).
• Failure during operation of loading system which leads to abnormal weight

condition (FPSO).

The first seven items in the list above are general with applicability for all
floating concepts, the last five are special for the following concepts; SS—semi-
submersible units; JU—jackup units; FPSO—floating production, storage and
offloading tankers.

10.1.4 Previous Studies

The R&D programme Risk Assessment of Buoyancy Loss (RABL) was conducted
in the middle 1980s (Vinnem and Haugen 1987). This programme developed an
approach for analysis of ballast system failures, based on event trees and fault
trees. It was actually found that in the almost 20 years period after completion of
the RABL programme, no other studies had performed similar detailed studies of
loss of buoyancy or stability (Vinnem et al. 2006a).

The approach normally adopted in QRA studies is discussed in Sect. 10.1.7
below. An alternative approach to QRA studies has been adopted by Lotsberg et al.
(2004). The approach which was adopted for the Kristin field in the Norwegian
sea, is presented in Fig. 10.1.

Search the
WOAD

Database

Review historic accidents,
review of the Kristin platform,

access failure scenarios

Grade the parameters relative
to worldwide operating

MODUs

Establish risk influencing
parameters for Kristin

Calculate a weighted grade for Kristin

Establish
probability of

failure of
MODUs

Establish a modified probability of failure for Kristin

Statistics Scenarios
Fig. 10.1 Approach to
failure frequency assessment
based on gross errors
(Reprinted from Lotsberg
et al. (2004), with permission
from Elsevier)
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This approach is an improvement compared to traditional QRA approaches
currently being used. One aspect where this approach falls somewhat short is the
lack of ability to identify what could be risk reducing measures and their effects.

10.1.5 Stability Incidents and Accidents

10.1.5.1 North Sea Events

One total loss has occurred in the North Sea and North Atlantic and Norwegian
Sea areas during the last 20 years, the water filling and sinking of jack-up West
Gamma in 1990 (see Sect. 4.24). Many minor incidents have been recorded by
HSE (2005b) and Vinnem et al. (2006a), where equipment malfunction or mal-
operation have been corrected before severe consequences resulted. The most
serious occurrences are:

• Loss of two anchor lines due to winch failure caused 160 m drift-off and a
transient tilting of some 10�.

• Malfunction of the ballast control system caused a 9� list, lasting for 90 min
before the rig was uprighted.

• 6–8� inclination due to activation of deluge system, caused by loss of main
power.

• Unknown inclination due to opening of ballast valves caused by failure of
control desk.

• Several cases where water has leaked into ballast tanks due to cracks and
puncture of tanks.

• Inclination due to maloperation of the ballast system by person without relevant
competence.

10.1.5.2 Worldwide Occurrences

There are some occurrences in the worldwide operations that are well known, and
which form an important basis for the evaluations, brief summaries are provided
below:

• Ocean Ranger, 15th February 1982 (see Sect. 4.21)
• West Gamma, 21st August 1989 (see Sect. 4.24)
• Ocean Developer, 14th August 1995
• P-36, 15th March 2001 (see Sect. 4.26)
• P-34, 13th October 2002 (see Sect. 4.27)
• Thunder Horse, 11th July 2005
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The semi-submersible mobile drilling unit Ocean Ranger capsized on 15th
February 1982 in Canadian waters (see Sect. 4.21.1) for a description of the
sequence of events.

Ocean Developer was under tow between two African ports on 14th August
1995 when it capsized and sunk without loss of life. The investigation report
indicates that ballast operation by inexperienced personnel may be one of the
causes.

The floating production unit P-36 (see Sect. 4.26) capsized and sunk on the
Roncador field in Brazil. A ruptured drain tank in a column caused an explosion
that destroyed a fire water pipe, killed 11 persons, and caused subsequent water
ingress into watertight compartments, pump rooms and thruster rooms.

The FPSO P-34 (see Sect. 4.27) developed a serious list due to malfunction of
ballast and loading systems, caused by electrical faults. The vessel was close to
capsizing before control was re-established. No fatalities occurred.

Following the passage of Hurricane Dennis in the Gulf of Mexico in 2005,
personnel returned to the Thunder Horse facility to find it listing at approximately
20� with the top deck in the water on the port side (MMS 2005). The exact source/
cause of the water influx/listing has not been determined; however, preliminary
findings from the investigation indicate that water movement among the access
spaces occurred through failed multiple cable transits (MCTs). MCTs are the
points in the watertight bulkheads where cables that carry electrical power and
instrument signals pass through the watertight bulkheads. Essentially, MCTs are
molded blocks of plastic that seal around each cable. Failure occurred in the spaces
filled with blank blocks. Specifically, the findings indicate that either the MCTs
may not have been installed properly, may have been installed using the wrong
procedures, or may not have been properly pressure rated for the configurations
being used.

10.1.6 Observations from Incidents and Accidents

Figure 10.2 presents a summary of causes for stability failures, based on world-
wide accidents and incidents discussed in Vinnem et al. (2006a).

Minor problems are not included. The diagram pinpoints clearly that valve
failures are the main cause category for accidents and incidents. It may further be
observed that the two total loss accidents were caused by operational failures. It
may further be observed that 58 % of all accidents, incidents and minor problems
are associated with technical problems. This is unusually high.
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10.1.7 Evaluation of Typical QRA Studies

Current practice in Norwegian QRA studies related to stability of mobile units and
floating production units was surveyed (Nilsen 2005). The conclusion is that
current practice in QRA studies are not suitable for identification of possible risk
reducing measures, nor are they suitable for quantification of the effect of such
measures for the risk levels. Deficiencies in a majority of the studies have been
demonstrated, including:

• Accident scenarios are not modelled. The possible failure categories are con-
sidered on a superficial level, without the possibility to identify how the sce-
narios could develop.

• Several failure mechanisms are not considered at all, as rupture of fire ring
mains, major displacement of heavy loads on deck, operator error during bal-
lasting or loading operations, and water ingress due to collision impact.

• Experience data are not considered. Some data were mention above, and are
further documented in Vinnem et al. (2006a). None of these are usually con-
sidered in QRA studies.

• Assumptions, premises and simplifications are not addressed. The PSA regu-
lations require the assumptions and premises to be documented and to be
traceable. The studies do not comply with this requirement.

• Presentation of results is without traceability. Some of the studies do not present
quantitative results at all, but are limited to conclude that ‘the design is con-
sidered to be safe’. This is virtually worthless when it comes to transparency, as
it fails completely to document how this was reached, and what are the limi-
tations and underlying assumptions.
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10.1.8 Proposed Approach to Analysis of Stability Hazards

10.1.8.1 Life Cycle Phases

The main analytical efforts should be made during design and engineering, in order
to give good opportunities for implementation of risk reducing measures. Updating
of the analysis may be done after completion of construction, and sometimes
during the operations. Detailed studies will be particularly important when
untraditional concepts and solutions are adopted, including solutions that are not
addressed in the regulations and standards.

The studies should also address special conditions that may occur, such as
during displacement of heavy loads, rupture of fire water ring main, as well as
special conditions during inspection and maintenance when doors and manholes
may be opened, or systems deactivated.

10.1.8.2 Analytical Approach

The proposed analytical approach is presented in Vinnem et al. (2006a), adapted
from Haugen (2005).

Collection of experience data should be the starting point for the analysis,
which should continue with hazard identification (HAZID), in order to identify
those scenarios that may result in critical consequences, particularly with respect
to combinations of failure cases and effect of operational error.

A detailed analysis should be performed for the critical scenarios, limited in this
context to marine systems or systems that may influence marine systems. If a
FMECA and/or task analyses have been carried out, then these may serve as the
starting point for the detailed analysis, including fault trees and event trees.

Fault trees and event trees may be used in order to calculate risk values, as well
as to identify where the most effective modifications (risk reducing measures) in
order to improve the situation. During this part of the analysis, efforts should be
made in order to document assumptions and premises, relating to:

• Technical conditions
• Conditions associated with operations and maintenance
• Assumptions related to analysis methodology and modelling.

The management regulations (PSA et al. 2011b) have a general requirement for
consideration of uncertainty to be addressed for all risk elements, not only marine
systems. This is usually most effectively implemented through sensitivity studies,
in relation to data and variations in assumptions and premises.
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10.1.8.3 Detailed Analysis of Ballast System Failures

The approach outlined in Fig. 10.3 should be used in order to analyse risk due to
failures in ballast system components. This implies adoption of the same approach
as developed in the RABL project. The main elements of this approach are fault

Consider experience
data
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Critical
consequences?

No further analysis
of scenario

Detailed analysis of
scenario

Other sources

Causes related to
marine systems

Other causes

Analysis is other
parts of QRA
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operational review
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Fault tree analysis &
Event tree analysis

Quantification of
risk

Calculate risk
contribution from
marine systems

Identify risk
reducing measures

Recommend risk
reducing actions

Fig. 10.3 Proposed analytical process for marine systems
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trees and event trees; see Figs. 10.4 and 10.5. The importance of choosing the
approach is that it enables a detailed identification of system modifications and
operational changes that may be most effective in order to reduce the risk level,
and the likely effect of such actions.This is one of the important requirements in
the management regulations (PSA 2011b). Identification of possible risk reducing
measures is also an important element in the ALARP demonstration, which is
essential in the Norwegian as well as UK regulations. The following additions to
the approach described in the RABL project should be implemented:

• Fault tree analysis should also be performed for the most critical nodes in the
event tree, see example in Fig. 10.5.

• Human and organisational errors.
• Common mode failures and dependencies.

As input to the analysis, a detailed analysis of collision risk may be required,
depending on the circumstances. Also fatigue failures may be required as input, in
addition to failures during loading of FPSOs.

Fig. 10.4 Example of top levels in fault tree for analysis of ballast systems (Vinnem et al. 1987)
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10.1.8.4 Other Failures

Other failures that according to the approach in Fig. 10.3 are not considered
critical may be analysed using the approach suggested by Lotsberg et al. (2004),
see Fig. 10.3. The disadvantage of this approach is the inability to identify risk
reduction proposals.

10.1.8.5 Analysis of Human and Organisational Aspects

Human and organisational errors should be included in the fault tree analysis
where relevant, using, e.g. the BORA approach (Sklet et al. 2005; Vinnem et al.
2006b).

10.1.8.6 Analysis of Dependencies in Barriers

Common mode failures and dependencies should be analysed as appropriate.
Standard approaches in fault tree analysis for both of these aspects exist, normally
used in the analysis of failures of nuclear power plants. For offshore installations
however, it has not been common practice to include these aspects in the analysis.

Fig. 10.5 Event tree for analysis of ballast systems (RABL)
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10.1.8.7 Analysis of Barriers

In addition to the initiating events, several conditions might contribute to escalation
of the events—improper sectioning of the hull, lack of draining capacity on the
deck, lack of or failure in the leak detection systems, lack of pumping capacity, lack
of training of personnel in emergency situations or open doors and manholes.

The Norwegian management regulations section 15 require that QRAs shall
model accident sequences and consequences so that possible dependencies
between physical barriers can be revealed, and so that the requirements that must
be set in respect of the performance of the barriers, can be calculated. A method to
analyse barriers related to stability is demonstrated by Ersdal and Friis-Hansen
(2004).

10.1.8.8 Discussion of Approach

The capsize of the flotel ‘Alexander Kielland’ in 1980 was the last serious accident
involving loss of buoyancy or stability on the Norwegian Continental Shelf. The
jack-up ‘West Gamma’ capsized and sank in 1989 during tow from the Ekofisk
field, the accident occurred in the Danish sector and the platform finally sank in the
German sector, without fatalities. But there have been near-misses also during
recent years, which could have developed into serious accidents.

It has been claimed by most experts that gross errors during platform design and
construction cannot be analysed by traditional risk analysis methods. The full
analysis of this is outside the scope of this discussion, but it appears that this view
has been adopted also for hazards relating to marine systems. This is considered to
be a misunderstanding.

There is little similarity between analysis of design and construction defaults
and failures of marine systems. Gross errors in design and construction are events
that may jeopardise the integrity of the structure, and may prevent the normal
redistribution of forces to compensate for local failures. This is difficult to analyse
by normal risk analysis methods. Gross errors may be caused by single failures.

Marine systems like ballast systems are quite different, there is redundancy and
possible dependencies, to the extent that it is important to analyse failure event
combinations. Traditional risk analysis methods, like fault trees and event trees or
similar, may be used in order to analyse such scenarios. It is recommended that
marine systems are analysed according to the approach outlined in Fig. 10.3,
including HAZID, FMECA and task analysis (or similar), fault trees and event
trees.

It should be noted that also human errors and organisational failures need to be
considered, and that risk influencing diagrams or Bayesian belief networks may be
appropriate tools.

One alternative could be to employ the approach used by Lotsberg et al. (2004)
for ballast systems and failure of stability scenarios.
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A second alternative could be to use event trees for the most critical scenarios,
but omit quantification of accident probabilities through fault trees and similar.

The disadvantage of these two approaches is that the basis for identification of
possible improvement measures will be significantly weaker. Identification of
possible improvements is one of the main objectives of risk analysis. This is the
main reason why the proposed approach should be selected.

10.1.9 Comparison of QRA Results with Experienced Events

If we restrict the consideration to semi-submersible installations, it is more than
30 years since the last serious Norwegian accident, as noted above. Therefore,
there is no basis for making a comparison of QRA results with accident statistics.

If we take a 35-year perspective in the Norwegian sector, we have one total
loss, the capsize of ‘Alexander Kielland’. The regulatory requirements were
changed in the early 1980s, to the extent that this accident might be unrepresen-
tative for risk levels implied by current standards. The current standards specify
weather conditions where failure of one brace should not escalate, if the weather
exceeds this level (1 year environmental conditions plus safety factors), similar
situations might occur. Nevertheless, it may be interesting to consider what the
accident statistics implies.

Based on data in the RNNP project (PSA 2012) the number of mobile instal-
lations per year may be calculated. The sum for the period 1990–2011 is 402 unit
years. A rough calculation for the period 1977–1989 is 106 unit years. The total
value for the 35 years is 408 unit years.

If we assume a Poisson distribution, the expected value is 1/408 per unit years,
2.5 9 10-3, as the frequency of total loss per unit years. If we consider a pre-
diction interval, the upper 95 % limit would be 9.8 9 10-3 per unit year.
Assuming a normal manning level during a period, the FAR value is almost 40!

As noted above, it would be expected that the frequency of total loss is lower
with today’s standards, due to the stricter requirements for damage stability. How
much lower it would be, is impossible to know, based on present knowledge. On
the other hand, there are no reasons to assume that the frequency would be much
more than one order of magnitude lower for modern installations. This implies that
it is unlikely that the failure frequency historically is lower than 1.0 9 10-4 per
unit year.

Table 10.1 presents illustrative results from a concept study for a floating gas
production installation considered for NCS recently, where analysis was carried
out of the ballast system as well as the anchoring system. Table 10.1 shows
impairment frequencies for the loss of structure main safety function, interpreted
also to include loss of buoyancy and stability. The concept in question was con-
sidered to be a robust and safe installation. Nevertheless, ballast system failure and
anchor system failure turned out to have the highest frequency of impairment of
the structure.
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10.1.10 Observations

The QRA studies normally conducted for floating installations are inappropriate in
several ways. It has been implied that when the studies claim that there is an
insignificant risk level, there is no basis in available data to draw these conclu-
sions. The study referenced in Table 10.1 also confirms that the risk associated
with ballast system failures is far from insignificant.

What is more disturbing, is that the studies do not give any basis for identifi-
cation of risk reducing measures, which is one of the main objectives of risk
analysis. An approach based on fault trees and events trees should be implemented
for scenarios identified as critical.

10.2 Anchoring System Failure

The safety of anchoring systems for use in the petroleum activity on NCS is
regulated through the facility regulation stating that the anchoring system for
mobile offshore units shall be in accordance with the Norwegian Maritime
Directorate’s (NMD) regulations of 4 September 1987 No. 857 concerning
anchoring/positioning systems on mobile offshore units. In addition, the anchoring
system for facilities with production plants and facilities located adjacent to
another facility, shall also be in accordance with the Norwegian Maritime
Directorate’s regulations of 10 February 1994 No. 123 for mobile offshore units
with production plants and equipment. The calculations shall not include the
advantage of active operation of anchoring winches.

The NMD regulations state in general, that the environmental actions shall be
stipulated with an annual probability of 10-2 and a set of safety factors are stip-
ulated. The main differences between the two NMD regulations are different safety
factors and the requirements regarding loss of anchor lines. While the NMD 857
requires that the unit shall maintain position during loss of one anchor line, the 123

Table 10.1 Impairment
frequency results for floating
production installation
concept

Accident type Loss of structure as MSF
(buoyancy/stability) per
10.000 years

Fire 0.01
Explosion Negligible
Ship collision 0.29
Anchor system failure 0.40
Ballast system failure 0.50
Gross error 0.30
Extreme weather 0.30
Dropped object 0.30
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regulations state that the position shall be maintained in case of two simultaneous
line failures if the unit is adjacent to another facility.

According to NMD, drilling rigs will normally not have to comply with the
NMD 123 regulation. But through the PSA regulation all units, whether they are
mobile or not, are linked to the NMD123 regulation if the unit operates adjacent to
another facility. Hence, the main difference between the NMD and PSA regula-
tions is the requirement regarding adjacent platforms—as flotels. In the PSA
regulation they should be analysed as the anchoring systems on production plat-
forms. From PSA point of view, accidents have demonstrated the need to have this
requirement. A flotel is typically 150 m away from the adjacent platform in storm
conditions. Drifting of more than 150 m has occurred after multiple anchor
failures.

The regulations should give reasonable protection against accidents, but inci-
dents have occurred frequently. Our main conclusion is that the requirements in
the regulations are reasonable, but improvements have to be made in industry to
comply with the requirements.

10.2.1 Incidents Involving More than One Anchor Line

The requirement that loss of two anchor lines should be analysed, has been fre-
quently discussed in Norway, in connection with the introduction of ISO–DIS–
19901–7. The experience nevertheless demonstrates that loss of two lines is a
realistic case, and the regulations should continue to have this requirement. The
incidents discussed in the following are extracted from Næss et al. (2005).

Bideford Dolphin experienced three anchor line failures close to Snorre A in the
North Sea, in a summer storm on 13th June 2000. The failures occurred in shackles
(CR-links). The CR-link was used as connecting links between chain and wire in
the mooring system. The shackles failed because of fatigue and tear-off fractures.
The shackles were only 2 years old. The tension was about one third of its proof
capacity. The platform got a drift-off of about 250–300 m from its target position.
The well was secured. The anchor lines crossed several export pipelines, but they
were not damaged. The 10 min average wind velocity was about 20 m/s, and the
significant wave height was about 8.5 m.

Transocean Prospect at the Heidrun field in the Norwegian Sea experienced
dragging of two anchors about 50 m on 11th November 2001. They used eight
12 ton anchors. The 10 min average wind velocity was about 21 m/s, and the
significant wave height was measured at Heidrun to be about 13–14 m (Haver and
Vestbøstad 2001).

Scarabeo 6 drilling at the Grane field in the North Sea experienced anchor
dragging on 24th December 2002. They used eight 15 ton anchors. The tension
experienced was about 50 % higher than the test tension. The event escalated
when a chain fractured in the fairlead. According to calculations the line broke at
about 80 % of its holding capacity. The fairlead had only five pockets, and some
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bending and a reduction in the breaking load in the link was anticipated. The
10 min average wind velocity was about 22 m/s and the significant wave heights
were 9–9.5 m. The well was secured, with the drilling riser hanging in the sea.

On 14th December 2004 an accident occurred on the Ocean Vanguard drilling
rig at Haltenbanken in the Norwegian Sea, as discussed in Sect. 4.28.

Of the four cases involving more than one anchor line, one was connected to the
brakes, one in the lines, one caused by failures in the soil and one as a combination
of soil and chain. Failures in the brakes, failure of the lines and dragging are the
three fundamental failure modes in anchoring systems in storms. Statistics of
incidents will be presented individually for the three causes.

Recently there have been some cases of multiple anchor line failure in severe
storms in the UK sector of the North Sea. Gryphon Alpha FPSO experienced such
an incident on 4th February 2011 (see Sect. 4.29). Later the same year, 8th
December 2011, the Petrojarl Banff FPSO experienced five of 10 anchor lines
failing during severe storm, also in the UK sector in the North Sea.

10.2.2 Release of Chains in Winches

A comparison of the incidents, demonstrate that malfunction of the band brake is
the most common cause of failure. The most common cause has been errors in
adjusting the band brakes and/or corrosion and wear. The brakes did not take more
that 16 % of its documented holding capacity in one case. None of the incidents
involving uncontrolled release of anchor chain have involved tension in the chain
exceeding the theoretical holding capacity, Næss et al. (2005).

Figure 10.6 specifies the operational modes when the failures occurred in the
winches. As expected, most of the incidents occurred during anchoring operations.
During anchoring operations the winches are active and the brakes are deactivated.
Consequently, the system is vulnerable to both technical and operational errors.

The most common root causes in use are failure in the band brake and lack of
maintenance. Other causes are maloperation by personnel, instructions from the
supplier are not followed and errors in the procedures.

10.2.3 Failures in Anchor Lines

The number of anchor line failures reported to PSA on NCS in the period
1996–2010 is 20 cases. For the period 1996–2005 there are five cases with chain
failure, two cases of loss of fibre ropes, and three cases with failures in shackles,
Næss et al. (2005).

Shackles are used to connect line segments. Experience from UK demonstrates
that the failure frequencies in shackles are significantly higher than for elements
in the chain itself (Noble Denton 2002). The Norwegian experience is similar.
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Two of the cases (CR-links) were fatigue failures. Local stresses in the connection
initiated fatigue cracks, due to the material impact toughness that did not meet the
requirements. It was impossible to get the shackle up from the seabed in one case,
to determine the cause.

No wire has been reported failing in use in an anchoring system, even when the
data have been reviewed back to 1990. Wires are not considered any further.

Failures in the chains are most frequently caused by poor quality of the chain at
the time of failure. The causes are split evenly between brittle fracture and fatigue.
Some chains had been exposed to bending loads, with corrosion and loose studs
contributing to failure. The bending probably occurred in five-inch fairleads.

Three failures in fibre rope have been experienced over a short period of three
years. The fibre ropes are not as robust to mechanical actions as chains. The ropes
are normally used in a combination of chains and ropes on NCS, to protect
pipelines from damage. In recent years about 20 fibre ropes have been used on the
NCS. The failures were caused by wire from a fishing vessel to a trawl board, by a
wire to a ROV and by a wire connected to a hook.

Buoys are used to connect anchor lines to lift the anchor lines above obstacles
on the sea floor. Only two cases of loss of buoys have been reported to PSA in the
period from 1996. The low number might be caused by underreporting—since the
rules are not clear about whether reporting is necessary in such cases.
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10.2.4 Dragging of Anchors

Four cases of loss of anchor holding capacity are reported in Norway in the period.
All the events occurred in bad weather. In the period 1996–2003 no storm drag-
ging event was reported in the UK (HSE 2005; Næss et al. 2005).

Dragging of anchors occurs when they are not properly fixed to the seabed.
Soil investigations are normally necessary to calculate the capacity with high
accuracy. For exploration drilling, it has been accepted to use general information
of the soil conditions in the area. Typically a test tension of 150–200 tons is
performed. The test tension restricts when the platform can operate connected to a
well, or in the vicinity of other platforms. A major part of the test tension is used
to overcome the chain friction on the sea bed. The dragging incidents demonstrate
that testing to 150–200 tons tension has been insufficient to avoid dragging.

Dragging is not an accident, but it causes an unintended redistribution of ten-
sion in the lines, causing other lines to fail, and unintended loss of position.

10.2.5 Other Risks with Anchoring Systems

Anchor handling is an operation with high risk for personnel. Fatal accidents
occurred on the anchor handling vessels Maersk Terrier and Far Minara in 1996,
Maersk Seeker in 2000 and Viking Queen in 2001. In addition incidents have been
reported where the anchoring system has damaged equipment on platforms and
vessels, and on seabed pipelines. These risks are not discussed further.

10.2.6 Risk Analysis of Anchoring Systems on MODUs
on the NCS

The NCS and the UK shelf (HSE 2005) had for the period 1998–2003 about the
same number of failures in anchoring systems, indicating that the reported Nor-
wegian frequencies are higher because of the higher number of MODUs in the UK
sector. In particular, the number of reported dragging events is higher in the
Norwegian data.

Ten QRAs for six mobile offshore drilling units, one flotel and three production
platforms have been reviewed with respect to an analysis of anchoring system
failures (Nilsen 2005). The incident ‘loss of position’ is analysed very coarsely in
most of the QRAs. Several of the hazards that can cause loss of position are not
identified. Only one of the QRAs identified winch failure hazard. Other hazards
missing in the majority of the QRAs are loss of buoys, fatigue, fishing vessels in
contact with ropes and anchor dragging. The analysis methods and the applied data
are not well documented in several studies. Only three of the analyses specified the
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assumptions. The use of different data sources gives large variations in the
calculated risk levels for similar systems. Fault trees are not used in the analyses.

10.2.7 Use of Fault Trees in QRA of Anchoring Systems

Fault trees have been produced for the cases of failures for active operation and in
a storm situation, failures in the lines (chain or rope) and dragging of the anchor.
Generic fault trees for the failure in the brakes during storm, failure in the chain
and dragging of the anchor are presented in Kvitrud et al. (2006). A fault tree for
paying out the chain during marine operation can be found in Næss et al. (2005).
The fault trees are made through a process of hazard identification and a review of
the causes of incidents in Norway and in available publications. Frequencies are
calculated based on Norwegian incident data. The fault trees give the causes
leading to the top events.

10.2.8 Summary

There is a high number of anchoring system incidents on MODUs on NCS. It is
proposed that training and organisational factors should receive more attention.
Several of the incidents would probably not have occurred if the industry had a
good system for exchanging experience—and if the crew had adequate compe-
tence on anchor systems and their function. Maintenance should also receive more
attention.

Many of the incidents occurred in connection with critical operations. The
facility has been connected to the well—or has been alongside another facility.
Even though the anchoring system is designed to withstand a line failure, this is
still an undesirable incident.

According to the regulations, two independent brake systems shall be in use at
any time. To get an incident both brakes have to fail. None of the cases would have
occurred if the winches had been according to the regulations. It has not been
possible to determine how often each individual brake system fails. However, the
high number of incidents involving failure of both brake systems with resulting
chain deployment indicates that the failure rate is high.

Failures in the anchor line itself are the most frequent cause of failures in the
anchoring system. The quality and frequency of inspections and repairs performed
in connection with recertification of the chains are of major importance. Chains
that are more than 20 years old are still in use. Therefore, the inspections and
repairs conducted in connection with recertification are essential in ensuring that
the chain meets the applicable quality requirements for the anchoring line. The
chain owners must know the history of each individual line (traceability) in order
to ensure a successful recertification. Several fatigue failures have occurred on
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anchor chains, caused by bending stress. It is reasonable to assume that the
bending stress has occurred at the fairleads.

The number of failures in shackles is about the same as in chains, and both
types of failures have the same consequence. Since the number of shackles is small
compared to the number of chain links, each individual shackle has a significantly
higher failure frequency than the chain links. Special attention should be given to
the selection of shackles, as well as in connection with assessments of the con-
dition of the shackles.

Use of fibre rope in the anchor lines may be advantageous in some cases, with
respect to safety as well as operational aspects. Fibre ropes have on the other hand
been proven to be vulnerable to mechanical exposure, e.g. when in contact with
wire. Activities carried out within the anchor pattern must be better supervised
because of the vulnerability of the fibres.

The number of dragging events demonstrates a need for increased pretension
capacity or use of other anchor solutions. With the present test tensioning capacity,
it might be impossible to get a safe anchoring with traditional fluke anchors. The
anchor holding capacity on mobile units must be stipulated more precisely, than is
the practice so far. Limited dragging of the anchor will not necessarily cause major
consequences for a mobile unit drilling an exploration well. On the other hand,
experience has shown that dragging an anchor can cause failures of neighbouring
lines. Frequently, drilling units are anchored in areas with many subsea facilities.
An anchor dragging may damage these installations. There is a need to increase the
anchors’ test tension on mobile units. Even with good knowledge of the soil
conditions, it may be difficult to achieve a good foundation solution based on
conventional anchors (drag anchors). Alternative types of anchoring should then
be evaluated. Dragging anchors can only be accepted after a consequence evalu-
ation for the tension in the other lines as well as the possibility of damage to subsea
facilities and neighbouring platforms.

One should expect compliance between the results from the anchoring analyses
and the practical anchoring work on the facility. Good anchoring analyses will not
enhance safety if they are merely an academic exercise.

Quantitative risk analysis is a common approach to find and quantify risk
reducing measures. The QRAs that have been reviewed have not addressed anchor
systems and operations in detail. Several failure modes have not been identified or
analysed, nor have the analyses been used as a basis for reducing risk. The QRAs
are also, in general, too coarse for this purpose.

10.3 Failure of Drilling DP Systems

The barrier approach had been used for analysing the safety of DP drilling
operations on the Norwegian Continental Shelf (Scandpower Risk Management
2005). An illustration of such an operation is presented in Fig. 10.7.
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There are three barrier functions modelled in this study based on the critical
failure events in DP drilling operations:

• Barrier function 1: to prevent loss of position
• Barrier function 2: to arrest vessel movement
• Barrier function 3: to prevent loss of well integrity.

An illustration of the barrier functions in relation to the horizontal excursion
limits and the critical failure events is given in Fig. 10.8. This is the overall safety
model developed in this study for DP drilling operation.

By analyzing the three barrier functions (via systematic identification and
analysis of the involved barrier elements and the associated technical, human
and organisational factors), safety of DP drilling operation can be diagnosed
and effectively improved.
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Fig. 10.7 DP drilling operation (the limits: yellow, red, physical are not to scale) (Chen 2006)
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10.3.1 Barrier Function 1: Prevent Loss of Position

Barrier modelling and analyses are targeted on a drive-off scenario which is found
to be critical for DP drilling operation. The drive-off is initiated by the DP control
system due to erroneous position data from two Differential Global Positioning
System (DGPS) units (Chen and Moan 2005).

Barrier elements to prevent DGPSs generating erroneous position data, as well
as to prevent erroneous DGPS position data being used by DP software are
identified, and their deficiencies are revealed based on the incidents and opera-
tional experiences on NCS. Recommended risk reductions include the following
actions:

• Correction of the current lack of independence between the two DGPSs.
• Assessment and verification of GPS and differential link antenna locations on

the vessel.
• Configuration of the DGPS software with respect to the DGPS quality control

function.
• Adequate use of position reference systems with three different principles if

available.
• Design, testing and configuration of DP software with respect to the DGPS input

validation function and position reference error testing function.

These recommendations are to be incorporated in the ongoing revision work for
DP requirement documents from several oil companies on the NCS, including
Statoil. In addition, the research work has been summarised in two papers, Chen
et al. (2006a, b).
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Fig. 10.8 Three barrier functions to safeguard DP drilling operation (Chen 2006)
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10.3.2 Barrier Function 2: Arrest Vessel Movement

Effective arrest of vessel movement must be performed in order to prevent a loss
of position from escalating into a critical loss of position. The DP operator is
identified as the only barrier element associated with this barrier function. A
number of deficiencies that could significantly affect the DP operator’s reactions in
a time-critical drive-off scenario are identified. They are considered to be asso-
ciated with the following four influencing factor categories i.e., bridge ergonomics,
alarm system, procedures, and training. Risk reduction can be achieved by:

• Design of bridge layout, DP operator workstation, and information presentation
on visual display units.

• Design of alarm system with respect to alarm generation, alarm perception,
alarm comprehension, alarm handling and alarm philosophy.

• Procedures for DP operator to detect deviations, handle failures of position
reference systems, and perform various recovery tasks under possible emer-
gency scenarios.

• Training programme for DP operators on DP drilling units in general, and DP
simulator training based on real and/or assumed worst case DP incidents in
particular.

These recommendations are to be implemented by the operational management
from each vessel owner. In two areas i.e., design of bridge and assessment of DP
alarm system on DP drilling unit, further joint industry efforts involving oil
companies, vessel owners, classification societies, equipment vendors, training
institutions are needed in order to systematically strengthen the human barrier
element.

10.3.3 Barrier Function 3: Prevent Loss of Well Integrity

Given a critical loss of position, failure of emergency disconnection could lead to
loss of well integrity i.e., an open-hole situation in the well. Three barrier elements
are identified in order to prevent loss of well integrity. They are Emergency Quick
Disconnection system (EQD), Safe Disconnection System (SDS) and well shut-in
function. Recommendations are proposed in the following areas:

• Technical integrity programme for the systems related to the emergency dis-
connection, in order to minimise the failure on demand.

• Use of auto EQD and SDS for drilling on shallow waters if these systems are
available.

• Competence of DP operator to evaluate the situation and activate the red status
in time when needed, and support from the operational management to the DP
operator’s decision.
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• Drills onboard involving DP operator and driller for manually activating EQD.
• Special operational precautions when there are non-shearable items through the

BOP.

10.4 Shuttle Tanker Collision Risk

The assessment of collision risk associated with shuttle tanker impact during off-
loading, is a relatively coarse assessment, based on incidents and accidents in the
period 1995–2011. A general discussion and assessment of shuttle tanker collision
risk is presented. This assessment is limited to DP operated shuttle tankers, and
disregards tankers operated with taut hawser. Collision frequencies are presented
for DP1 and DP2 tankers, where also the trends in the occurrence frequencies have
been taken into account.

10.4.1 Background

Turret moored FPSOs and FSUs of the mono-hull type have been used in the
North-west European waters since 1986 (Petrojarl I), so far without serious
accidents to personnel or the environment. The use of such vessels for field
development has increased during the last 10–15 years, in UK and Norwegian
waters, as well as in many other offshore areas worldwide.

FPSOs are not new as petroleum production units, they have indeed been
employed in other parts of the world already for some time, and in quite significant
numbers compared to the current North Sea fleet. Where such vessels are installed
in benign waters, they have usually been converted cargo tankers with mooring
and fluid transfer in the bow of the vessel, or sometimes transferred from a loading
buoy. The last 10 years has seen some massive FPSOs installed in fields west of
Africa, purpose built, with extensive processing capacities.

The vessels installed in the North Sea, North Atlantic and Norwegian Sea fields
have traditionally been designed for considerably higher environmental loads and
often also higher throughput compared to vessels in more benign waters. Without
exception, the ones so far installed or under construction for these areas have what
is termed ‘internal’ turret, in the bow or well forward of midships, with transfer of
pressurised production and injection streams through piping systems in the turret.

Although FPSOs are becoming common, operational safety performance may
still be considered somewhat unproven, especially when compared to fixed
installations. Floating installations are more dependent on manual control of some
of the marine systems, during normal operations as well as during critical situa-
tions. There is accordingly a need to understand the aspects of operational safety
for FPSOs, in order to enable a proactive approach to safety, particularly in the
following areas:
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• Turret operations and flexible risers
• Simultaneous marine and production activities
• Vessel movement/weather exposure
• Production, ballasting and off-loading.

Accidents are often initiated by errors induced by human and organisational
factors, technical (design) failures or a combination of these factors. Effective
means to prevent or mitigate the effects of potential operational accidents are thus
important. The scope of the assessment is limited to the collision risk between
shuttle tankers and FPSO/FSU during offloading of cargo from the stationary
vessels, including the approach, connection and disconnection phases.

Five accidents occurred in a 4.5 year period from 1996 to 2000, and a lot of
attention was paid to this hazard in some of the projects where FPSO concepts
were chosen.

An R&D project on ‘FPSO Operational Safety’ was conducted in the period
1996–2003 (Vinnem 2000; Vinnem et al. 2000, 2002, 2003). The work was
organised as a Joint Industry Project (JIP), with funding from Statoil, Exxon and
HSE, and with Navion as technology sponsor.

A detailed assessment of the collision risk between shuttle tanker and FPSO/
FSU during off-loading in tandem configuration was performed during the period
2000–2003. The general experience from the work is documented in an HSE
report ‘Operational Safety of FPSOs, Shuttle Tanker Collision Risk, Summary
Report’ (Vinnem 2003). The assessment builds strongly on the work in this report.

A PhD study was conducted in parallel with the JIP project, with the same topic
(Chen 2002). The work of Dr. Haibo Chen is also part of the basis for the current
assessment. The assessment considers the total off-loading system (see Fig. 10.9),
consisting of:

• FPSO during all phases of off-loading
• Off-loading arrangements
• Shuttle tanker during all phases of off-loading.

Analysis envelope in study

Fig. 10.9 Analysis envelope

392 10 Marine Systems Risk Modelling



The operational aspects (human and organisational factors) that are addressed
in the assessment are applicable to organisations within the total analysis envelope.
This implies that the operating organisations of both the FPSO and the shuttle
tanker during all phases of off-loading are within the scope of the analysis. The
assessment is limited as follows:

• It applies to DP operated shuttle tankers, and not field configurations where
control of distance between the two vessels is by means of ‘taut hawser’ (see
also Sects. 10.4.3 and 10.4.9).

• Only tandem off-loading configuration is considered.
• Operations before 1995 are not considered.
• The assessment is intended to be used in a coarse risk assessment, thus a detailed

assessment approach involving field specific configurations and characteristics
is not attempted.

• The off-loading phase is demonstrated to be the main source of risk, thus the
other phases approach, connection and disconnection are not considered
explicitly.

10.4.2 Tandem Off-Loading Configurations

The discussion here is limited to off-loading from FPSO and FSU systems. It is
taken as a presumption that the off-loading system will be configured such that the
FPSO/FSU and shuttle tanker will be at relatively close distance, say in the range
(theoretically) from 40 to 150 m. (One new FPSO has recently been installed with
distance of 150 m between vessels.)

The focus in this section is on aspects which have importance for the collision
hazard, some of these aspects are not considered in the coarse assessment, but will
have to be included in a more detailed assessment.

One of the particular aspects of tandem off-loading systems is that purpose built
and commercially available systems are combined. Hence there are some quite
wide differences between configurations applied to comparable situations.

The FPSO may be termed ‘purpose built’. When an FPSO is a new build for a
specific field, then it may be perfectly tailored to the needs and requirements.
Conversion of commercial tankers to FPSO may often be the main option in some
areas where the environmental conditions are quite benign, and where the chal-
lenges in off-loading are more limited.

However, conversion is also adopted in the North Sea and other areas where the
environmental conditions may be severe, and where the challenging tandem mode
of off-loading has to be adopted. This implies that there are quite considerable
variations between system configurations.

Shuttle tankers are used for off-loading purposes from FPSO/FSU units, in
largely the same manner as from fixed installations i.e., from fixed, floating or
subsea buoy systems. These tankers are usually not built only for one type of
service, but the capabilities of the tanker may imply the type of services that it is
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suitable for. Table 10.2 illustrates some of the variations that may exist, in relation
to some of the aspects that are important for avoiding collisions between the
shuttle tanker and the FPSO.

10.4.3 Overview of Current Field Configurations

If aspects of vital importance for the collision frequency are considered, quite
extensive variations between the different field configurations may be found. Some
of these are briefly outlined below.

The distribution of DP-based off-loading, taut hawser and other off-loading
modes are shown in Fig. 10.10, for UK and Norwegian sectors.

Table 10.2 Variations in FPSO/FSU field configurations

Characteristic Variations

FPSO station keeping capabilities Internal turret with 8–12 point mooring system
FPSO heading keeping capabilities Without heading control

With heading control
ST heading and station keeping capabilities No propulsion

Main propulsion (single or twin screw)
No DP system
DP1, DP2 or DP3 systems

Off-loading mode DP operated
Taut hawser operated

Interface systems With hawser connection
Without hawser connection

Distance FPSO–ST 50–100 m
80 m
150 m (proposed by some, but not used at present)
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It is shown that DP-based off-loading dominates (about 90 %) in the Norwegian
sector, whereas the fraction is just above 50 % in the UK.

The distributions for UK and Norwegian sectors of the off-loading distances
between the vessels are shown in Fig. 10.11, which is limited to fields with off-
loading based on DP operation, thus excluding fields with taut hawser and pipeline
or buoy based off-loading.

It is worthwhile noting that the distances range from 50 m up to 75–80 m in the
UK fields, whereas they range from 75–80 m up to 100–110 m in the fields of the
Norwegian sector. One field with 150 m distance is not included.

An assessment of the available extent of thruster capacity on the FPSOs and
FSUs has also been performed. There is a tendency that the Norwegian fields have
more thruster power installed, but the difference is not as extensive as that seen for
distances in Fig. 10.11.

10.4.4 Characterisation of Shuttle Tanker Collision Hazard

It is common to view the FPSO–shuttle tanker collision hazard as almost entirely a
function of the shuttle tanker’s technical and operational capabilities. This has
been proven to be too simplified a view in Vinnem (2003). It is shown that the
collision failure model in tandem off-loading may practically be structured into the
following two phases:

1. Initiation phase: shuttle tanker (ST) in drive off position forward.
2. Recovery phase: recovery action fails to avoid collision.

This model applies to collision caused by drive-off of the shuttle tanker, which
is shown in Vinnem (2003) to be by far the most important collision mechanism.
The shuttle tanker drift-off forward scenario is considered to have low probability
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and low consequence in tandem off-loading. Two parameters are defined to
characterise these phases:

• Resistance to drive-off—in the Initiation phase.
• Robustness of recovery—in the Recovery phase.

These two parameters are used in order to identify necessary requirements for
FPSO–ST field configuration, which are as favourable as possible in order to
minimise or reduce the contributions from HOF aspects to collision probability.

Resistance to drive-off implies various factors relating to control of vessel
movements on both FPSO and ST, as listed in the following.

• Shuttle tanker

– Station-keeping system (including DP, PRS(s), vessel sensors, main CPP(s),
thruster(s), and associated propulsion systems)

– DP operator

• FPSO

– Station-keeping system (including possible DP, thruster(s), main propulsion,
rudder, in addition to turret mooring)

– Station-keeping operator.

Robustness of recovery implies the capability of the shuttle tanker to initiate
successful recovery in drive-off situation, so that collision is avoided. We have to
notice further that in the drive-off situation, it is the ST DP operator who initiates
and performs recovery actions.

Significant time pressure exists during recovery, since it may only take 120 s
for ST in a full ahead drive-off to collide with FPSO stern. Subsequently, recovery
actions have to be initiated early enough in order that collision is successfully
avoided.

The robustness of recovery is therefore addressed from human action-time
perspective i.e., to clarify what factors influence the available time (time window)
and what factors influence the time needed for action initiation, respectively. It is
considered that the robustness of recovery (made by ST DP operator) is higher if
the time window is longer and/or the time needed for recovery action initiation is
shorter.

• Factors influencing the available time (time window)

– Separation distance between FPSO and ST
– DP class and main propulsion capacity of ST
– Operational phase

• Factors influencing the time needed for action initiation

– Alarm design and setting
– Job attitude and attention level
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– Operator competence via training and operational experience

A simplified version of this approach considers the following aspects:

• Resistance to drive-off: FPSO—ST station/heading keeping capabilities

• Extensive thruster systems (FPSO)
• DP2 class tanker

• Robustness of recovery: FPSO—ST distance

Figure 10.12 presents a simplified illustration of the robustness-recovery prin-
ciples, and indicates how current concepts in the North Sea fall in the diagram.

10.4.5 Barrier Modelling

Figure 10.13 outlines a barrier model for the drive-off collision hazard. The model
underlines that once an abnormal forward movement has occurred, the DP oper-
ator is the only barrier element who may provide the required barrier function of
recovery. His or her chance of success depends on a number of technical and
operational and personal factors, but the correct and timely action must be per-
formed by the DP operator.

The RIFs that determine the likelihood of success of the collision avoidance
performed by the DP operator were identified and structured in the FPSO Oper-
ational Safety R&D project, see Vinnem (2003).

10.4.6 Analysis of Risk Aspects

10.4.6.1 Experience from Incidents, Near-Misses and Questionnaires

Table 10.3 presents an overview of 19 reported incidents e.g., collisions, near
misses and ‘other’ events, for tandem loading with DP tankers in the North Sea in
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the time period 1995 up to the end of 2002. The field names of the near-misses are
not publicly available.

Five accidents occurred in the period 1996–2000. No further accidents then
occurred for almost seven years. Then on 13th November 2006, a minor collision
occurred on the Njord field, in the Norwegian sector, due to main engine black-out.
No other incidents or accidents are known on NCS after 2002, but this has not been
researched as thoroughly as for the period 1996–2002, and therefore not included
in Table 10.3. The following are the accidents that have occurred (Chen 2002):

• 1996: Emerald FSU, 28th February 1996
• 1997: Gryphon FPSO, 26th July 1997
• Captain, 12th August 1997
• 1998: Schiehallion FPSO, 25th September 1998
• 2000: Norne FPSO, 5th March 2000
• 2006: Njord B FSU, 13th November 2006
• 2009: Schiehallion FPSO, 8th October 2009
• 2012: Offshore Brazil, May 2012

There is no publically available investigation report for the 2009 Schiehallion
collision by Loch Rannoch tanker into the stern of the Schiehallion FPSO.
Available information suggests it occurred during the connection phase between
the two vessels, without significant oil spill nor injury to personnel. Reference
systems errors are mentioned. Details about the collision offshore Brazil in May
2012 are also unknown at the end of 2012, the incident may have been a DP1
drive-off scenario.

Drive-off, etc
Control of
movement

Collision
Escape,

Evacuation &
Rescue

Prevent drive-off

- Design
- Man Machine Interface
- Inspection
- Maintenance
- Operation
- Interfaces

Recovery action
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- Man Machine Interface
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- Emergency power
- Emergency lights
- Alarm/communication
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Fig. 10.13 Barrier modelling related to prevention of collision risk consequences
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Table 10.4 presents a summary of the incidents and near-misses in the period
1995–2002 (excluding the category ‘other’ in Table 10.3), focusing on which off-
loading phase and the DP class of the shuttle tanker.

For the collision incidents, the details are known from the period 1996–2002.
Four of the incidents occurred with DP1 tankers, only one incident with DP2
tankers. The four incidents with DP1 tankers occurred during the loading phase,
the one incident with a DP2 tanker occurred during disconnection.

For the 12 near-misses, just over half of them occurred during loading, two
during approach and connection, with one near-miss during disconnection. The
near-misses are evenly distributed between DP1 tankers and DP2 tankers. Another
way to express this is through the ratio between near-misses and incidents, which
is quite different for DP1 and DP2 tankers:

• DP1 tankers: 6:4
• DP2 tankers: 6:1.

Table 10.3 FPSO/shuttle tanker collisioncollision incidents and near-misses 1995–2002

Years Sector Phase Cause Type of incident DP
class

Near-
miss

Collision Other

1996 UK Loading DP failure X 1
1997 UK Loading PRS failure X 1
1997 UK Loading Operator error X 1
1997 UK Loading PRS failure X 1
1998 UK Loading Operator error X 1
1998 UK Loading CPP failure X 1
1999 Norway Loading DP failure X 2
1999 Norway Loading DP failure X 2
1999 UK Disconnection FPSO thrusters tripped X 1
1999 UK Approach DP failure X 1
2000 Norway Loading Operator X 2
2000 Norway Disconnection Manually initiated drive

off
X 2

2000 Norway Approach DP failure X 2
2000 Norway Connection Technically initiated

drive off
X 2

2000 UK Connection Operator error X 1
2001 Norway Loading PRS/DP failure X 2
2001 UK Loading Technically initiated

drive off
X 1

2002 UK Loading Rapid wind change X 1
2002 UK Loading Engine failure X 1
2003 Norway Loading PRS/DP failure X 1

Copyright 2003, Offshore Technology Conference Copyright 2003, Offshore Technology
Conference. Reproduced with permission of OTC. Further reproduction prohibited without
permission
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Although the data basis is limited, these can be interpreted as indications that
the chance to control abnormal occurrences is better for DP2 tankers than for DP1
tankers, which is not a big surprise.

What is the significance of the differences between DP1 and DP2 shuttle tan-
kers, the latter with redundancy in all active components of the DP system? This is
important both for the occurrence frequency of abnormal behaviour (such as
forward movement during off-loading), and the ability to recover the situation.

10.4.7 Trends in Occurrence Frequencies

Figure 10.14 presents a summary of the near-misses (‘incidents’) and accidents in
UK and Norwegian sectors. It may be observed that the accidents occurred in the
UK sector in the period 1996–1998, and that a similar number of incidents have
occurred since then. Detailed information is unavailable for UK after 2003.

In the Norwegian sector, there were incidents in the period 1999–2003, and
accidents in 2000 and 2006. The overall picture is a falling trend, for accidents as
well as incidents. There is on the other hand insufficient data in order to determine
conclusive trends.

Table 10.4 Classification of collision incidents and near-misses, 1996–2002

Off-loading phase

Approach Connection Loading Disconnection

Collisions
DP1 tanker 0 0 4 0
DP2 tanker 0 0 0 1
Near-misses
DP1 tanker 1 1 3 1
DP2 tanker 1 1 4 0
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10.4.8 Collision Energy and Consequences

Most of the collision impacts that have occurred have been at very low speed. Of
the five accidents listed in Table 10.3, the collision in 1996 is completely unknown
with respect to the circumstances of the impact, although the contact in general is
known to have been very light. For the contacts in the UK sector, the following
contact speeds have been calculated from available information:

• 0.10 knots
• 0.11 knots
• 0.16 knots

Thus the contact energy in these incidents has been very low, in the range
0.13–0.32 MJ. The impact speed of the Norne accident was stated as 0.6 m/s (1.2
knots), and the impact energy was 31 MJ, which is one of the most powerful
collisions ever in north-west European waters. The impact speed of the Njord
accident was stated as 1.2 m/s (2.4 knots, see Sect. 9.1.2.5), and the impact energy
was 55 MJ This emphasises the potential for high collision energies in these
scenarios.

The consequences in the UK accidents have been negligible. Only minimal
structural damage was caused to FPSO and shuttle tanker in the Norne and Njord
impacts.

It should be noted that quite high collision energy would be needed in order to
damage a cargo tank. Most shuttle tanker impacts will occur in the stern of the
FPSO/FSU, which is quite some way from the cargo holding section, usually
shielded by engine room(s) and similar.

10.4.9 Accidents and Incidents for Taut Hawser
Configurations

It was stated in Sect. 10.4 that taut hawser is not considered in the risk assessment.
It may nevertheless be worthwhile to comment on the occurrences of accidents and
incidents.

No report on collisions or near misses during loading with taut hawser has been
found, but one incident of hawser breakage is known. It is known that Petrojarl 1
(taut hawser) had one near-miss during its first months of operation, in late 1986,
but the actual number of incidents with taut hawser prior to 1995 is unknown.

It should also be noted that the extent of experience data for taut hawser
off-loading is substantially lower than for DP operated off-loading, probably 20 %
or less. Even if the probability of collision was the same with taut hawser as for DP
tankers, it would not be unlikely that no accidents had occurred.
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10.4.10 Main Contributors to Collision Frequency,
in Drive-Off

An assessment of the main contributions to collision frequency has been per-
formed in Vinnem et al. (2003), based on incident experience as well as various
expert evaluations, see Table 10.5. The contributions to collision frequency in the
table, which also are presented in the diagram, should be considered order-of-
magnitude values, rather than exact predictions.

The combination of technical and human/operational dependability is judged to
be the most significant contributor; assessed by expert judgement to cause about
40 % of the collisions.

Human/operational factors contribute alone as well as in combination with
other factors. Actually it is assessed that human/operational factors, possibly in
combination with other factors, may contribute to 80 % of all collisions. This
results when all sectors of the ‘human/operational’ circle in the diagram are
considered, including the sectors that overlap with other factors.

Similarly, technical dependability (possible in combination with other factors)
is judged to contribute to about 70 %, and external conditions is in total judged to
contribute to about 35 % of the collision incidents. The percentages add up to
more than 100 %, due to the overlaps being counted twice.

Table 10.5 Ranking of RIF group combinations (expert judgments)

RIF group/RIF group combination Ranking Contribution
(%)

1. Technical dependency alone 4 10

Technical
Human /
Operational 

External

15%

40%

10%

15%

10%8%

2%

2. Human/operational dependency
alone

2 15

3. External conditions alone 7 2
4. Technical and Human/

operational (in combination)
1 40

5. Technical and external (in
combination)

6 8

6. Human/operational and
external (in combination)

5 10

7. Technical and human/
operational and external (in
combination)

3 15
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10.4.11 Experience Data

10.4.11.1 Norwegian Sector

The assessment of experience data has been based on input from the following
sources:

• Statoil (Tveit 2003)
• COAST (Safetec Nordic 1996).

The main statistics in this subsection is based on work done in the research
project until 2003. Values are also available for NCS for the recent years. The total
number of shuttle tanker loadings in the period 1 January 1995 to 31 December
2011 is calculated to over 3,000 operations, with a build-up as shown in
Fig. 10.15. From a modest start in 1996, the volume of visits has been quite stable
since year 2000, somewhat above 300 loadings per year in the early start of the
decennium. Many of the fields are in their decline phases at the time of writing.
The additional data is based on RNNP (PSA 2012).

In Norway, there is only one field with taut hawser operated off-loading, the
Glitne field, with Petrolarl 1 FPSO, which is not included in the diagram.

10.4.11.2 UK Sector

The assessment of experience data has been based on input from the following
sources:

• COAST UK (Safetec Nordic 1996)
• Input from Navion (Wiik 2003)
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The total number of shuttle tanker loadings in the period 1 January 1995 to
31 December 2003 is calculated to 3600 operations, with a build-up as shown in
Fig. 10.16.

These operations started earlier in the UK than in Norway, but still had a
modest volume in 1995. The annual volume of visits was in the 1999–2003 period
around 500 operations per year, with an increasing trend.

In the UK, there is a significant volume of operations on fields with taut hawser
based off-loadings. This is not included in Fig. 10.16.

10.4.11.3 DP1 Versus DP2 Tankers

In Norway, there has been an industry practice to require DP2 tankers for all fields
North of the 62nd parallel since the first FPSO was installed in these waters. Since
1 January 2002, there has been a regulatory requirement (PSA 2011c) that DP2
tankers shall be used on all fields. These regulations do not apply to installations
having consent dating to before 2002, and there are some fields in the North Sea
where this requirement does not apply.

It has been assumed that 90 % of operations in the Norwegian sector have been
done with DP2 tankers.

In the UK there is a requirement in the Oil and Gas UK FPSO Guidelines (Oil
and Gas UK 2002) for DP2 to be used in environmentally sensitive areas or
Atlantic frontier, otherwise there are no specific requirements for DP2 to be used.
It has been assumed that 20 % of operations in the UK sector have been done with
DP2 tankers.
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10.4.11.4 Installation Years

An alternative way to express exposure data is by means of installation years for
the FPSO/FSU installations that are being served by the shuttle tankers. For the
period 1995–2003, the following values have been calculated:

• Norway: 39.5 installation years
• UK: 70.1 installation years
• Total: 109.5 installation years

The total number of FPSO/FSU (DP operated) installation years in the period
1996–2011 is 92.

10.4.12 Accident Frequencies: 1996–2003

The principles adopted in the R&D project on ‘FPSO Operational Safety’ (Vinnem
2003) and in the work by Chen (2002) suggest a detailed modelling of frequency of
FPSO–shuttle tanker collision, which should include the following aspects:

• Resistance to drive-off
• Robustness of recovery.

These principles were outlined in Sect. 10.4.4, which referenced the most
important parameters to be distance between FPSO and shuttle tanker, DP class of
shuttle tanker and FPSO position and heading keeping beyond anchoring system.
Chen (2002) suggests a relatively detailed model which could be used directly. A
detailed model however, is rarely useable in early concept phases, but should be
performed during pre or detailed engineering.

The assessment presented here uses research data for the period 1996–2003,
and is a relatively coarse assessment based on historical incidents, where the
shuttle tanker DP class (part of resistance to drive-off) is the only parameter which
is explicitly modelled. This assessment distinguishes between DP1 and DP2 class.
This is done because DP class is considered to be an important parameter for the
resistance to drive-off.

Frequencies may be expressed per ‘installation year’ or per ‘off-loading oper-
ation’. There is an extensive variation between installations from around a dozen
off-loading operations per year to fields where off-loading occurs more than twice
per week (i.e. between 100 and 150 times per year).

It is therefore considered that on a ‘per off-loading’ basis is the most appro-
priate, in order to reflect differences between field characteristics.
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10.4.12.1 Average Collision Frequency

Based on the data reported in Sect. 10.4.11, the following average collision fre-
quency for UK and Norwegian sectors in the period 1995–2003 is calculated:

• 1.0 9 10-3 per offshore loading (1 collision per 989 offshore loadings)

This value reflects five collisions and about 4950 offshore loading operations.
Based on data reported in Sect. 10.4.11, the following collision frequency for DP1
tankers in UK and Norwegian sectors in the period 1995–2003 is calculated:

• 1.51 9 10-3 per offshore loading (1 collision per 662 offshore loadings)

This value reflects four collisions and about 2650 offshore loading operations.
Based on the data reported in Sect. 10.4.11, the following collision frequency

for DP1 tankers in UK and Norwegian sectors in the period 1995–2003 is
calculated:

• 4.4 9 10-4 per offshore loading (1 collision per 2300 offshore loadings)

This value reflects one collision and about 2300 offshore loading operations.

10.4.12.2 Trends in Collision Frequencies

The data basis for the assessment is relatively sparse, as can be clearly seen from
Sect. 10.4.11. Thus it is questionable whether trends should be calculated or not,
because they could be rather uncertain.

On the other hand, the last collision in the UK sector occurred a number of
years ago (September, 1998), and there has been more than 4,000 offloading
operations since then resulting in near-misses only. If accumulated values for UK
sector since 1995 are computed for each year in the period, the result is as shown
in Fig. 10.17. DP1 and DP2 tankers are included simultaneously.

A similar diagram may be computed for DP1 tankers, taking experience data
both from UK and Norwegian sectors; see Fig. 10.18.

0.0E+00

1.0E-03

2.0E-03

3.0E-03

4.0E-03

5.0E-03

6.0E-03

7.0E-03

1995 1996 1997 1998 1999 2000 2001 2002 2003

Fig. 10.17 Accumulated
collision frequencies for UK
sector since 1995

406 10 Marine Systems Risk Modelling



A further perspective may be created from integrating collisions and near-
misses. If we consider DP1 tankers alone, the last collision occurred in 1998, but
there have been near-misses each year since then. The accumulated frequencies for
collisions and near-misses are shown in Fig. 10.19.

All of the diagrams presented suggest a falling trend. The question is which
frequency should be considered representative for future operations. Consider the
following predictions:

• Average collision frequency, DP1 tankers, 1995–2003: 1.51 9 10-3 per off-
shore loading

• Average collision frequency, DP1 tankers, 1998–2003: 4.4 9 10-4 per offshore
loading

There has been one collision for DP2 tankers in the period 1996–2003, but two
when the longer period is considered. No trend is sensible to calculate. It should
further be noted that the differences are not statistically significant, due to the
limited extent of data. This is clearly shown in Fig. 10.20.

It would thus appear that the frequency for DP1 tankers based on the period
1998–2003 is not representative. If a second accident occurs, that would double the
frequency, if the frequency from 1 January 1998 to date was considered. The
frequency for the entire period 1995–2003 is on the other hand probably too high
to be representative, and a value between these two values should be used.
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10.4.13 Accident Frequencies: 1996–2011

Figure 10.21 presents the trend in collision frequency for NCS over the period
2000–2011, based on 10 year rolling average.

10.5 Loss of Buoyancy Due to Gas Plume

Another hazard which was considered in depth in the RABL programme, is the
possible loss of buoyancy due to a gas plume in the water, typically from a subsea
gas blowout. Such occurrences have been reported on a few occasions for drill
ships.
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Model testing was carried out with an extensive programme during the course
of the RABL project (Sandvik 1988), in which very extensive gas blowout rates
were simulated. In no case could any loss of buoyancy be registered, the only
effect was in fact a net upward force with the highest gas flow rates, due to the high
velocity upwards flow of water caused by the gas plume (see also Sect. 11.5).

Riser rupture just below the pontoons was also simulated, with the same result.
The conclusion from the tests was therefore that loss of buoyancy due to a gas
plume in the sea is not a feasible hazard for a semi-submersible installation.

Sandvik (1988) refers to a survey conducted, in which 11 incidents were
reported in relation to loss of buoyancy, eight incidents involving barge or ship
type structures, and three with semi-submersibles. The major conclusions were:

• The sinking could not be related to plume density reduction in any of the cases
where the vessel sank (about one third). Hull damage due to explosion and
down-flooding of open compartments were the major factors.

• Some apparent loss of freeboard and a list or heel angle into the boil were
observed in most cases, especially on ships or barges.

• Low freeboard ships or barges were most prone to sinking. They experienced
large amounts of water on deck. This effect was not observed on semi-sub-
mersibles. The following phenomena are the main contributors to ship flooding:

– Elevated water surface and froth layer in the central boil
– Heeling moment caused by the interaction of the flow force on the hull and

the anchor system with mooring lines from deck level, such as indicated in
Fig. 10.22.

10.6 Accidental Weight Condition

An accidental weight condition may in theory lead to capsize of a semi-sub-
mersible installation, for instance unsymmetrical weight conditions, or partial
anchor line failure. The RABL project concluded (Vinnem 1988) that the proba-
bility of these events was very low, and may be disregarded.

Fig. 10.22 Single hull
vessels are pushed to one
side, and the mooring line
forces can cause heeling into
the plume
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It should be noted that the failure of two anchor lines on Ocean Vanguard (see
Sect. 4.28) in the Norwegian Sea in December 2004 caused a list of some 8–10�,
which is a significant list, but not at all critical.

10.7 Tow-Out and Installation Risk

Risks associated with tow-out and installation of offshore structures and modules
include risks during transportation and during installation. Installation risk is
mainly a dropped object phenomenon (see Sect. 11.1) where an incident during
installation is briefly reviewed in the introduction.

Hazards during transportation include collision, grounding, loss of buoyancy or
stability; these hazards have been considered earlier in this chapter. The analysis of
risks during tow-out is discussed by Trbojevic et al. (1994).

One case of failure is known from the North Sea in the late 1970s, where during
tow-out of a jacket structure, partial loss of buoyancy occurred just a few hundred
meters prior to reaching the location, and the structure was lost without the pos-
sibility for recovery.
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Chapter 11
Risk Due to Miscellaneous Hazards

11.1 Crane Accidents

Accident and incident experience may be used in order to illustrate the risk picture.
If we start with dropped objects, the main characteristics in the North Sea are as
follows:

• Several fatalities have been caused when the entire crane has toppled overboard,
but this was before 1990.

• Equipment damage has been caused by falling load impact on the deck.
• Subsea wellheads have been damaged especially as a result of BOPs falling

during exploration drilling.

Fatal crane accidents were quite frequent in the period 1975–1985, with
approximately one such accident per year in the North Sea. However, only one
accident has occurred since 1985. This occurred in 1988, when the crane hook
caught on a vessel due to heavy swells and the crane was dragged overboard. All
of the fatal accidents have occurred in the British sector of the North Sea.

One somewhat special crane accident occurred on 3 December 1998 during
installation of the production deck for the compliant tower platform on the Pet-
ronius field in the US Gulf of Mexico, in some 530 m water depth, where one of
the two deck modules for Texaco’s Petronius project fell into the Gulf of Mexico
during installation as it was being lifted into place by J. Ray McDermott’s DB50
barge. The north module was hoisted by the DB50 into place on the compliant
tower structure earlier the same day, and was in the process of being secured. The
north module weighed 3,876 tons and contained well bay, power and compression
equipment. The south module which fell into the sea weighed 3,605 tons. The
module contained the production equipment, water flood facilities and crew
quarters.

The south module was in the process of being lifted when it suddenly broke
from its support. The module struck the transport barge as well as the DB50 before
falling to the sea floor. Both barges sustained some damage.

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
DOI: 10.1007/978-1-4471-5207-1_11, � Springer-Verlag London 2014
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It is claimed sometimes that less serious crane accidents are quite frequent, but
it appears that systematic recording is not performed. A detailed study of causes of
dropped loads has been performed for PSA, but is only available in Norwegian
(Drangeid et al. 2005).

11.1.1 Modelling of Dropped Object Impact

The modelling of risk associated with dropped objects is often formulated as
follows:

PFDI ¼
X

I

Ni PDi

X

J

PHij PFij ð11:1Þ

where

PFDI = probability of equipment failure due to dropped object impact
Ni = number of lifts per load category, i
PDi = probability of load dropped from crane for load category i
PHij = probability of equipment j being bit by falling load in category i, given that

the load is dropped
PFij = probability of failure of equipment j given impact by load in category i.

The probability of hitting equipment in particular requires further modelling
depending upon the type of equipment that could be hit, the process equipment on
deck, the support structure above or below water, and/or the arrangement of subsea
installations.

In addition to the probabilities of hitting equipment, the energy of the impacting
load and the energy transfer both have to be established as the probabilities of
failure due to impact are very dependent on energy levels. Each of these aspects is
discussed separately below. The physical modelling of the fall is considered first.

11.1.1.1 Crane Load Distributions

Cranes are of vital importance to the operation of an offshore platform. During the
drilling period in particular the cranes are operated almost continuously. Even
during normal production operations the cranes are used regularly.

The loads handled with cranes differ in weight from light loads to multiple drill
collars with weight to up to about 30 tons. In addition blowout preventers (BOPs),
which can weigh up 150–220 tons, are handled with the derrick drawworks. The
mass of an object and its velocity determine the energy it will gain through a free
fall, and thus the damage it might cause. It is also likely that the probability of
crane failures increase with increasing weight. Therefore, it is important to obtain
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statistics on the load distribution for crane activity. Table 11.1 presents two load
distributions that are considered to be representative.

This table shows a typical number of crane operations per crane during one year
for a production installation, both for simultaneous drilling and production, and for
normal production operations. Other surveys have given a range from
2,700–30,500 lifts per year, depending on the number of cranes (from one to four
cranes).

BOPs are mainly moved during drilling or workover, and usually not by the
crane. During the drilling of one well, the BOP may be moved 1–5 times, by
special lifting/transporting equipment and derrick drawworks. There are several
known instances where a BOP has been dropped during such movements. This
may cause damage to the BOP itself, but also cases of damage to the subsea
installations are known. A fatality has also occurred in one instance when a BOP
was dropped.

In addition to falling loads from a crane, there have been various cases of boom
fall and crane fall in the North Sea. The first type of accident arises when the crane
boom (typically 25 tons) falls from the crane, and the second when the entire crane
structure (typically 60 tons) breaks loose from its base.

The main hazard associated with the fall of a crane structure or boom is that the
crane driver may not be able to escape in time, and thus be dragged under the
water with the crane.

11.1.2 Physical Aspects of Falling Loads

There are principally two cases that need to be considered separately in modelling
the fall of a load from a crane. These are:

• Loads that are dropped onto equipment/structures on the deck or otherwise
above the sea surface.

• Loads that are dropped over the sea with the possibility to hit structures in the
water or on the sea bottom.

The first case has only one phase, whereas the second case has three phases, the
fall through air, the impact with the sea surface, and the fall through the water.

Table 11.1 Load
distribution for different
phases of production

Load
categories

Load distributions (%)

Simultaneous drilling
and production

Normal
production

Heavy or multiple
drill collars

22.2 0.0

Other heavy ([8 tons) 0.3 0.7
Medium heavy (2–8 tons) 27.1 33.6
Light (\2 tons) 50.5 65.7
Number of lifts/year 20,884 8,768
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The following discussion is focused on these three phases which, implicitly
address the first case as well.

11.1.2.1 Fall Through Air

Friction loss during the fall through air is negligible, due to the high specific
weight of loads and thus a falling object will accelerate towards the sea surface in
accordance with the force of gravity. The sideways movements will be determined
by possible movements of the platform (applicable to floating units only) and the
crane hook. Typically the dropped object will hit the sea at an angle within 3� of
the angle it was positioned when on the crane hook.

11.1.2.2 Impact with Water

A falling object will hit the sea surface with the velocity v1, and proceed through
the water with the velocity v2. These two velocities are given by the following
equations:

v1 ¼
ffiffiffiffiffiffiffiffi
2gh

p
ð11:2Þ

v2 ¼ v1 �
Z t

0

P tð Þ
mf0

dt ð11:3Þ

where

g = gravity acceleration
h = height from which the drop occurs
P(t) = impact force
mfo = object’s mass

The integral represents the loss of momentum during the impact with the water
surface. It is shown that this integral is a function of:

• the density of the object
• the impact angle with the water surface
• the mass of the falling object
• the density of water.

After the impact the object will accelerate towards its terminal velocity, vt,
given by:

vt ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 W � Oð Þ
Cd � A � q

s

ð11:4Þ
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where

W = gravity force (in air)
O = buoyancy force
q = density of water
A = cross-section area
Cd = shape coefficient of the object depending on the Reynolds number

It is also known that an object will tend to oscillate sideways during the fall
through water. These oscillating movements are determined by the impact angle
with the water surface and the external shape of the object. ‘Barlike’ objects and
objects with large surface areas will oscillate more than massive and spherical
objects. An oscillating object will have a lower terminal velocity than a non-
oscillating object.

The path of the object through the water is also influenced by the currents that
are present. After passing the sea surface, the object will move a distance s in a
horizontal direction where s is given by the equation:

s ¼
Z t

o

v0
X t

1þ X t
dt ð11:5Þ

X ¼ q � C A v0

2 mf0
ð11:6Þ

where

v0 = current velocity
C = drag coefficient

The drift caused by the currents has to be taken into consideration when cal-
culating the most probable landing point on the seabed of a falling object.

11.1.3 Probability of Dropped Loads

The probability of dropped loads during crane operations is considered to be
dependent on the characteristics of the load and environmental conditions (when
floating installations are involved). It is however, unusual to have sufficient data to
discriminate between these differences. Typically, only one average frequency
may be estimated, for instance, an average drop frequency per lift or per crane
year.

WOAD� (DNV 1998) is probably the most commonly used data source for
incidents involving dropped loads, falling crane boom or failure of the crane base
itself. It is considered that events such as the failure of the crane boom or base, are
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unlikely to occur without being noticed and reported. When it comes to loads
falling during handling, it is quite likely that these may not be reported if there is
no subsequent damage. It is therefore quite possible that the frequency of falling
loads based on WOAD� reported events is an underestimate.

The typical frequency of dropped loads per crane is in the order 10-5–10-4

loads dropped per crane per year. For critical lifting operations, particular
emphasis is sometimes placed on adhering to strict procedures and this is some-
times called a ‘procedure lift’. The frequency of dropped loads may under such
conditions be typically 30–70 % lower than the value for a ‘normal’ crane
operation.

11.1.4 Probability of Hitting Objects

It is useful to distinguish between different types of objects that may be hit, mainly
on the basis of the potential worst case consequences of such occurrences:

• Topside equipment: May cause loss of integrity of hydrocarbon containing
equipment possibly causing a process fire.

• Subsea installations: May cause loss of containment of production (HC con-
taining) equipment, possibly causing a significant spill.

• Structural components: May cause structural failure or loss of stability or
buoyancy.

11.1.4.1 Dropped Loads on Topside Equipment

The probability of hitting topside equipment is usually based on geometrical
considerations reflecting the areas over which the lifting is performed.

Lifting over process areas is usually not permitted by operational procedures
unless special restrictions are implemented. If a load is dropped under such con-
ditions, it may be a critical event. The probability of being hit may be expressed as
follows:

PHij ¼
Alij

Acriti
fcrit ð11:7Þ

where

Alij = area of equipment j over which loads in category i may occasionally be
lifted

Acrit i = total area of hydrocarbon equipment over which load category i may be
lifted
fcrit = ratio of critical area to total area over which lifting is performed.
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11.1.4.2 Probability of Impact on Subsea Installations

The probability of hitting subsea installations is also usually based on geometrical
considerations, which will then reflect the areas over which the lifting is
performed.

When lifting over subsea installations lifting or lowering is frequently per-
formed with a horizontal offset, in order to avoid damage to the subsea facilities if
the load is dropped. The probability of the subsea equipment being hit may be
expressed as follows:

PHij ¼
Alij

Asubsi
fsubs ð11:8Þ

where

Alij = area of equipment j over which loads in category i may occasionally be
lifted

Asubs i = total area of subsea equipment over which load category i may be lifted
fsubs = ratio of area over subsea installations to total area over which lifting is

performed.

11.1.5 Consequences of Impact

11.1.5.1 Consequences for Topside Equipment

The principles are the same as for subsea equipment, outlined in the following
section. It should be noted, however, that the probability of loss of containment
and subsequent fire is often considered in a simplified manner.

11.1.5.2 Consequences for Subsea Equipment

The most important installations which may be subjected to falling objects, are
underwater production systems (UPS) and pipelines.

Underwater production systems are mechanical equipment units, consisting of
pipework, valves and controls, mounted on a frame or in an enclosure on the
seabed. Their purpose is to connect the wells to the pipelines or risers which
convey the well fluids to the process module. Typical UPS-modules are Xmas
trees, made to control and shut down the wellstream, and control modules. UPS-
modules normally have masses up to 30 tons. A Xmas tree has a height of about
4 m, and covers a horizontal area of about 8 m2. Pipelines on the seabed for oil and
gas, have diameters up to 4000 inner diameter.
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The actuators on the Xmas trees are among the most vulnerable subsea com-
ponents, and these are considered as an illustration of damage to subsea
equipment.

The actuators are intended to operate the valves on the X-mas tree. A typical
actuator consists of a stem which keeps the valve open. Hydraulic pressure is used
to keep the valve open against a spring. Thus, if problems lead to a loss in the
hydraulic pressure, the actuator will operate the valve, which will isolate the well.
The actuators have a length of about 1 m, and they are often mounted in relatively
unprotected positions on the X-mas tree.

The consequences of an impact are dependent on how a falling load actually
hits subsea equipment i.e., the velocity of the falling load, where the subsea
equipment is hit, the impact angle, the impact time, and the contact area. For a
specific load, these values are difficult to estimate, and concentrates on the amount
of energy which is transferred between the objects, and the deflection this energy
causes on the equipment. For an actuator the deflection is:

y ¼ P
l3

3
E � I0 ð11:9Þ

P ¼ 2 mf0
v

td
ð11:10Þ

where

l = length

E = elastic tension module

I0 = moment of inertia

mfo = mass of falling object
v = velocity of impacting object (before contact)
td = duration of energy transfer during impact

Some calculations have been made for ideal situations. These indicate that a
falling load with a mass of 2 tonnes could easily damage an actuator, and for
heavier loads a blowout would be a most probable consequence. The same loads
applied to a pipeline may cause damage and leakages.

11.1.5.3 Consequences to Structural Components

Loads due to falling objects and equipment are a result of the impact energy,
direction and geometry of the contact area. Hence, it is natural to distinguish
between loads due to long cylindrical objects (pipes) and loads from bulky objects
because they have different drop rate, trajectory/velocity in water, and effect on the
structure. The impact loads on the following structural components are of interest:
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• topsides
• module support beams
• supporting structure
• buoyancy compartments.

The elements supporting structure and the buoyancy compartments will often
need to be subdivided further, due to strength variations, different hit probability,
etc. In principle, the probability of an impact by a falling load should be based on:

• Frequency of lift operations.
• Frequency of dropped loads as a function of lifting procedures, precautions, etc.
• Conditional probability of drop location and height.
• Conditional probability of a particular dropped object hitting a particular

structural component, given the drop location and height. For underwater parts
of the structure due account needs to be taken of the behaviour of the load in
water (which depends upon the object’s angle with the water surface when
hitting the water, its shape etc.).

• Conditional probability of impact geometry (e.g. the angle between the axis of a
pipe and the impact surface), given a dropped object and a hit.

• Conditional probability of velocity, with a given dropped object and a hit.

Studies are often based on several simplifications, due to lack of data.

11.1.6 Impact Energy Distributions

The energy distributions may be calculated based on geometrical distributions,
frequencies, and probabilities of failure and hit. Three examples are presented
below, for columns of a floating production vessel, module supports beams, and
topsides modules. Table 11.2 applies to impact on columns and the top of the
column, while Table 11.3 applies to impacts on cantilevered structures and
exposed beams.

RNNP has collected an extensive amount of dropped object incidents on pro-
duction installations. Figure 11.1 presents the conditional exceedance probability
distribution for impact energy for the dropped objects. The curve applies to all
types of dropped objects, not only from cranes.

11.1.6.1 Impact Energy Exceedance Curves

Figure 11.2 shows an example of an impact distribution of loads dropped from a
crane. The annual impact frequencies shown relate to hits on a subsea installation,
as a function of the impact energy.

For design purposes, this would not be sufficient information, as the type of
object, its velocity etc, would also be needed.
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The next diagram, Fig. 11.3, presents separate impact energy distributions for
three different objects, two ‘barlike’ objects (light and heavy) and medium ‘box-
like’ (edged) objects. The distributions correspond to the maximum energies
shown in Table 11.4.
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Fig. 11.1 Impact energy distribution for dropped objects on production installations,
2002–2010, NCS

Table 11.3 Cumulative hit frequencies and energies for dropped objects on module support
beam

Target Energy class, kJ

0 200 400 800 1600

Cantilever 2.5 9 10-4 2.5 9 10-4 2.5 9 10-4 3.0 9 10-6 2.9 9 10-6

Module beam 1.0 9 10-4 1.0 9 10-4 6.4 9 10-5 6.4 9 10-5 1.9 9 10-6
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11.2 Accidents During Tow

Accidents during tow are particularly relevant for jack-up platforms. An overview
of accidents to jack-up platforms for the period 1980–1993 (DNV 1998) revealed
that 11 accidents out of a total of 69 accidents were due to towing problems.

Serious accidents during towing of jack-up platforms have also occurred in the
North Sea, in August 1990. The West Gamma jack-up was being towed between
two locations in the North Sea, when it capsized during severe weather conditions.
No fatalities occurred.

11.3 Man-Overboard Accidents

Man-overboard accidents may be considered a subcategory of occupational acci-
dents, but are an important subcategory, particularly because a person falling
overboard is in need of assistance from emergency response services, by means of

Table 11.4 Energies of falling objects at seabed level

Load type Weigth, tons Speed, m/s Hit energy, kJ

Light, barlike 1 10.3 53
Light, edged 1 3.1 4.6
Medium, barlike 5 9.0 200
Medium, edged 5 4.0 41
Heavy, barlike 19 12.8 1540
Heavy, edged 19 5.1 250
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a Fast Rescue Craft (FRC), or Man-Overboard (MOB) boat. Lately, Daughter
Crafts are also being used, i.e. a large MOB boat, with a small steering cabin that
also serves as a shelter for crew and survivors, and dual propulsion systems.

The emergency resources may be installed on the installation itself, and/or on
the standby vessel. There is a requirement in Norwegian legislation for production
installations that two independent systems be installed. A daughter craft will
satisfy this requirement due to its dual propulsion systems.

Installations in North-west European waters have a large freeboard, due to high
wave heights in extreme conditions. This implies that a person falling over board
may fall up to 30–40 m before hitting the sea. Persons falling over board may be
injured due to hitting structural elements in the fall, or when hitting the water.
They may also suffer from hypothermia if left in the water for a long period
without protective clothing, and may also drown. It is therefore important to rescue
such persons within a short period.

The North Sea practice is that a person should be rescued out of the water
within 8 min from the alarm is sounded. This implies that MOB boat crews must
be available rapidly when performing activities that may lead to man-overboard
accidents, such as when erecting scaffolding over the side of the installation.

11.3.1 Frequency of MOB Accidents

The Risk Level project (PSA 2012) is the source of overview of occurrences of
MOB accidents in the Norwegian sector. In the UK, HSE has published overview
of accidents and incidents on production and mobile installations.

Figures 11.4 and 11.5 presents the available statistics for the Norwegian and
UK sectors. It should be noted that the majority of the MOB incidents in Nor-
wegian waters have occurred from attendant vessels. These are not covered in the
UK statistics. The frequencies are therefore not directly comparable.

There have not been any fatalities due to MOB incidents in Norwegian waters
in the period 1990–2011. If we restrict consideration of the UK sector to
1990–2005, there have been two fatalities, in 1990 and 1996, the former from a
mobile installation, the latter from a production installation.

In order to compare the two sectors, we restrict the consideration to production
and mobile installations in the period 1990–2003:

• UK: 10 incidents
• Norway: 5 incidents.

It should, on the other hand, be observed that more incidents have occurred on
attendant vessels in Norwegian waters, compared to production and mobile
installations. When it is considered that there are more UK installations than
Norwegian, and that the average annual number of manhours in the UK industry is
about 50 % higher than in Norway, the ratio between the number of cases may not
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be very different, when normalised according to the manhours. If we calculate the
incident frequency, the values are:

• UK: 1.5 incidents per 100 million manhours
• Norway: 1.3 incidents per 100 million manhours.

In the UK sector we may calculate a FAR value, based on the fatalities that
have occurred. The value is based on the period 1990–2003, as an average for
production and mobile installations:

• UK: FAR = 0.30.
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11.3.2 Scenarios Involving MOB Accidents

The Norwegian data is, as noted above, the most detailed, which gives the best
opportunity to consider scenarios where man-overboard incidents have occurred.
Figure 11.6 shows an overview of the scenarios where such incidents have
occurred in the Norwegian sector, whereas Fig. 11.7 shows the same for the UK
sector.

It is shown that work over [open] sea is completely dominating (six of nine) for
the man-overboard occurrences in the UK sector, whereas the opposite is the case
for the Norwegian sector (two of 23). If vessels are excluded, the Norwegian ratio
becomes two of six occurrences, which is still considerably less than in the UK.

11.4 Structural Failure

Structural failure has been one of the difficult aspects when it comes to risk
quantification. It has generally been omitted in QRA studies, but this is unfortunate
with respect to presenting a complete risk picture. It should therefore be the aim to
include risk due to structural failure in the risk results. It must at the same time be
acknowledged that risk analysis is probably not the applicable source in order to
identify risk reduction measures and their effects. With respect to the main sources
of probability of structural failure it is practical to group the sources as follows:
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• Probability of failure of the structure resulting from statistical variations in loads
and structural loadbearing capacities

• Probability of failure due to accidents
• Probability of failure due to a gross error during design, fabrication, installation

and operation of the structure.

The first element is identical with the usual scope of structural reliability
studies. Risk in this respect should be controlled by appropriate design standards
with specified load and resistance coefficients. A low probability of failure
(i.e. \10-4 per year) is aimed for when design standards are developed. Thus, this
probability of failure usually is small compared with the other risks for structural
failure.

Probability of failure due to accidents reflects systems failures, such as ballast
system failure, anchor system failure, collision impact, falling objects, etc. These
mechanisms are addressed in other sections of this book.

The probability of failure due to a gross error is the most difficult to handle,
partly because it is outside the scope of structural reliability studies, and partly
because such gross errors are impossible to analyse with a normal risk analysis
approach. Normally, a detailed plan for verification and quality assurance of
important items in the design, fabrication and installation process is required in
order to keep the probability of gross errors in a project at a low level. Gross errors
are understood to be (Lotsberg et al. 2004):
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• Lack of human understanding of the methodology used for design,
• Negligence of information,
• Mistakes such as calculation errors (this can be input errors to the analysis

programs used and also errors in computer software that are used for design),
• Lack of self-check and verification,
• Lack of follow-up of material data testing, welding procedures, inspection

during fabrication, etc.,
• Mistakes resulting from lack of communication or misunderstanding in

communication,
• Lack of training of personnel onboard the installation that may lead to malop-

eration of ballasting systems,
• Errors in systems used for operation of the installation.

Thus, gross errors are understood to be human errors. The nature of the failures
as listed above is such that all these scenarios should be possible to detect and
rectify in time. Gross errors have been a significant contributor to the failure of
structures, and a focus on these issues is considered to be important in order to
ensure project success. Two examples of gross errors are the sinking of the
Sleipner GBS structure during construction (Trbojevic et al. 1994) and the over-
pressure of the cargo system on an FPSO, referenced in Vinnem (2000).

The approach used by Lotsberg et al. (2004) as outlined in Fig. 10.1 may be
useful in order to indicate the risk contribution from gross errors.

11.5 Subsea Gas Release

The possible sources of subsea gas leaks are subsea gas wells, as well as subsea
leaks from risers and pipelines. Subsea oil leaks are not considered in this context.
The special aspect associated with a gas plume in the water is that a flammable gas
cloud may be formed above the sea surface. The possible consequences for
buoyancy of floating objects are discussed in Sect. 10.5.

A subsea gas leak may be observed on the surface, if the leak rate is significant,
such as in the Snorre Alpha subsea gas blowout (see Sect. 4.9). Other leaks may be
difficult to observe, and thus hard to detect, except with ROV. Visually the fol-
lowing parameters may be observed when relevant:

• The diameter of the plume on the surface
• The swell of the water within the plume
• The horizontal water speed.

There may also be a gas cloud formed above the gas plume in the sea. This may
have concentrations above LEL, depending on the size of the gas leak and other
parameters. An idealised representation of the gas plume and associated gas cloud
is shown in Fig. 11.8.
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For one 1000 kg/s leak at a depth of 100 m, the void fraction may be around
40 %, the water rise may be up to 4 m, and the diameter may be around 250 m.
The following factors will, in general, affect the behaviour and shape of the plume:

• Release rate (kg/s)
• Gas density (kg/Sm3)
• Depth of release
• Diameter of release opening
• Release direction
• Currents
• Vertical sea temperature and salt variation.

A gas cloud from a subsea gas leak may cause ignition, if an ignition source is
present within the zone with concentration above LEL. The most obvious source
of ignition could be a vessel entering the cloud. A passing vessel could enter the
zone without knowledge of its presence, or a vessel engaged in emergency
response actions if proper safety zones have not been established. See also Sect.
4.9.1, pipeline rupture at the Jotun field, in which case emergency actions were
delayed due to the need to establish the extent of the danger zone. In this event, a
plume with approximate diameter 100 m was observed by the standby vessel. The
water depth at the location of the leak was 126 m. The gas flowrate was calculated
to be initially 25–30 kg/s, later dropping to 3–5 kg/s.

In the case of the Jotun leak, the incident was detected due to the effect on the
export line pressure on the Jotun FPSO, and the leak location was detected visually
by the standby vessel, when following the line in order to search for leaks.

An important source for modelling of the gas plume in the water is Fanneløp
(1994). When the behaviour of the gas plume is established, CFD simulation may
be used in order to model the behaviour of the gas cloud above the sea surface, and
thus the dimensions of the danger zone.

Water depth

Diameter

Danger zone
Wind direction

Void fraction (%)

Fig. 11.8 Subsea gas leak which may be observed on the surface
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The extension of the danger zone is strongly dependent on the wind speed. For a
1000 kg/s gas leak, the danger zone has a typical downwind extension of around
200–300 m at sea level, with a low wind speed. With moderate wind speed
(8–10 m/s) the extension will exceed 1000 m. The zone will reach 30–40 m above
sea level.

PSA organised a joint modelling effort in the period 2006–08, from which two
reports have been published, Fanneløp and Bettilini (2007) and Tveit and Huser
(2008).
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Chapter 12
Fatality Risk Assessment

12.1 Overview of Approaches

Analysis of fatality risk is one of the crucial elements of a full Quantified Risk
Analysis. There is insufficient amount of data available for important parts of this
analysis, and there is extensive uncertainty about some of the results. It is therefore
an important element requiring thorough discussion, and consideration of the
various options available to assess the risk of fatalities.

12.1.1 Why Fatality Risk?

The presentation of risk to personnel is virtually without exception focused on
fatality risk, in spite of the fact that the accident statistics from PSA shows that the
ratio of fatalities to injuries for exploration and production during the last 10 years
is about 1:1400. It might be argued that the primary focus should be on injuries,
these being in much higher number.

But, as this chapter will demonstrate, modelling fatalities is very complex and is
as such a sufficiently large challenge. Including the assessment of injuries in the
QRA would be extremely difficult, and would probably be counter productive.

There is also some justification for omitting injuries. QRA is primarily focused
on major hazards, and in these cases there is probably a relatively fixed average
(at least for each accident type) relationship between the number of injuries and
fatalities, although this ratio is unknown. If we can assess the fatality risk and
focus on risk reducing measures, then implicitly we will probably also reduce the
risk of having injuries although perhaps not to the same extent.

When we address the fatality risk, particularly in the context of major hazards, it
is impossible to distinguish rigidly between fatalities and severe injuries, and it is
probably no point in doing so either. Sometimes it appears that the term ‘casualties’
is used, in order to cover both fatalities and injuries. Fatalities calculated in a
fatality risk assessment might be more correctly considered as ‘fatalities or serious

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
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injuries’. This may not be very crucial for the risk assessment, but may have some
implications for emergency planning.

Throughout this chapter the term ‘fatalities’ is used, recognising that the
distinction between fatalities and injuries sometimes is not very clear.

A final point is related to the use of fatality risk results. Sometimes it is claimed
that fatality risk results are very unsuitable for analysis of effects of risk reducing
measures. This may to some extent be correct, but is often a reflection of how
fatality risk is used. The effect of risk reducing measures is too often only
expressed in terms of the reduction of overall average FAR value for the entire
installation and its crew. Then it is no surprise that few proposals have large effect.
Effect of proposals should be quantified for more limited aspects of fatality risks in
order to see significant effects.

12.1.2 Statistical Analysis

Statistical analysis of fatality risk may be used when the statistical database is
sufficiently extensive. The extent of the database has to be seen in relation to the
objectives of the analysis. What may be sufficient in one analysis may be insuf-
ficient in other contexts. A statistical analysis is insufficient if the detailed causes
of accidents are of interest.

As an illustration, fatality statistics relating to Norwegian production installa-
tions are adequate to allow calculation of the average fatality risk to employees,
arising from occupational hazards. The results were presented in Sect. 2.2. If
differences between different trades on the installation are required, then the
fatality statistics is insufficient in order to allow the calculation of occupational
risk for particular groups of workers (trades).

Uncertainties may be less extensive in a statistical analysis, if past operations
are directly relevant to the planned operations i.e., no new hazards are introduced.
Regrettably, this is not always the case. Calculation of fatality risk based upon
statistical analysis is often used for occupational hazards, diving hazards and for
helicopter transportation hazards.

12.1.3 Phenomena Based Analysis

Analysis of accident phenomena implies that the mechanisms of accident causation
are modelled. It could also be called analysis based on physical modelling. This
usually involves a stepwise analysis, typically involving a sequence of events such
as causes of fire, fire loads, responses, and effects on personnel from fire loads.

With this modelling approach, the behaviour of a person during a major
accident may be described as a process of several steps in series, as indicated in the
block diagram below.
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Figure 12.1 shows the various steps a person has to go through in order to
preserve his or her life in the event of a major accident. The relevant parts of the
analysis where possible fatalities will be assessed are indicated below the blocks of
the diagram.

Uncertainties are usually associable with each step of the analysis. This may
lead to a higher level of uncertainty with this type of analysis as compared to
statistical analysis. In fact, uncertainty could in principle be used in order to
determine the level of detail in the analysis. The uncertainty due to simplification
may be extensive if it is only split into a handful of steps in this event, but adequate
data may be available for the analysis. In the opposite case, if the task is broken
into perhaps two dozen steps or more, one may end up in a situation where there is
no data for most of the steps, thus again increasing the uncertainty. Some level of
modelling between these two extremes may produce an analysis with the least
uncertainty.

Major hazards are usually analysed by means of an approach reflecting the
accident phenomena, such as fire, explosion, collisions and other structural or
external impacts, as well as marine accidents related to capsize or sinking. Fatality
Risk Assessment for major hazards has the following main elements:

• Assessment of the fatalities in the immediate vicinity of an accident. This
assessment is usually closely coupled with the event trees and/or the terminal
events in these trees.

• Assessment of fatalities during escape, mustering, evacuation and pick-up. This
assessment is usually done by a separate analysis whereby different categories of
accidental events are considered.

A phenomena based approach usually has to be adopted for fatality risk
assessment for major hazards, because the statistical base is far too small. The
second aspect is that an average fatality rate would be completely unrepresentative
for a specific installation, as the fatality risk levels associated with major hazards
are strongly dependent on the probabilities of major accidents, and these are
certainly installation specific values.

Analysis of fatalities in the immediate vicinity of an accident and fatalities
during escape, mustering, evacuation and pick-up require the development of
dedicated models. Such models are introduced briefly below.

Taking shelter
from initial
accident

Escape to
muster station

Sheltered inside
TR

Access from TR
to evacuation

means

Executing the
evacuation

Pick-up & rescue
by external
resources

Immediate
fatalities

Escape fatalities TR fatalities Evacuation fatalities Rescue fatalities

Fig. 12.1 Block diagram of the total process involved in phenomena based modelling of
fatalities

12.1 Overview of Approaches 435



12.1.3.1 Analysis of Immediate Fatalities

The term ‘immediate fatalities’ usually has a double meaning, in the sense that
‘immediate’ may be interpreted as:

• Immediate in space i.e., fatalities caused at the location of the initiation of the
accident, for instance caused in the module by the initial jet fire. These fatalities
will usually also be immediate in time.

• Immediate in time i.e., fatalities caused at the time of the initiation of the
accident, for instance caused in the Shelter Area by an initial explosion (if very
strong). These fatalities may not be immediate in space.

Usually both types of immediate fatalities are included in a fatality analysis.
There are at least two different approaches to assess of immediate fatalities. These
are:

• Analysis coupled with the nodes in event trees.
• Separate scenario modelling based on terminal events.

The number of fatalities in an accident is dependent on the manning level in the
individual modules and areas at the time of accident occurrence. The analysis
should therefore distinguish between day-shift and night-shift and should take
account of the manning level in the different areas.

12.1.3.2 Analysis of Escape, Evacuation and Rescue

The entire process of emergency abandonment of an installation is often called
EER; Escape, Evacuation and Rescue. A platform emergency abandonment pro-
cess consists of three major phases (see also Fig. 12.1):

• Mustering phase i.e., the escape to TR or lifeboat stations [and temporary
sheltering].

• Evacuation phase, involving primary, secondary and in extreme cases tertiary
evacuation means.

• Rescue phase i.e., the rescue of survivors from the evacuation to a place of
safety.

Sometimes an additional phase precedes emergency abandonment, namely the
precautionary evacuation of all non-essential personnel, upon detection of a haz-
ardous situation. The entire process of emergency abandonment should be eval-
uated, from the time the alarm sounds until all personnel are safely brought to
shore or taken onboard a vessel, rescued from the sea by helicopters or have been
accounted for as fatalities.

A comprehensive model to cover all these phases will be quite complex, mainly
because there is such a large number of possible outcomes, depending on platform
conditions as well as external and environmental conditions. A statistical simulation
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method is often adopted in EER analysis, based upon ranges of environmental
conditions and failure conditions, which are used to generate particular scenarios.

The starting point of the EER modelling is to determine under what conditions a
decision to evacuate would be expected, in order to use this as a basis for the
simulation. Such information could be available from the emergency preparedness
manuals, but experience shows that this is seldom the case. Typical scenarios that
usually will require evacuation are the following:

• All blowout scenarios (irrespective of ignition).
• Process fires with escalation to other modules.
• All large and medium sized riser leaks (irrespective of ignition).
• Ignited riser leaks, irrespective of leak size.
• Majority of pipeline leaks (irrespective of ignition), in the vicinity of the

platform.
• Major structural failure as well as serious critical deformation of critical

members.

Helicopters are often the preferred means of evacuation, and will be used as
long as there is sufficient time and other conditions allow the helicopter to be used.
Precautionary evacuations are frequently undertaken by helicopter, because the
time pressure is much less severe in these cases.

Helicopters will be used in a majority of the evacuation situations, for unignited
events. Bad weather and/or risk of a gas cloud near the helideck are the main
factors preventing the use of helicopters for evacuation in such situations.

For ignited events the fraction of helicopter evacuations is significantly lower.
Shorter available time and the severity of the scenario are the main reasons for
this. For structural events evacuation will normally be by means of lifeboats, due
to short available time in these events.

Large variations are often observed in the outcome (i.e. success or failure) of
lifeboat evacuation. This is due to variation in the reliability and robustness of
evacuation means, the weather conditions, the available time and the accident
scenarios.

12.1.4 Averaging of FAR Values

Fatality risk values are often averaged over separate groups of personnel or over
the entire crew of the installation. Another typical averaging is over all personnel
who are working in the so-called hazardous areas. Such averaging will inevitably
mask quite extensive variations between individuals and smaller groups.

It is also possible to calculate average fatality risk levels in different areas on
the installation as shown in Fig. 12.2.

FAR levels may vary considerably from one platform area to another. Conse-
quently personnel working in different areas will be subjected to different FAR
levels.
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12.1.5 Variations Between Installations

Fatality risk levels have over the years been analysed for most of the installations
in the North Sea. These levels show considerable variations, due to differences
such as the date when the installation was designed, the extent of process and well
systems, the availability of a separate accommodation platform is available or not.
FAR values calculated for different installations are presented in Fig. 12.3.

The FAR values presented in this diagram, are annual average values for the
total platform crew without the contribution from transport of personnel to and
from the platform. The following contributions are included:

• Production, well and process activities, including EER effects.
• Accidents during off-duty time in the accommodation area.
• Occupational accidents.

It should be pointed out that the values in the diagram are strictly speaking only
illustrative in the sense that some of the platforms were analysed more than
15 years ago, and have had considerable modifications since that time. These
modifications are not reflected in Fig. 12.3. Nevertheless, some of the variations
that exist between risk levels of different platforms are indicated. It should also be
pointed out that the choice of platforms shown was completely random.

Some of the differences presented in Fig. 12.3 may be due to differences
between the organisations performing the QRA studies. There is some experience
that demonstrates that two organisations performing studies of the same installa-
tion may differ in results up to half an order of magnitude (a factor about 3).
These differences are due to modelling differences, differences in assumptions and
analytical premises, simplifications and possibly data. The largest differences in
Fig. 12.3 are more extensive than such variability between organisations.

It is shown that the availability of free fall lifeboats has a considerable effect on
the risk level as shown by the difference between platforms (C) and (D). It may
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further be noted that the oldest platforms (Type A), had at the time of analysis
conventional lifeboats. For the two cases illustrated here, both actually have a
limited need for boat evacuation due to being bridge connected installations. The
platforms of Types (E) and (F) have free fall lifeboats.

It may be observed that even platforms designed roughly at the same time can be
quite different from a risk point of view. The question may therefore be raised as to
what is socially acceptable. The only known reference to such a value, is the value
implied by UK Health and Safety Executive, in a number of publications which
indicate that 10-3 per year is the upper tolerability limit for average individual
fatality risk. When this is transposed to a FAR value (see Eq. 2.6 in Chap. 2), only
one of the values in Fig. 12.3 exceeds this limit. Social tolerability is outside the
scope of the present discussion.

12.2 Occupational Fatality Risk

Occupational fatality risk is usually calculated based on statistical data. There is, in
fact, virtually no alternative, because there are no available models which may be
used in order to model explicitly the occupational accident phenomena.

Section 2.2 has detailed the statistical data for occupational accidents, which
are available for production installations, mobile drilling units and offshore related
vessels. The available data is, however, most suitable for calculation of average
values for the entire industry, due to the limited data set. Thus, distinctions
between different installations and different trades may not usually be possible
purely based on statistics.
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One way which may be used to establish such distinctions, is to assume that
there is a relationship between injuries and fatal accidents, and then use the
accident statistics for a particular platform or group of works as the basis for
calculating fatalities. The FAR value from occupational accidents may then be
derived as follows:

FARi
occ ¼ Rav � Hi

occ ð12:1Þ

where
FARi

occ FAR value for installation i
Rav ratio between FAR value and injury as average for the industry
Hi

occ injury rate for platform i.

This equation is based upon the assumption that there is a constant relationship
between injuries and fatal accidents on every installation. When considering injuries,
care must be taken in order to have the same extent of injuries covered both in the
average and in the platform specific injury rate. One solution is to use details of
injuries that need to be reported to the authorities as the basis for a particular platform
or a particular operator, and then to use the authority average statistics for the Rav.
The reporting threshold for injuries in the Norwegian offshore sector is consistent
throughout this industry. This is somewhat unique; other Norwegian industries do
not have consistent reporting thresholds between the different companies.

An example of this is presented in Table 12.1. This may be used in lieu of
a comparison of fatality statistics. If no occupational fatalities have occurred
over the years at the field, no direct comparison of fatality rates is possible.
One way would then be to use the triangle of fatalities, serous, minor
accidents. This is not very accurate but may give some indication of the
occupational FAR if all else fails. The use of a triangle would be parallel
with, for instance, Heindrich’s triangle, see Kjellén (2000).

The comparison shows that the operator’s statistics were 15 % above industry
average in the 10 year period considered. The same adjustment is therefore made
in the calculation of fatality risk, which also is increased by 15 %. As noted above,
the condition which needs to be satisfied in order for this to be valid is that the ratio
between injuries and fatalities is the same for the operator in question and the
industry average.

Table 12.1 Example, operator specific FAR value

Industry
average

Operator
average

Injury rate
(per 1 million working hours)

27.2 31.4

FAR value (Average industry/adjusted operator fatality rate) 2.8 3.2
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An alternative to this approach is to replace all the injuries that are reportable to
the authorities with the so called ‘serious injuries’, the advantage is that the
definition of serious injuries is very distinct, and is actually stated in the regula-
tions. Due to this it is unlikely that there shall be any significant under-reporting.
The disadvantage is that there are fewer such injuries each year. During a five year
period for all production installations in Norway, 2006–2010, there were the
following number of fatalities and injuries:

• Fatalities: 1
• Serious injuries: 117
• All reportable injuries: 1405

An example may illustrate the use of such data. An installation in the
Norwegian sector had a fatal occupational accident about 15 years ago, has
not had fatal accidents since, and had seven serious occupational injuries in
the period 2006–2010, with an exposure of 4.96 million manhours. The total
for the Norwegian sector is 117 serious injuries, with 143.6 million man-
hours. This implies that the frequency of serious injuries is 1.41 per million
manhours for the actual installation, in contrast to 0.81 per million manhours
as an average for the Norwegian sector. If the average FAR value for the
Norwegian sector in this period is 0.70, the adjusted FAR value for the
installation is 1.21 fatalities per 100 million manhours, according to
Eq. 12.1.

It has also been suggested that the approach indicated by Eq. 7.2 may be used to
determine trade specific fatality rates on a specific installation, as follows:

FARi;j
occ ¼ FARi

occ

Hi;j
occ

Hi
occ

ð12:2Þ

where
FARi;j

occ FAR value for installation i and trade j

Hi;j
occ injury rate for platform i and trade j.

This equation assumes that the ratio of the fatality rate for a specific trade in
relation to the average fatality rate, is the same as the ratio between the injury rate
for that occupation in relation to the average injury rate on the installation. It is
doubtful whether this is a justifiable assumption. Consider the difference between
drilling personnel and administration personnel. It is unreasonable that the ratio
between injuries and fatal accidents will be the same for these two groups.

If such ratios were available from a larger statistical base, then the approach
could be used in an adjusted form. However such ratios are not available for all
personnel groups, even if all activities on the Norwegian Continental Shelf for the
last 20 years are considered. The last option is to use expert judgement to create
these ratios.

12.2 Occupational Fatality Risk 441

http://dx.doi.org/10.1007/978-1-4471-5207-1_7


12.3 Immediate Fatality Risk

12.3.1 Overview

It was noted in Sect. 12.1 that the term ‘immediate’ relates to fatalities in both time
and space. The modelling of immediate fatality risk is mainly associated with
accidents that are initiated in the topsides areas, most typically fires and explo-
sions. When external impacts on the support structure are involved, e.g. collision,
the immediate fatalities and the EER fatalities become inseparable, to the extent
that it is not fruitful to distinguish between them.

When we focus on the topside events, it becomes both meaningful and nec-
essary to distinguish between immediate fatalities, and the EER fatalities that often
occur much later. Consider for instance the Piper Alpha disaster where probably
only two or three fatalities resulted immediately from the initial blast, whereas
most of the fatalities occurred more than an hour later, when those who had
escaped to the muster area (living quarter) were either asphyxiated or died in their
attempts to get away from the platform.

There are two somewhat different approaches to the modelling of immediate
fatalities:

• Subjective modelling
• Modelling based on physical effects

The subjective modelling is a coarse approach which is quick to carry out,
builds on assumed values by the analyst, and is not particularly traceable. The
modelling based on physical effects has much better traceability, and is more
dedicated in the sense that effects of risk reducing measures may be quantified
explicitly. Both approaches are discussed in the following subsections.

12.3.2 Subjective Modelling

Subjective fatality modelling is directly based on the event trees, with fatalities
considered for relevant nodes in the event tree, for instance where explosions, fires
or escalations occur. Figure 12.4 is an example of this approach, where the event
tree for the medium gas leak shown in Chap. 6, is used as the illustration.

Usually there is no separate EER analysis carried out when this approach is
used, as all fatalities during immediate and later stages are included in the sub-
jective assessment. This is usually seen in the event tree in the sense that esca-
lations imply several fatalities. This approach is shown in Fig. 12.4.

The subjective assessment may, however, be limited to immediate fatalities
alone, and in this case a separate EER analysis will be needed based upon an
alternative approach. The high number of fatalities arising from escalation as
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detailed in Fig. 12.4 would therefore be eliminated, because the escalation occurs
after some time, when personnel have had sufficient time to escape from the
hazardous areas. The calculation of PLL from the simplified approach is quite
straight forward, with Eq. 12.2 as a starting point:

pllj ¼ ki �
Y

K

pk �
X

K

fatk ð12:3Þ

where
pllj contribution to total PLL from end event j
ki frequency of initiating event in the tree
pk conditional probability of branch k
fatk fatalities implied by node k
K set of branches that defines the path from initiating event to end event j

The values for each terminal event in Fig. 12.4 are a summation of the
following:

•
P
K

fatk

•
Q
K

pk

The total contribution to PLL from the event tree is then calculated according to
the following equation:

0.11
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2. Ignition inside
module

3. Strong explosion

4. Escalation to other
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Fig. 12.4 Illustration of the subjective fatality assessment approach
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PLLi ¼
X

K

kj � pllj ð12:4Þ

where
PLLi PLL contribution from event tree i
J total number of terminal events for event tree i

Subjective fatality modelling is quick and easy to carry out, and can also easily
be implemented in a spreadsheet if the risk calculations are done in this format.
The approach is therefore suitable to obtain a rough calculation of the fatality risk.

The main disadvantage with the approach is that it is entirely subjective, and is
usually undocumented in the sense that the factors used to calculate fatalities for
each node are not documented. It is therefore not traceable, and its repeatability is
a problem, because even the same analyst will probably not arrive at identical
results if performing the assessment more than once. Due to this lack of docu-
mentation and repeatability, the approach is not suitable for sensitivity studies,
when assessing the effect of risk reducing measures.

There are a number of disadvantages associated with this approach, but it
should be realised that the approach is still quite popular, due to the speed with
which it may be completed.

12.3.3 Modelling Based on Physical Effects

12.3.3.1 General Modelling Aspects

The shortcomings of the subjective approach may be overcome by the use of
modelling based on the physical effects arising from accident scenarios i.e., the
geometrical considerations, heat loads, explosion loads and impacts (either by
fragments, equipment or structural elements). The objective of setting up a model
based on these physical effects is to:

• Reflect the physical processes and their effects on personnel as realistically as
possible.

• Achieve a model formulation which is traceable and repeatable.
• Enable model verification in relation to experimental data and/or statistical data.
• Achieve a model formulation which is effective in assessing the possible effects

of risk reducing measures.

Some of the factors that need to be addressed in relation to physical modelling of
fatalities are related to the general shortcomings in event tree modelling. Some of
the factors that are proposed below for inclusion in the fatality model may already
be included in the accident scenario modelling, if a very detailed event tree or
more advanced techniques are used. Fatality modelling should consider factors
such as:
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• Heat loads on personnel, considering the probabilities that flames are directed
towards personnel in the area.

• Shielding against the effect of an accident arising from equipment, structures,
etc.

• Probability that escape from the initiating area is completed prior to ignition.
• Occurrence of secondary explosions, BLEVEs.
• Immediate effects in neighbouring areas.
• Probability of immediate effects in accommodation spaces and other safe areas.
• Personnel distributions for each area, considering variations according to time of

day, operational phase, etc.

The personnel distribution may be a particularly difficult aspect to model
realistically. The distribution of primary interest is that when the accident occurs,
not the average distribution during the day or shift. It is often claimed that acci-
dents are strongly correlated with human activity. For instance is it often postu-
lated that 80–90 % of all accidents are caused by personnel, although ‘causation’
has to be taken in a wide sense in order to defend such ratios.

Using the average distribution of personnel in an area is likely to result in an
underrepresentation of the risk to personnel, if personnel are involved in causing
accidents. A higher concentration of personnel close to the origin of the initial
accident may be considered, but there are aspects against such an assumption, in
relation to a gas leak.

• Only when ignition occurs within a few seconds of the leak starting, would
personnel have been prevented from escaping once the leak is detected.

• Incidents have shown that some people may move towards the source of the
leak, in order to attempt to control the leak.

• People may sometimes be ordered to verify that an alarm is genuine, not a false
alarm.

There is also another aspect which should be reflected in the event tree, if the
overrepresentation of personnel is considered valid. If people are present, then the
likelihood of manual detection of the leak may be set to 1.0.

It may be amazing, but repeated accounts of accidents refer to people being
injured because they are running towards the source of the leak (either without
reflection or in an attempt to control the fire) in order to try to limit the leak or stop
it. Probably the majority of personnel immediately injured or killed have suffered
just because of this. (The author can vividly remember how a platform manager
once described how he had entered a room to isolate a leak in an instrument. The
gas concentration was so high that it was virtually impossible to breathe!) Such
tendencies strongly support the assumption that there will be a higher than average
concentration of people in the immediate vicinity of the accident.

On balance it is probably valid to assume that there is a higher concentration of
people in the vicinity of an accident, compared to the average personnel distri-
bution during a shift. The difficult aspect is to determine what the likely increase
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would be. Sometimes a simplistic assumption is used in which it is assumed that
all personnel in the area at the time of ignition are killed. It is, however, contended
that such an assumption represents an overly conservative assessment.

12.3.3.2 Modelling Principles

It is probably only the limitations of imagination which limit how advanced a
model of fatality causation due to fire and explosion effects may be. At the same
time the model needs to be realistic and have a reasonable computing time, if it has
to be repeated thousands of times. The type of modelling often included in a QRA
may be illustrated by some examples.

Consider a small gas leak of about 1 kg/s, which is ignited at a certain point in
the module. The resulting fire is for simplicity assumed to be a diffuse gas fire. We
assume that an event tree has been generated. This example will consider a specific
branch k and that radiation levels have been calculated in relation to this end event
and a known or assumed origin (leak source). The fatalities in branch k may now
be expressed as follows:

fatk ¼
X

P

X

Xm

X

Ym

p x; yð Þ fatheat x; yð Þ A� tð Þ ð12:5Þ

where
fatk number of fatalities for branch k
p(x,y) position of persons
fatheat(x,y) probability of person in position (x,y) dying from heat loads
A*(t) adjustment factor, time dependent
P number of persons in module
Xm, Ym coordinates of module.

The value of the probability could for instance be determined as follows:

fatheat x; yð Þ ¼
1; if x; yð Þ 2 A j

R1

linear increase 0� 1; if x; yð Þ 2 A j
R2

0; if x; yð Þ outside A j
R1

8
<

: ð12:6Þ

where

A j
R1

area in inner circle around the origin with R1 (highest) heat load

A j
R2

area in doughnut outside inner circle with R2 (lower) heat load.

The heat loads R1 and R2 are determined on the basis of human tolerability
limits, see Sect. 15.10.5. Typical heat loads for R1 and R2 could be 50 kW/m2 and
20 kW/m2.
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The time dependent adjustment factor A*(t) may tie in with a time dependent
ignition probability, in order to reflect both that persons in the area may have had
the time to escape, and others may have arrived to try to isolate the leak.

The modelling of fatalities due to explosion is often done in the same manner,
using Eqs. 12.5 and 12.6, just replacing ‘heat’ with ‘blast’. The limits R1 and R2
are now to be understood as blast loads. These should in principle be determined
on the basis of human tolerability limits. This is not as straight forward as for heat.
The blast loads required to kill people are quite high, typically 3–4 bar over-
pressure. But fragments and structural failures may affect people indirectly, such
that they are crushed, or not able to escape from a subsequent fire. These loads are
therefore often based on subjective evaluations. Typical values may be:

• R1 = 0.5 bar
• R2 = 1.0 bar (see OGP 1996)

12.3.3.3 Suitability of Physical Modelling

It is usually not very easy for different analysts (or even the same analyst at a later
time) to recreate a subjective analysis associated with nodes in the event trees. The
scenario based analysis should certainly be easier to recreate, because most, if not
all, factors are assessed based upon explicit formulations and physical conse-
quence aspects and loads. However, a slight disadvantage is that it may be more
difficult for a reviewer to trace it in all details, as it is more complicated. This
should not be seen as a real disadvantage of the physical modelling, if the analysis
is fully documented.

12.3.4 Is There a Need for Benchmarking?

There has been some improvement of individual models used in QRA over the last
ten to 15 years. This has included fire and explosion load modelling in particular,
but also in the modelling of leak frequencies, ignition and so forth. Despite this
improvement, the modelling of fatalities appears to be a subject which has
attracted no interest. One gets the impression that most QRA professionals see
fatality modelling as a ‘numbers game’ which need not be taken very seriously,
because the uncertainty is high in any case.

It is probably true that most experts view fatality risk modelling as the most
uncertain element in a QRA study. Most offshore operators, however, have their
risk tolerance criteria connected to fatality risk values, expressed either in terms of
FAR values, AIR values or an f–N distribution. It may not often be recognised by
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QRA consultants that considerable costs in risk reduction measures may result due
to the over-representing of fatalities implied by the coarseness of the fatality
models. A brief and limited comparison exercise is summarised below, in order to
appraise the extent of this problem.

12.3.4.1 Summary of Immediate Fatalities in Major Accidents:
Explosions

A brief statistical analysis of immediate fatalities arising from fires and explosions
on production installations in the North Sea has been undertaken (Vinnem 1998)
for the period 1973–1997. This has been based upon an analysis of explosions,
where the following number of accidents was identified:

• Explosions with overpressure \0.2 bar: 23 cases
• Explosions with overpressure 0.2–1 bar: 7 cases
• Explosions with overpressure 1–2 bar: 2 cases.

Figures 12.5 and 12.6 are based upon an analysis of these events.
First of all the number of cases should be considered. Twenty three events were

identified with overpressures below 0.2 bar, seven in the 0.2–1 bar category. In
both these categories, there are sufficient cases to be statistically significant (on the
border line in the second category). In the highest overpressure category there are
only two events, one occurred during normal operation (no fatalities, four injuries),
and the other case occurred during a shut-down state under very special circum-
stances (no fatalities or injuries). There is very limited statistical significance in the
values from the highest category. This category is therefore virtually eliminated
from the following discussion. A summary is presented in Fig. 12.7.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0-0.2 0.2-1* >1

Explosion overpressure (barg)

F
ra

n
ct

io
n

 o
f 

ex
p

lo
si

o
n

s 
w

it
h

 
ca

su
al

ti
es

Fraction imm injuries Fraction imm fatalities

Fig. 12.5 Fractions of
explosions with immediate
fatalities and injuries

448 12 Fatality Risk Assessment



It may be somewhat surprising to find that fatalities are only found in the category
0.2–1 bar overpressure. One of the two cases with overpressure about 1 bar was
rather special in several respects. The ignition of the gas cloud occurred several hours
after the leak occurred, and just by sheer luck nobody was hurt in the blast.

One of the cases in the 0.2–1 bar category is the Piper Alpha disaster. It is
assumed, based on the indications from various sources that probably two people
perished in the initial blast (or at least were so badly injured that they could not
escape from the subsequent fire). These two fatalities are included in the analysis.
No information is available about injuries, and thus no injuries from the Piper
Alpha disaster have been included in the analysis.

It is noteworthy that in only 29 % of the cases with explosion overpressure in the
range 0.2–1 bar did fatalities occur. If both fatalities and injuries are counted
together, it can be seen that casualties occurred in 71 % of explosions. When
fatalities occurred there were on average 2.5 fatalities and when injuries occurred
there were on average six injuries. For the lowest category, no fatalities occurred,
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the fraction of cases where injuries occurred was 13 % (total of three cases), with
on average 3.7 injuries per case. One of these cases was rather special in the sense
that the gas migrated back to a workshop (unclassified area) and was ignited by an
open flame. All seven persons were injured. The event occurred more than 20 years
ago, and should not be considered representative of current standards. The average
number of injuries without this event would only be two per case with injuries.

The analysis referenced here (Vinnem 1998) is quite old, but it has not been
found worthwhile to repeat it. Some comments relating the Macondo accident may
nevertheless be appropriate. The investigation reports do not appear to focus on
the explosion and fire and how fatalities and injuries have occurred. This is
obvious to some extent, because the installation sank and is not recovered. The
testimonies by survivors on the other hand focused quite some attention on these
issues (Skogdalen et al. 2012). It is in any case obvious that the blast overpressure
has been over 1 barg. Eleven people have died, but it is unknown how they died.
Similarly, there is no documentation of how people were injured (17 people with
serious injuries). It is in any case obvious that the data from the Macondo accident
do not fall within the experience data summarized in Figs. 12.5, 12.6 and 12.7.
This tends to underline that the Macondo accident was quite extreme.

12.3.4.2 Summary of Immediate Fatalities in Major Accidents: Fires

The analysis conducted for fire events is somewhat more simplified, but the
conclusions are easier to draw. It can be observed first of all that fires are separated
into two categories:

• Local i.e., limited to the equipment where it started
• Fires involving escalation to one module or more.

The identified number of fires in these two categories was reviewed in order to
eliminate those events that had started with explosion. It was found that 13 % of
the local fires resulted from an initial explosion, whereas 53 % of the escalated
fires started with explosions. The cases shown in Table 12.2 are those that did not
start with explosion.

Table 12.2 Summary of personnel injuries and fatalities in fire events, 1973–1997

Damage category Fires Fatalities Injuries Immediate
fatalities

Immediate
injuries

Local Events 27 0 3 0 3
Fatalities 0
Injuries 5

One module or
more

Events 7 2 1 2 1
Fatalities 9 9
Injuries 7 7
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In the case of local fires, three of 27 events caused ‘immediate’ injuries, no
fatalities were caused, either as ‘immediate’ or during evacuation. Two of these
fires are not necessarily representative of topside hydrocarbon fires, since one of
the cases was an electrical fire in 1995, and another was the fire in the galley in
1988. The only relevant topside hydrocarbon fire with casualties is the crude oil
export pump on a Norwegian platform in 1989, where injuries were actually quite
minor.

For fires that escalated to the entire module (or further), two of the seven cases
caused immediate fatalities. Both of these were special however, in the sense that
the fatalities were caused inside a concrete shaft. The cases are the fire on Statfjord
A in 1978 with five fatalities (during start-up preparations), and a similar fire on
Brent B in 1984 with four fatalities and seven persons injured. None of these
casualties are really representative of topside fire events. It could therefore be
argued that even for escalated fires, no events have occurred causing casualties due
to topside hydrocarbon fires. For calibration purposes, all fires will have to be
considered as one category.

12.3.4.3 General Observations

The following overall observations may be made, relating to fire incidents:

• Surprisingly few casualties have resulted from ignited hydrocarbons leaks on
production installations in the North Sea.

• It would have been interesting to extend the analyses to other areas and include
the most recent accidents, but this would not be possible generally, due to lack
of information.

• There are indications that the average fraction of cases where casualties occur is
considerably higher in the US GoM than in the North Sea, the difference
probably being statistically significant.

• For risk analysis modelling, both the probability of fatalities and injuries should
probably be considered as more or less equal. It will probably be somewhat
random whether an injury is so severe that a person will perish or not.

• For minor explosions, it appears that about 15 % of the cases result in casualties.
The average number of casualties per event is 3.7, but this is strongly influenced
by the type of area/room where ignition occurs. In these situations it may be
argued that injuries are more likely than fatalities.

• For stronger explosions, it could be argued that casualties have occurred in
about 33 % of the cases, although the data basis is quite limited. The average
number of casualties cannot be calculated, but would probably be in the order of
10 (or more!), and would be strongly influenced by Piper Alpha. Fatalities
appear to be more probable than injuries, but the fatalities in the majority of the
cases are probably mainly caused by fires following the explosions.
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• For fires that are not preceded by an explosion, casualties have occurred in about
10 % of the cases that are relevant for topside hydrocarbon areas. The average
number of casualties is 1.7 per fire. Such events are most likely to result only in
injuries although there is theoretically (not practically, because none have
occurred) a small probability of fatalities.

12.3.4.4 Comparison with QRA Results

Table 12.3 presents a comparison of average number of fatalities per case of
explosion from some randomly selected QRA studies, as well as the average value
found from accident statistics in the North Sea in the period 1973–1997.

The comparison is limited to immediate fatalities from explosions, but it is
probably difficult to distinguish between fatalities from the initial blast, and those
that may be injured by the initial blast to the extent that they cannot escape the
effects of the subsequent fires. There are in fact indications that all actual fatalities
in explosions in the North Sea have been caused by the subsequent fires.

It is clearly demonstrated that these QRA studies are quite conservative in the
calculation of fatalities for explosion scenarios; when compared with actual event
statistics.

12.4 Analysis of Escape Risk

12.4.1 Overview

The term ‘escape’ sometimes has different interpretations. The interpretation
chosen here is in line with that adopted by the NORSOK guidelines for Risk and
Emergency Preparedness analysis. This states that the escape phase is the with-
drawal of all personnel from their working place when the accident or incident
occurs, to their designated muster station (see also Fig. 15.5). The muster station is
usually either a lifeboat station or a place inside the Temporary Refuge/Shelter
Area (according to British or Norwegian nomenclature).

Table 12.3 Number of
fatalities per explosion event
from some QRA studies,
compared with accident
statistics

QRA study Average fatalities per
explosion incident

Study i 1.38
Study ii 2.19
Study iii 1.95
Study iv 0.057
Average from North Sea,

1973–1997
0.15

452 12 Fatality Risk Assessment

http://dx.doi.org/10.1007/978-1-4471-5207-1_15


Success in escape to the muster area depends on a number of factors, which
include:

• location of the
accident

• wind direction

• size of the accident • heat and smoke protection
• heat load and smoke • capacity of escape ways and stairs
• duration • alternative routes on the particular deck as well as to decks above or

below.
• escalation

This evaluation of escape is mainly focused on fire events, including explo-
sions. In the following it is always assumed that there is a fire between some of the
personnel groups and the muster area. If this is not the case, the escape analysis
becomes trivial.

When an explosion occurs, the time of ignition determines the conditions
pertaining during the escape phase. Sometimes escape can take place prior to
ignition, and in this event escape analysis is also trivial. If this is not the case, then
an explosion may be followed by fire or not. If there is no fire then escape ways
may still be blocked by the effect of the explosion. When there is no fire, there is
no urgency to escape, and it should be possible to escape successfully even though
there may be some blockage of the escape ways.

If the explosion is followed by fire, then probably the fire is the main challenge
for escape, but blockage by structural effects may make the escape phase even
more difficult.

Other accidental events such as collisions and excessive environmental loads,
are of such a nature that either precautionary escape and evacuation can take place,
or the effect of the accident is over when evacuation is performed. Following a
collision, there will be a possibility of collapse of the platform. It may then be
decided to evacuate the platform and it is of vital importance that usable escape
routes still exist, particularly for transportation of injured personnel.

Structural events are somewhat special in the sense that the topside is either left
intact or severely impaired by overall structural collapse. Escape is therefore not
normally prevented by damage to topside equipment, but rather as a consequence
of severe structural impact to the substructure. These phenomena are such that
either all or none of the escape ways are impaired simultaneously. Consequently, if
the structural damage is less than critical, escape to muster areas should be pos-
sible. Any injuries or fatalities will thus depend on how emergency evacuation is
carried out. Thus the following discussion is limited to escape following fire and
explosion events. The escape analysis is usually performed in the following
manner:

• Qualitative engineering evaluation of escape possibilities from each area on
each deck, following different accidental scenarios.

• Provision of a summary table to show where escape problems exist.
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• Formulation of quantitative input to a fatality risk study, based on the qualitative
analysis.

Another approach uses a quantitative escape time study, whereby times are
simulated for the movement of personnel from the different areas to the TR. This
does not give an indication of where personnel may be exposed to unacceptable
conditions but it does give an identification of possible bottlenecks.

It is recommended that the sequence involving a qualitative evaluation followed
by a quantitative study should be followed at least when engineering new instal-
lations. All the following subjects are therefore discussed separately below:

• Analysis of escape times
• Impairment analysis
• Escape fatality analysis.

12.4.2 Escape Time Analysis

The ‘escape time’ is the entire period from when the alarm is sounded until all
personnel have arrived at the mustering stations (see also ‘muster time’ below).
There is software available (Soma 1995) which is able to simulate the movement
of personnel in an escape situation on a rather detailed level. This may be useful
for installations or vessels with very high manning level, but may not be partic-
ularly useful for an installation with less than 50 persons, which is often the case
on modern installations. For coarse calculations, the following may be used:

• Walking speed in corridors is often considered to be in the order of 1 m/s.
• For stairs with normal elevation the walking speed is calculated to be 0.7 m/s

along the stairs.

It may be necessary to distinguish between ‘escape time’ and ‘mustering time’.
The mustering time includes the escape time as well as the time needed to identify
any missing personnel (often called ‘confirmed POB’). Such a time may typically
be in the order of 15 min, but even for drills, more time may occasionally be
required to investigate why some persons are missing. In the following, an average
mustering time of 20 min is used.

For a large integrated installation, it is often claimed that search for and rescue
of injured persons, may take up to 30 min to complete. It should be realised that
such a time can never be confirmed and calculated precisely and will always
remain an assumed value. This is another reason why a very sophisticated and
‘exact’ calculation of the time it takes for people to move back to the Shelter Area/
Temporary Refuge is of limited value.

Some platforms have installed automatic movement registration, especially
where there may by movement of personnel between bridge connected platforms.
These systems should be capable of providing information about where a person
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was last registered in case of being missed from a ‘POB count’ at the muster
station. Some credit in terms of reduced search time, may be taken when such
systems are in place as the search area is better defined.

The minimum periods before search and rescue may be completed will be about
50 min if no automatic movement registration is applied, and 35–40 min when
such facilities are available. These values establish the minimum periods of
intactness required for the escape ways. These are inputs to the impairment
analysis described below.

12.4.3 Impairment Analysis

The impairment probability for escape ways takes into account those circum-
stances where heat, explosion load, or poor visibility due to smoke prevent per-
sonnel away from the original accident, reaching the Shelter Area. If the wind is
blowing from the process/wellhead areas towards the muster area, smoke
impairment of the escape ways may be a problem. This is particularly serious if oil
is ignited on the sea surface. Then large amounts of smoke may surround the
platform, causing problems in using external escape ways as well as hindering the
evacuation itself.

The impairment probability will take the wind direction into account in relation
to the calculated heat loads. Impairment of the shelter area occurs when personnel
cannot stay inside the shelter area for a period long enough to perform a safe and
complete evacuation.

It is common practice that each main area shall have two independent escape
routes, such that a blockage of one route is not critical. This must be taken into
consideration when the impairment probabilities are calculated.

The approach to modelling of impairment can follow the same principles as the
quantification of fatality risk during escape (see Sect. 12.4.4), apart from replacing
the probability of fatalities by impairment probabilities.

12.4.3.1 Qualitative Scenario Analysis

The qualitative analysis considers the possible escape routes from any area to the
muster area(s). An evaluation approach based on tables is suggested, where three
table formats are proposed; for movement deck by deck, a summary table, and a
table with the input to the quantitative analysis. The objectives of the evaluation
are to:

• Ascertain that there is at least one safe escape route from any area of the
platform.

• Ascertain that there is a usable alternative to this route.
• Ascertain that the escape to a safe area is as short as possible.
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• Point out details of the present arrangement which could be improved to meet
the goals above.

A safe escape route implies that the route will be passable for a sufficiently long
period after the event to allow escape of all personnel to the muster area. A usable
alternative (secondary) route requires that the route at most is partly exposed,
although complete exposure may be tolerable if the route is very short.

In the qualitative analysis, one table describes the possible escape routes from
one deck to the muster area(s). A sample table is shown in Table 12.4.

The use of some type of form is considered to be essential in the documentation
of an analysis of escape routes and fatalities. This avoids ending up with an
analysis which is extensively based on subjective and non-traceable evaluations
made by the analyst.

A number of abbreviations and code words are used in the tables. These are as
follows:

• Primary Route The first choice for a person being in the particular area described in the
table. The primary route should preferably be one which is not exposed to
fire loads even when the running distance to the muster area is longer than
the shortest way (see below).

• Secondary Route The best alternative to the Primary Route when this is unusable. The
Secondary Route should also offer a relatively high success probability.

• Alternative
Mustering

Mustering for evacuation in areas other than the mustering station.

A muster station is defined as a place at which personnel may gather in a
relatively safe environment prior to evacuation or abandonment of the installation.
If there are parallel escape ways on both sides of the platform these should be
counted as two alternative primary escape ways (not as primary and secondary),
due to the fact that escape on one side may easily be prevented by heat loads,
depending on the fire origin and the wind direction.

The distance to move is a function of the platform size and design. The fol-
lowing abbreviations are used to characterise the distance to escape:

• Short If the deck has direct access to the muster area, the shortest way is the walkway
on the sides of the deck being considered.

• Medium When it is necessary to descend or ascend one deck level to avoid the fire loads,
the distance to run is denoted medium.

• Long When it is necessary to descend or ascend two or more deck levels to avoid the
fire, the distance is denoted long.

A medium or even a long route may sometimes be preferred (Primary Route) to
avoid the consequences of fire. The protection against fire loads during escape is
therefore important. The following classifications are used to classify the escape
ways protection:
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• Protection

– Exposed Lack of shielding by deck or bulkhead for the entire length of the
escape way.

– Partly exposed Lack of protection on part of the length of the escape way.
– Good Escape way shielded for the entire length.

The individual scenario tables for each module and each hazard category are
summarised into an overall table. A sample table is shown in Table 12.5. This
table uses the same abbreviations as shown for the individual modules.

12.4.3.2 Input to Quantitative Analysis

The qualitative evaluation provides the input to the quantitative escape study. This
input consists of the following distributions:

• Number of personnel in muster area (input to Evacuation study).
• Number of personnel at secondary evacuation station (input to Evacuation

study).
• Number of personnel trapped in other areas (input to Fatality risk study).

An example format is presented in Table 12.6.

12.4.4 Escape Fatality Analysis

Escape fatality analysis is usually performed for the terminal events in the event
trees. The basis of the proposed modelling is the same as in the physical modelling
of immediate fatalities, see Sect. 12.1.3.1.

This outline considers only one escape route on one deck, ER(x, y), without
vertical movements, and one terminal event in the event tree, j. The fatalities in
branch k may now be expressed as follows:

fatER;j ¼ PER fracfatER;j Aþ tð Þ ð12:7Þ

where
fatER,j number of fatalities during escape for end event j
PER number of persons needing to use escape way ER
fracfatER,j fatality fraction for ER for end event j due to heat loads
A+(t) adjustment factor, time dependent, to cover amongst other factors, the

possibility that ignition occurs after escape has been completed
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The value of the probability could for instance be determined as follows:

fatER;j ¼
1; if _qðx; yÞ� 50 kW=m2

linear increase 0� 1; for area with _qðx; yÞ� 20 kW=m2

0; if _qðx; yÞ� 20 kW=m2

8
<

: ð12:8Þ

where
_q x; yð Þ heat load on ER (x, y)
R1 lowest heat load limit for no survival
R2 highest heat load limit for complete survival
X, Y coordinates of escape route

The heat loads R1 and R2 are determined on the basis of human tolerability
limits, similar to those mentioned in Subsection 6.9.5. Typical heat loads for R1
and R2 could be the same as for immediate fatalities, 50 and 20 kW/m2.

12.5 Analysis of Evacuation Risk

12.5.1 Overview of Evacuation Means

A realistic evaluation of the evacuation options is required prior to an evacuation
risk analysis. In the beginning of this chapter the use of helicopters for emergency
and precautionary evacuation was briefly introduced. A helicopter will normally
be preferred for evacuation when time and conditions allow. The following dis-
cussion illustrates the considerations and evaluations that are performed for an
actual installation. There are two options for helicopter assistance in an emergency
situation:

• Helicopters located on the field
• Helicopters from an onshore base.

There are also two alternative sources of onshore based helicopters:

• SAR (Search and Rescue) helicopters
• Normal helicopters for personnel transport.

Table 12.6 Summary table for input to evacuation analysis

Accidental
scenario
(main categories)

Number of personnel in
muster area

Number of personnel at secondary
evacuation station

Blowout, wellhead
area

80 15

Blowout, drill floor 90 5
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Some years ago, there were few fields in the North Sea which had a helicopter
stationed offshore permanently. None of them were full SAR helicopters, but some
had partial SAR facilities. Whether SAR capabilities are essential or not depends
entirely on the accidental scenario.

Conditions are somewhat changed in the Norwegian sector. Today there are
several full SAR helicopters stationed offshore. This has resulted from much more
extensive cooperation between fields and operators relating to emergency pre-
paredness. The overall picture is that standby vessels have been reduced in
number, and SAR helicopters have been increased. Typically, five to ten instal-
lations within an area are covered by one SAR helicopter permanently stationed on
one of the installations. The same installations may also share one or two standby
vessels.

An analysis of risk levels on the Norwegian Continental Shelf (Vinnem and
Vinnem 1998) considered two assumed field locations, and the possible helicopter
response times for these two fields. Table 12.7 is extracted from that work
showing the distances and minimum response times for SAR related services.

The two cases considered, are an FPSO installation (50 persons crew) at the
following locations:

• Norwegian North Sea Block 30/8, 15 km South West of Oseberg Complex.
• Norwegian Sea Block 6507/6, 30 km North East of Heidrun, 35 km South West

of the Norne field.

The onshore based SAR services have Sea King helicopters which can take 18
passengers, and have a cruising speed of about 190 km/h. If transporting
stretchers, it is possible to load seven stretchers with injured personnel. The Sea
King is also fully equipped for search and rescue operations during times of
darkness and low visibility.

The offshore helicopters are actually more modern and have to some extent
better equipment, and may have a higher cruising speed. They are with one
exception so-called ‘all weather SAR’ helicopters. Other helicopters may be in the
area when the accident occurs, but it is obviously not possible to depend on this.

Table 12.7 SAR services and response distances and times for two field locations

‘SAR’ resource Block 30/8 Block 6507/6

Distance and response times for onshore based SAR services
Sola 185 km, 70 min 570 km, 185 min
Ørland 400 km, 135 min 180 km, 70 min
Bodø 735 km, 175 min 265 km, 95 min
Distance and response times for offshore based SAR helicopters
Statfjord 85 km, 40 min 435 km, 145 min
Ekofisk 330 km, 115 min Not applicable
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The desired means of evacuation is normally by helicopter, if conditions allow.
However, helicopters will not arrive until some time after the accident, and the
evacuation means that are immediately available will be those installed on the
installation. The use of helicopters or lifeboats is, however, not only a question of
availability, but will be dependent upon:

• Whether there are fires on the installation
• Weather conditions
• Exposure of helideck
• Capacity
• Response time.

A helicopter should be useable in riser fires which do not expose the helideck (if
gas or smoke is blown away from it) as well as structural impacts and failures. It is
assumed that lifeboats will be the safest evacuation means in the following
scenarios:

• process fires
• blowouts not burning on the sea surface
• blowouts before ignition.

The muster area should be protected against heat loads from sea fires and be
located at a reasonable distance from mustering stations for both lifeboat and
helicopter evacuation. Any muster areas at the opposite end of the platform from
the main muster and evacuation facilities should only be used for those who are
unable to reach the main muster area.

12.5.1.1 Experience from Performed Evacuations

Table 12.8 gives details of previous emergency evacuations in the Norwegian
sector, excluding those cases where evacuation is just across a bridge to a separate
accommodation platform or flotel. Precautionary evacuation is also excluded.

It can be observed that the only two fixed platform emergency evacuations that
have taken place using capsules or lifeboats are from the late 1970s. Since then
three platform evacuations from mobile drilling units have been performed. In the
case of the capsize of Alexander L. Kielland and West Gamma some people had to
be rescued from the sea, as both accidents occurred rapidly in severe weather
conditions. Evacuation with conventional lifeboats was successful in the three
cases which occurred in good weather conditions.

It is also noteworthy that although many installations have had free fall life-
boats installed for over 25 years, no actual lifeboat evacuation has taken place
involving free fall lifeboats. There are also free fall lifeboats installed on ships, but
there is no known case of deployment on ships either.
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12.5.1.2 Lifeboat Evacuation

Some events will prevent some personnel groups from reaching the main shelter
area and these persons might be evacuated by a lifeboat installed at a secondary
lifeboat station. It is assumed that the escape and launching time for this group will
be less or the same as for persons at the main shelter area.

Another group of personnel may reach the main shelter area, but may not be
able to evacuate using the lifeboats here because of a failure in the lifeboat
launching. There is usually at least one extra lifeboat at the main lifeboat station to
allow for this eventuality.

It is recognised that launching of vertical free fall lifeboats may be carried out
rather quickly, say in the order of 5 min. It is assumed that it will take approxi-
mately 10 min to embark and launch another lifeboat in case of release failure.
Launching of conventional lifeboats is considered to take about twice the time for
free fall lifeboats.

Based on the above factors the total duration of escape and evacuation for
individual groups will be from 25 to 60 min, without including the time needed to
assist injured persons or to try to combat the accident. It is considered relevant to
allow some time for these activities. If an additional 30 min is applied for these
actualities then the shelter area, the evacuation system, the control room, and the
platform main structure must remain intact for a period of approximately 90 min.
Most of the personnel will, however, be evacuated long before that time.

The probability for release failure of more than one free fall lifeboat, which
would result in insufficient lifeboats being available, is negligible. The probability
of launch and/or release failure of conventional lifeboats is significant, and
strongly dependent on the weather conditions and sea state.

12.5.1.3 Helicopter Evacuation

The calculated time to evacuate a total platform complement of 115 persons by
means of helicopters is shown in Table 12.9. The case is constructed for a specific
location and with specific onshore SAR helicopter stations in mind. The actual

Table 12.9 Helicopter evacuation time

Activity Duration (min)

Airport 1 Airport 2 Neighbour platform
Sea King Bell 412

Time from request to the helicopter crew
have mobilised

60 60 5

Time required to evacuate all personnel
(assuming one helicopter, and shuttling to
neighbour platform)

(7 flights)
195

(7 flights)
195

(9 flights)
255

Total time required for evacuation 315 310 275
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locations are not relevant for the example, and the required periods for evacuation
of the total complement are illustrative.

There may be more than one helicopter available to perform the evacuation.
Two or more helicopters will obviously shorten the time required to perform such
an evacuation. However, it is probably not possible to operate safely more than
three helicopters simultaneously, due to air space considerations.

Some persons may not reach the main muster area, and cannot be evacuated by
helicopter, but should be able to use the lifeboat at the secondary shelter area.

Another group of persons may be those who reach the main muster area, but
because of the event development, or some other reason, are unable to be evac-
uated by helicopter. Most likely they will have the possibility to use the main
lifeboats. Such an evacuation scenario is however, not considered in this
discussion.

There is also a possibility that some people are not able to reach any of the
defined muster areas. This might happen if the escape ways are impaired by heat,
smoke or obstructions. These personnel will have to use other means of evacuation
if possible. It should be emphasised that this problem will exist also when con-
sidering lifeboat evacuation.

12.5.1.4 Summary of Required Intact Times

The times that the Main Safety Functions need to remain intact are summarised in
Table 12.10, based on the conservative values in the preceding sections.

The times in this table are the periods which the personnel must be able to
remain safely on board for completion of a safe evacuation. These periods equal
the required periods of intactness for the Shelter Area, Control Room and Main/
hull Structure safety functions.

Lifeboats will still be the preferred evacuation means when time is crucial,
often even if a helicopter is located in the field. The minimum periods are therefore

Table 12.10 Summary of required evacuation periods

Evacuation means Required time to evacuate (min)

Escape
ways

Main shelter
area

Evacuation
system

Control
room

Main/hull
structure

Helicopter
(airport 1)

50 315 315 315 315

Helicopter
(airport 2)

50 310 310 310 310

Helicopter (neighbour
field)

50 275 275 275 275

Lifeboats 50 90 90 90 90
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established by the lifeboat option. Consequently the following are the minimum
periods of intactness to be used in safety evaluation:

The requirements for escape ways, shelter area, evacuation system and main
structure are obvious. The control room has to be operating long enough to provide
personnel with enough information to allow safe evacuation.

It has been observed in several accidents that the evacuation time has been
longer than the time observed during drills. Probably, the main reason for this is
delay in the decision-making process. Even when circumstances have been such
that evacuation has been urgent, considerable time has passed until evacuation has
been initiated. The reason is probably a tendency to devote too much time to try to
combat the accident.

Therefore, decision-making appears to be an important factor in addition to the
escape way layout, with respect to mustering and evacuation time.

12.5.2 Impairment Analysis

The required periods of intactness in relation to shelter area, evacuation system
and platform main structure are governed by the possibilities for safe evacuation,
as shown above. In most accidental events, some kind of pre-warning is received,
such that all non-essential personnel may already have been evacuated prior to
critical conditions. A blowout will almost always give pre-warnings, which may
initiate precautionary evacuation. This will probably reduce the risk related to a
burning blowout.

Impairment of the main structure resulting from heat loads on the structure also
cause impairment of the shelter area if global collapse occurs. The impairment of
safety functions is therefore a function of the period of intactness required for safe
escape and evacuation of the platform.

The impairment analysis becomes to a large extent an exercise relating to
probabilistic survival times of:

• Shelter Area (Temporary Refuge)
• Command/control centre
• Main structure.

The dimensioning loads for the Shelter Area (disregarding structural failure,
which is treated directly) are often related to smoke ingress into the muster area.
Studies of smoke ingress therefore have to be done in a probabilistic manner, in

• Escape Ways: 50 min
• Shelter Area: 1 h 30 min
• Evacuation system: 1 h 30 min
• Control room: 1 h 30 min
• Platform Main Structure: 1 h 30 min
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order to give the required probabilities. The failure of the command and control
centre due to smoke ingress is often handled in the same manner.

The probability of failure of the main structure may be assessed by means of
structural analysis tools, relating to the accident loading in question.

12.5.3 Evacuation Fatality Analysis

There are several models available for evacuation analysis. The model outlined
here is based on an event tree approach. The following tasks would be included in
an evacuation analysis:

1. Assessment of failure probabilities for optional evacuation means under dif-
ferent environmental conditions and scenarios by fault tree analysis.

2. Evaluation of each evacuation means concept.
3. Overall analysis of evacuation efficiency and success by event tree analysis.
4. Formulation of input to analysis of rescue fatalities.

Another option for evacuation fatality analysis is the use of a statistical sim-
ulation technique, such as Monte Carlo analysis. With this approach all factors are
described by means of statistical distributions and the probability of different
outcomes determined based upon consideration of many randomly selected con-
ditions. The simulation will replace only Step 3 in the list above, whereas the other
steps would be as described. The evacuation simulation will usually be integrated
into an overall simulation of the rescue phase.

12.5.3.1 Failure Probabilities for Evacuation Means

The failure probabilities for the optional evacuation means under different envi-
ronmental conditions and accident scenarios are usually assessed by means of
Fault Tree Analysis. This assessment will be dependent on the available type of
evacuation systems.

Results from this step may be presented for all evacuation means, with sepa-
ration of scenarios as shown in Table 12.11. The evaluation of individual lifeboat
concepts will be based on the results of the Fault Tree Analyses, and consider the
following aspects in particular:

• Risk of set back (when a free fall lifeboat hits the wave with an undesirable
angle, such that it is thrown back rather than dive through the waves)

• Sea state and weather operational limits
• Reliance upon external vessels or systems
• Risk of unintended release or operation
• Total evacuation time for platform complement.
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12.5.3.2 Results from Evacuation Study

The availability of evacuation means may be measured by means of fatality
fractions. This is usually found to be the best way to express availability of
evacuation means. The availability may be quantified by the following formula:

Ae;i ¼ 1� Nevacfail;i

Nescape;i
ð12:9Þ

where
Ae,I availability for alternative ‘i’
Nevac fail,i number of personnel not evacuated by all available means,

alternative ‘i’
Nescape,i number of personnel who succeeded in escaping to TR or secondary

evacuation station, alternative ‘i’ (maximum is total POB)

Distributions of outcomes under different accident and environmental condi-
tions should also be presented in addition to the overall availability as outlined
above. Such information will be valuable for the emergency planning.

12.5.3.3 Input to Rescue Study

If a simulation is used to determine the results from different evacuation systems
being launched, the model will give quantitative input to the rescue study as
specified in Table 12.12.

12.6 Analysis of Risk Associated with Rescue Operations

The rescue analysis is the last step of a complete EER (Escape, Evacuation and
Rescue) analysis. The rescue analysis is not only dependent on the installation’s
own resources, in fact most of the rescue resources will be external. The standby
vessel may play an important role in the rescue/pick-up of personnel, but the track

Table 12.11 Summary of failure probabilities for evacuation means

Evacuation
means

Failure probabilities Evacuation in
severe weather
condition

Evacuation in good environmental conditions

Blowout
burning on
platform

Blowout
burning on
sea level

Riser
fire

Process/
utility
fire

Collision Severe
structural
damage

Primary 0.17 0.29 0.33 0.08 0.05 0.04 0.43
Secondary 0.29 0.37 0.30 0.21 0.09 0.07 0.53
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record of the standby vessel in this role is not very impressive. In the following
accidents the installation’s standby vessel was unable to rescue a single person:

• Alexander L. Kielland capsize (Norwegian North Sea, 1980)
• Ocean Ranger capsize (Canadian North Atlantic, 1984)
• West Gamma capsize/sinking (North Sea, 1990, attended by Norwegian

standby/tug vessel).

It should however, be added that the weather conditions were quite severe in all
these cases. People were rescued by other vessels in the first case mentioned, and
in the last case all people were saved by another vessel. Only in the Ocean Ranger
case were none saved because the standby vessel failed to rescue the persons from
the lifeboats. There are, however, several cases where the standby vessel has been
in a position to rescue all persons from the lifeboats.

Tables 12.13 and 12.14 present experience data from rescue operations in the
North Sea, from platform accidents and from helicopter accidents near the
installations (Vinnem 1999). Three cases of rescue operations from helicopter
ditching occurred in 2012, but the details are not known at the end of 2012.

The diagram in Fig. 12.8 presents a summary of experience from actual acci-
dents as summarised above (Vinnem 1999 with updates), where both the number
of persons to be rescued and the time required to rescue them are presented. Three
states of environmental conditions are considered, ‘good’, ‘moderate’ and ‘severe’
conditions. An assumed average distribution for good weather conditions is also
presented.

12.6.1 Rescue Time Analysis

An analysis of risk levels on the Norwegian Continental Shelf (Vinnem and
Vinnem 1998) has considered the possible helicopter response times for two
assumed field locations. Figure 12.9 is extracted from that study and shows the
time dependent pick-up success probabilities for platforms located in the Northern
North Sea and the Norwegian Sea (‘Haltenbanken’). The rescue response times are
determined for the following conditions and capacities, as detailed below:

• One person in sea, Blocks 30/8 and 6507/6
• Five persons in sea, Blocks 30/8 and 6507/6
• Fifteen persons in sea, Blocks 30/8 and 6507/6
• Two persons on platform, Blocks 30/8 and 6507/6.

Figure 12.9 presents these categories in a way which allows comparison
between the two locations. There is a clear difference between the conditions of
Blocks 30/8 (50 min) and 6507/6 (80 min) with respect to the maximum time
required to complete pick-up in all scenarios. The differences may be explained as
follows:
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• For scenarios involving persons in sea, lifeboats or rafts, the FRC from the
installation or standby vessel provide the quickest response, unless weather
conditions prevent this.

• When the sea state exceeds Hs = 6 m, the arrival of the first SAR helicopter will
be the deciding factor with respect to time required to complete rescue
operations.

• For scenarios requiring personnel on the platform to be ferried to onshore
medical care as rapidly as possible, the presence of a helicopter on the instal-
lation, or on a neighbour installations, will give the most rapid response.

• The arrival of the first onshore SAR helicopter will determine the maximum
response time.

12.6.2 Rescue Capacity

Rescue capacity is dependent on both time and environmental conditions. Wind,
waves, visibility and daylight conditions will all be crucial. There is little data
available for such capacities, and the examples below should be regarded as an
indication of what should be established, rather than what is established in terms of
data.

Table 12.15 presents some considerations of important factors relating to the
pick-up capacity of different rescue means. This table does not however, consider
the pick-up of one or two persons from the sea, due to having fallen from the
platform during work over the platform’s side.

The effect of environment conditions on rescue capabilities are dealt with in this
table, which is mainly focused on the conditions during daylight and good visi-
bility conditions.

There will nevertheless be quite considerable limitations on the rescue capac-
ities, if the survivors have evacuated to the sea. Another factor which may limit the
effective capacity even further, is if the survivors do not manage to stick together
(standard practice is to bond together by rope or similar), and thus time must be
spent locating the survivors first. Helicopter passengers in the UK and Norwegian
sectors today routinely wear transponders, in order to eliminate delays for locating
survivors. It may be argued that personnel in an undamaged lifeboat will not need
to be rescued immediately in good weather conditions or at least, there will be no
urgency about it. These conditions are, however, the least demanding, and even if
the standby vessel has one FRC and only one crew, the rescue capacity is high.

It should be noted that the only helicopter considered to have a potential pick-
up function is the fully equipped SAR helicopter, either from shore based or
offshore locations, which however, will have a significant mobilisation time.

Other helicopters are not considered to have a real rescue capability in these
circumstances, even if they have a personnel winch installed. Only if they have a
dedicated and specially trained rescue person, who can assist the survivors in the
boat, raft or the sea, would they be considered capable of rescue operations.
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Table 12.15 Assumed rescue capacities for some rescue means

Pick-up mode Pick-up from lifeboats Pick-up from
liferafts

Pick-up from sea

Directly onto standby
vessel
Capacity,

Usually not possible Can be done in
good weather, and
bad, if special
equipment

Requires special
equipment (net or
similar)

Good weather 5–6 liferafts per
hour

Up to 50 per hour

Bad weather 3–4 liferafts per
hour

Up to 20 per hour

Directly onto other
vessels

May be possible under
ideal conditions

May be possible
under ideal
conditions

Not possible, unless it
has a FRC

Standby’s FRC, 1 boat, 1
crew (including transfer
to standby vessel)
Capacity,

Feasible up to
HS = 6 m
Will be demanding on
crew

As for lifeboats Feasible up to
HS = 6 m, but
dependent on locating
survivors in sea.
Will be very
demanding on crew

Good weather 30 persons per hour 30 persons per hour 15 persons per hour
Bad weather 15 persons per hour 15 persons per hour \10 persons per hour

Standby’s FRC, if 2
crews (including transfer
to standby vessel)

As above, but crew
changes may tire them
less

As for lifeboats As above, but crew
changes may tire them
less

Capacity,
Good weather 50 persons per hour 50 persons per hour 25 persons per hour
Bad weather 25 persons per hour 25 persons per hour 15 persons per hour

Standby’s FRC, 2 vessels
and 3 crews (including
transfer to standby
vessel)

As above, but crew
changes may tire them
less

As for lifeboats As for lifeboats

Capacity,
Good weather 70 persons per hour 70 persons per hour 35 persons per hour
Bad weather 35 persons per hour 35 persons per hour 25 persons per hour

SAR helicopter
(assuming 20 min delay
when emptying
helicopter)

Feasible up to
HS = 8 m
Limiting factor will be
time required to empty
helicopter when full

As for lifeboats

Capacity,
Good weather 17 persons per hour

(helicopter capacity)
15 persons per hour 10 persons per hour

Bad weather 10 persons per hour 8 persons per hour 5–6 persons per hour

Note. These are assumed values, based on subjective evaluations
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It is relatively rare that the total rescue system is exercised (and even rarer that
the system gains practice from accidents), it is therefore quite interesting to note
the experience from a full scale exercise in the North Sea in 1998:

• Premises:

– Fifty five ‘persons’ (i.e. dolls) in survival suits to be picked up within
120 min.

– Primary standby vessel with nine-men crew, one FRC and one ‘Sea Lift’
(equipment to assist in lifting personnel out of the sea).

– Secondary standby vessel with nine-men crew and one FRC.
– 10 knot wind and minor swell.

• Resulting capacity:

– All 55 ‘persons’ rescued within 65 min.
– Pick-up capacity per MOB boat was roughly 2 min per ‘persons’ (including

the transfer to standby vessel).
– Pick-up capacity by SAR helicopter was roughly 3 min per ‘persons’

(excluding transfer to vessel or installation).

• Important observations:

– A minimum of two persons required on the bridge of standby vessel when
simultaneous operation of FRC and Sea Lift.

– Increasing wind speed (15–20 knots) and sea state (2–4 m) would reduce
the rescue capacity, most significantly for FRC.

– A minimum of two persons required on the bridge of standby vessel when
the master is acting as ‘on-scene commander’ and communicating with the
onshore emergency management team.

Additional data regarding helicopter pick up capacities have become available
as a result of the cooperation between operators with respect to emergency pre-
paredness for several installations in an area.

Experience data has been collected from rescue of personnel at sea by onshore
based SAR helicopters (Norwegian Oil and Gas Association 2000). This shows
that rescue of personnel from liferaft is quickest, whereas it is more time con-
suming to rescue persons from a lifeboat or ditched helicopter, due to the struc-
tures which may snag the rescue wire during the operations. It has been
demonstrated that the effect of wind is minimal, but significant movements of
lifeboat or helicopter will complicate the rescue operation. The average time from
the experience data is 1–2 min per person in liferafts.

Further illustration is provided by data from two exercises that have been
conducted, using dummies (‘dolls’) to be picked up from the sea by platform based
SAR helicopter.

In one exercise, the rescue of seven persons in severe weather conditions was
tested in 45–55 m/s wind. Figure 12.10 presents the comparison of what was
calculated and what the exercise demonstrated, again using dummies to be picked
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up from the sea. In the calculation, it was estimated that the seven persons could be
transferred to the nearest installation in 50 min. In the exercise, the operation was
performed in two stages, whereby five persons were shuttled to the installation
first, followed by two persons in the second stage. The second stage was completed
in 53 min.

Figure 12.11 shows a comparison of actual performance in the exercise with
what had been calculated as expected performance, based on experience data. The
exercise took place in good weather conditions. In the exercise, it took 143 min to
rescue 21 persons, compared to 137 min in the calculation.

12.6.3 Rescue Fatality Analysis

12.6.3.1 Analytical Basis

The success probability of a rescue pick-up operation is dependent on a number of
conditions and circumstances which may give very different results. This has been
demonstrated by accidents in the past where the pick-up success probability has
varied from 0 (Ocean Ranger) to 1.0. A success probability equal to 1.0 represents
all survivors being rescued in time to survival. The following aspects should be
incorporated in the rescue fatality assessments:

• time for vessel or helicopter to arrive at the scene of the accident
• availability of FRCs for pick-up
• capacity of rescue means as indicated above
• day or night
• visibility conditions

Time
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60

20

10

0

Calculated performance Performance in exercise

Notification of accident

SAR helicopter leaves
installation

1. person rescued

7 survivors shuttled to nearby install

Exercise starts

SAR helicopter leaves
installation

1. person rescued

5 survivors shuttled to nearby install40

30

50

6. person rescued

2 survivors shuttled to nearby install

Fig. 12.10 Comparison of calculated performance by SAR helicopter with data from exercise in
severe weather conditions
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• weather conditions, sea state
• sea temperature
• use of survival suits and life vests
• size of area where survivors may be picked up
• total number of persons to be rescued and their distribution.

A Monte Carlo simulation approach is sometimes used for the rescue analysis.
This uses a method based on random statistical simulations, reflecting assumed
probability distributions to consider possible combinations of factors, conditions
and circumstances. Timing of sequences as well as success/failure probabilities
may also be simulated, based on the applicable conditions.
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Fig. 12.11 Comparison of calculated performance by SAR helicopter with data from exercise in
good weather conditions
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12.6.3.2 Results from Rescue Study

The availability of the rescue operation will be measured by means of fatality
fractions. The availability will be quantified by the following formula:

Ar;i ¼ 1� Nrescue fail

Nevac
ð12:10Þ

where
Ar,i rescue availability for alternative i
Nrescue fail number of personnel not rescued by all available resources
Nevac number of personnel who succeeded in being evacuated.

Distributions of outcomes under different accident and environmental condi-
tions should also be presented in addition to the overall availability as outlined
above. Such information will be valuable for emergency response planning.

12.6.3.3 Synthesis

The final synthesis consists of tying the different steps of the analysis together, in
order to produce the final results i.e., overall availabilities. The results may be
calculated according to the formula:

Atot ¼ 1� Nescapefail þ Nevacfail þ Nrescuefail

Ntotal
ð12:11Þ

where
Atot total availability for alternative i
Nescape fail number of personnel not being able to escape
Nrescue fail number of personnel not rescued by all available resources
Ntot total number of personnel on the platform.

In addition to the overall availability and partial distributions presented for each
of the phases, distributions of the overall values for different accident and envi-
ronmental conditions should also be presented. Such information will be valuable
for the emergency response planning.

12.7 Diving Fatality Risk

Diving fatality risk is usually calculated on the basis of a statistical analysis. There
were several fatalities among divers in the 1970s and early 1980s. No further
fatalities have occurred since then in the UK and Norwegian sectors. The use of
divers has been reduced in the last 20 years, as the use of Remote Operated
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Vehicles (ROVs) has expanded. The values presented in Sect. 2.2 for air diving
and saturation diving are nevertheless used for risk assessments purposes.

12.8 Fatality Risk During Cessation Work

Decommissioning of offshore installations involves risks that are not often present
during the operations phase. Also some risks that are associated with drilling and
production operations may become more critical during dismantling of the
installations, e.g. the possibility of failure of the platform structure.

Risk management during decommissioning activities will require a combined
qualitative and quantitative approach. It is considered that the qualitative tech-
niques of preliminary hazard analysis, HAZID and HAZOP analysis are satis-
factory to identify hazards and qualitatively assess risk. In addition, risk-reducing
measures, barriers, may be identified and monitored.

The quantification of risks for personnel engaged in decommissioning opera-
tions is more difficult due to the absence of suitable historical accident data for
appropriate activities. In addition, occupational accidents are likely to have greater
significance in the decommissioning phase than during production operations.

A Joint Industry Project (JIP) was carried out, aiming to provide a better basis
for quantification of risk to personnel during decommissioning and removal

Table 12.16 Summary of FAR values applicable to decommissioning (Haugen et al. 2004)

No Work task FAR value

1. Rope access 10.3
2. Lifting operations—platform cranes 26.8
3. Lifting operations—external cranes 1:1� 10�5�
4. Lifting onshore 26.8
5. Scaffolding 5.5
6. Equipment Decommissioning operations—offshore 1.9
7. Deconstruction operations—offshore 4.1
8. Prefabrication and construction—onshore 10.4
9. Demolition—onshore 12.3

10. Marine operations—Supply 18.1
11. Marine operations—Standby 3.3
12. Marine operations—Anchor handling 37.4
13. Marine operations—Tugs 13.2
14. Marine operations—Crane barges/vessels 5.5
15. Marine operations—Diving Support 7.5
16. Diving—Saturation 97
17. Diving—Air 685
18. Helicopter 32/97**
19. Management and administrative activities 0.4
20. Off-duty time 0.2

* Fatal accident rate per lift ** Values for take-off/landing and cruise respectively
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operations of offshore installations (Haugen et al. 2004). Focus has been mainly on
occupational accidents, on the basis that the lack of available data has been a
bigger problem for analysis of this type of accident than for major hazards.
Table 12.16 presents a summary of the FAR values associated with various
activities recommended by the study.

A simple verification exercise was performed in the study, where coarse values
for the total manhours consumption in all UK and Norwegian decommissioning
projects were calculated and an average FAR value was calculated on basis of the
existing accident records.

The number of fatalities which has been considered to be relevant to include for
the period 1994–2003 is three. The total number of manhours was difficult to
calculate, but a value of 11.4 million manhours was calculated, with an 80 %
confidence interval from 5 to 15 million manhours. On this basis, the average
experienced FAR value in decommissioning projects in the North Sea in the period
1994–2003 was 26, with a variation range from 20 to 60 taking into account the
uncertainty in the manhour volumes.

The historical FAR value indicates that the FAR values which have been cal-
culated, and which generally are based on average industry statistics, may un-
derpredict the risk associated with decommissioning projects. There may be a
number of reasons for this, but in particular the uncertainty regarding the condition
of structures, equipment etc, during decommissioning may introduce additional
risk. Some of the fatal accidents which have occurred may be considered to be due
to such uncertainty.
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Chapter 13
Helicopter Transportation Fatality
Risk Assessment

13.1 Overview

When offshore operations started in the North Sea, there were three severe
accidents within a few years (1973, 1977 and 1978) in the Norwegian sector, with
34 fatalities. This created a high awareness level in the Norwegian offshore
industry, as well as in unions and among employees. The UK sector had a series of
fatal accidents in the early 1980s, which culminated with an accident with 45
fatalities when a Chinook crashed just before landing in Sumburgh on Shetland in
November 1986. This accident caused the complete abandonment of the Chinook
helicopter in offshore operations in UK the and Norway.

The high attention in Norway on the risk during helicopter transportation to
offshore fields has led to several initiatives over time. The first initiative was the
initiation of a series of Helicopter Safety Studies (HSSs), of which the latest is
HSS3 (SINTEF 2010). These studies are conducted once every 10 years.

Helicopter transportation safety in offshore flying was also the topic of an
official Norwegian White Paper in 2002 (Norwegian official report 2002), which
proposed ambitions and actions for a significant reduction in risk levels. A safety
advisory group for helicopter safety on the NCS has also been formed (CAA 2007)
with representatives from supervisory and air traffic control authorities, helicopter
operators, oil companies and unions for offshore employees.

Helicopter operators in Norway have been quick to replace old helicopters with
new models as soon as they have become available. This is believed to be to some
extent because of the high attention on these issues, but also the fact that some of
the largest oil companies have requested modern helicopters in bidding for their
transportation contracts. Norwegian companies have also employed more
sophisticated preventive maintenance schemes.

There has only been one helicopter accident in Norway associated with the
offshore transportation of personnel since 1978, when a Super Puma crashed into
the Norwegian Sea in September 1997. It should be noted that the accident in
August 1991 when a helicopter crashed into the sea in the Ekofisk field is not
counted as a transportation accident, as the helicopter was used in the maintenance

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
DOI: 10.1007/978-1-4471-5207-1_13, � Springer-Verlag London 2014
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of a flare tip on one of the Ekofisk installations, with fatal outcome for the three
persons on board.

The accident in 1997 involved people being shuttled daily between accom-
modation onshore and the FPSO installation during the commissioning phase,
because of insufficient accommodation capacity in this phase. This accident put
considerable focus on the significant risk increase employees were being exposed
to, if shuttled between offshore installations or between an offshore installation and
onshore on a daily basis. The volume of shuttling has been reduced significantly
since then.

Safety standards have not improved correspondingly in UK offshore helicopter
operations, and there are significant statistical differences between the UK and
Norway when it comes to FAR.

Fatal accidents have continued to occur outside Norway during the past
15 years, and there have been recent fatal accidents during the transportation of
personnel offshore in both the UK and Canada. We therefore propose different
fatality rates for the UK and Norway in this chapter.

However, it should be emphasised that helicopter transportation is not risk free
in the Norwegian sector either. There have been several near-misses the past
10 years, for instance when one of the main blades was almost 75 % fractured
from a foreign object in 2002 and the helicopter was lucky enough to find a nearby
tanker onto which it could make emergency landing. The values in Chap. 17 also
demonstrate that helicopter transportation risk is still the highest contributor to
offshore employees’ risk levels in Norway.

This chapter builds on previous work, such as Vinnem and Vinnem (1998) and
Vinnem (2008), in addition to the following studies: HSE (2004), SINTEF (2010)
and Heide (2012).

13.2 Accidents and Incidents—Offshore Northwest Europe

This section provides a brief overview of the helicopter accidents and incidents in
the UK and Norwegian sectors since 1990. Table 13.1 presents the accidents and
incidents that have occurred, mainly based on HSS3 (SINTEF 2010). There is one
difference with respect to the HSS3 study, namely precursor events; i.e. when
flights could return to land or the installation, which are not included. Experience
from the Risk Level project (PSA 2012) has demonstrated that the list of precursor
events included in HSS3 is not complete. The two occurrences in Holland were
found on company webpages.

An accident offshore Newfoundland, Canada in 2009 can be added to the
incidents and accidents in Table 13.1. A warning light for main gearbox lubri-
cation failure came on 13 min after levelling off at a cruising altitude of 9,000 ft.
The crew declared an emergency, started to return and descend to 800 ft, believing
they had 30 min of emergency lubrication available. 10 min later they crashed
with high force in the sea. Two pilots and 15 passengers died of drowning, and one
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passenger survived 80 min in the sea before being rescued with severe injuries.
None of the emergency locator beacons in the helicopter, on the rafts and personal
locator beacons worn by crew and passengers had activated in this accident. There
was also a problem with the personal locator beacons in the 2009 controlled
ditching in the UK sector, but this was a different problem, involving interference.
The personal locator beacons were therefore withdrawn for some months, while
these problems were solved.

An important observation from Table 13.1 is that all the accidents during
cruising seem to have technical failures as their main causes. During take-off,
landing and approach there are six occurrences, of which five are associated HOFs
and one is technical.

All the accidents and incidents during take-off, landing and approach in
Table 13.1 have occurred in the UK sector. In fact, even if the helicopter accidents
in the 1970s and 1980s are included, no accident has occurred during take-off,
landing and approach in the Norwegian sector. This difference is not statistically
significant, because of the low number of accidents and incidents, but it is still
noteworthy.

Accidents that occur on the helideck while the helicopter is parked are not
included in Table 13.1 or in the discussion in this chapter.

HOFs dominate for accidents and incidents during take-off, landing and
approach. This implies that accidents and incidents because of HOFs have a major
contribution to the occurrences in the UK sector, but not in the Norwegian sector.
This is somewhat surprising, as the qualification and training requirements are
based on international standards, and thus should be the same. However, the
differences are not statistically different, as noted above. Actually, if the accidents
in the Norwegian sector in the 1970s were included, this would have changed
somewhat, as HOFs played strong roles in at least two of these accidents.

Figure 13.1 presents an overview of non-fatal as well as fatal accidents. Fatal
accidents are marked with a star below the year in question. Five such fatal
accidents are in the UK sector and only one in the Norwegian sector.

It is noteworthy that only four out of the 14 accidents and incidents shown in
Fig. 13.1 are from the Norwegian sector. The number of person flight hours was in
2011 41 % higher in the UK compared with in Norway (see also Sect. 13.3). The
difference is even more significant since 2000, but this is not statistically signifi-
cant because of the low number of events.

The number of accidents and incidents associated with MGB has been
increasing; in fact, all the accidents in 2012 and one in 2009 as well as a fatal
accident in Canada in 2009 were all caused by MGB problems.
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13.3 Risk Modelling

13.3.1 Assumptions and Premises

When the risk of the helicopter transportation of personnel was initially assessed, it
was assumed that the main factors would be the same as in fixed wing flying,
namely that non-technical causes would contribute 70–80 % and that the majority
of accidents would be associated with take-off, approach and landing. However,
the majority of accidents initially occurred during transit (cruising), and therefore
these two key assumptions had to be reconsidered.

Another aspect is also different. If engine or gear box failure occurs during
cruising altitude, the helicopter is supposed to be able to make a controlled
emergency landing, because of main rotor autorotation. The crew and passengers
should be unhurt in such circumstances, especially as they are provided with
survival suits, personal emergency beacon, and liferafts in the helicopter. Expe-
rience has shown that the helicopter often disintegrates in the air, thus making
controlled emergency landing impossible. There have also been three cases of
controlled emergency landing without fatalities in 2012.

A further aspect to consider is shuttling between two installations, which often
has a short duration, and thus an entirely different relationship between take-off,
approach and landing, compared with the cruising phase.

The UK and Norwegian sectors have traditionally been considered together,
without any difference, when calculating accident and incident statistics. The risk
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Fig. 13.1 Fatal (marked with star) and non-fatal helicopter accidents in the UK and Norwegian
sectors, 1990–2012
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levels presented in this chapter are predicted separately for the UK and Norwegian
sectors, as the experience during the past 20 years has been quite different.

Finally, with respect to helicopter operations in the Norwegian sector, most
helicopters in operation in the beginning of 2013 are new models, mainly Sikorsky
S92 and Eurocopter Super Puma EC225. These new models have so far been
involved in only one fatal accident (offshore Newfoundland, Canada, 2009),
whereas all other fatal accidents are with older models. The Super Puma EC225 by
contrast, has been involved in several incidents, as shown in Table 13.1. The
improvement implied by these new models should be taken into account when
calculating accident frequencies.

All these aspects need to be considered when developing the risk model. Many
risk models in the literature fail to address some of these aspects.

13.3.2 Risk Model

The FAR values for personnel on an installation are usually expressed as the
number of fatalities per 108 exposure hours (see Sect. 2.1.4). It is customary to
express the FAR values for helicopter transport as the number of fatalities per 108

person flight hours.
The modelling is based on the same principles as those adopted by Heide

(2012), namely that risk during helicopter transportation is function of the flight
time during the cruise and approach phases as well as a function of the number of
landings/take-off during landing and take-off. This can be expressed as follows:

FARHel ¼ FARcruise
Hel þ FARlanding

Hel ð13:1Þ

where:
FARHel = FAR value (per 108 person flight hour) for flying from onshore

airport to the offshore helideck or back
FARcruise

Hel = FAR contribution from the cruising

FARlanding
Hel phase = FAR contribution from the take-off and landing phases

The FAR for the helicopter transportation of personnel can be expressed as
follows:

FARcruise
Hel ¼

Fatcruise
Hel � 108

Person flight hours
¼ Fatcruise

Hel � 108

Passav � Fl:hrs
ð13:2Þ

where:
Fatcruise

Hel = number of fatalities in helicopter accidents during cruising in the
applicable period

Passav = average number of passengers
Fl.hrs = total number of flight hours in the applicable period.

13.3 Risk Modelling 489

http://dx.doi.org/10.1007/978-1-4471-5207-1_2
http://dx.doi.org/10.1007/978-1-4471-5207-1_2


It is further usual to include pilots in the calculation of fatalities, although
separate FAR values can be expressed for them.

The accident rate for helicopters, ARcruise
Hel , can be expressed as follows:

ARcruise
Hel ¼

Ncruise
acc;Hel

Flight hours
ð13:3Þ

where:
Ncruise

acc;Hel = number of accidents during cruising the in applicable period

The FAR for helicopters, FLARcruise
Hel , can be expressed as follows:

FLARcruise
Hel ¼

Nacc;Hel

Flight hours
� NF;acc;Hel

Nacc;Hel

ð13:4Þ

where:
NF,acc,Hel = number of fatal accidents during cruising in the applicable period
Equations 13.2, 13.3 and 13.4 should also be repeated for the take-off and

landing phases:

FAR
landing

Hel
¼

Fat landing
Hel � 108

Number of landings
ð13:5Þ

where:

Fatlanding
Hel = number of fatalities in helicopter accidents during take-off or

landing in the applicable period

AR
landing

Hel
¼

Nlanding
acc;Hel

Number of landings
ð13:6Þ

where:

Nlanding
acc;Hel = number of accidents during take-off or landing in applicable period

The FAR for helicopters, FLARlanding
Hel , can be expressed as follows:

FLARlanding
Hel ¼

Nlanding
acc;Hel

Number of landings
�
Nlanding

F;acc;Hel

Nlanding
acc;Hel

ð13:7Þ

where:

Nlanding
F;acc;Hel = number of fatal accidents during take-off or landing in applicable

period
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13.4 Previous Predictions

HSS1 (SINTEF 1990) was carried out immediately after the period with many
fatalities in UK operations, and this study calculated a high fata-lity rate of:

3:8� 10�6per person flight hours

The study conducted in 1998 (Vinnem and Vinnem 1998) divided accident
frequency into separate values for cruising and landing/take-off. A comparable
value would, however, be:

1:6� 10�6per person flight hours

The HSS was updated in 1999 (HSS2, SINTEF 1999), and the statistics from
SINTEF were compiled in a white paper (Norwegian official report 2002) on
helicopter safety in 2002. This study documented the following value:

1:4� 10�6per person flight hours

The white paper also proposed the objective of reducing the risk level by 50 %
over a 10-year period compared with the average for the period 1990–2000.

The HSS was updated in 2010 (HSS3, SINTEF 2010). This study documented
the following value for the period 1999-2009:

2:4� 10�6per person flighthours average for North Seað Þ
5:6� 10�6per person flighthours UK sectorð Þ

The exposure hours in the UK sector in the period 1999–2009 seems to be too
low value in HSS3 (see also Sect. 13.5), and therefore the FAR value is too high.
Past reductions in FAR and future objectives may seem to be very significant
reductions in the fatality rate, but several factors need to be considered:

• The original SINTEF study (HSS1) covered the period 1969–1989 and during
the period 1975–1986 there were more than 125 fatalities in helicopter accidents
in the North Sea. Since 1986, only three fatal accidents with 39 fatalities have
occurred.

• The period 1975–1986 was considered in the HSS, but the study did not attempt
to consider if any trends could be identified or whether there was any basis for
making distinctions between Norwegian and UK operations.

• It is an established fact that improvements were introduced in helicopter
operations in the 1980s because of the high number of accidents and thus a
reduction in the frequency of accidents would be expected.

One of the deficiencies of the SINTEF studies is the lack of distinction between
fatality risk during cruise and landing/take-off. This is an important distinction
especially when shuttling is considered.
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It might be argued that taking only the 10 year period following a period with
high fatalities gives rise to an over-optimistic prediction. However, it would be
impossible to define how much of the earlier period would need to be included to
avoid such optimism.

Risk parameters were in the second edition of this book (2007) presented for the
period 1996–2005. The data sources are presented in Tables 13.2 and 13.3.

The most up to date FAR value for helicopter transport in the North Sea was in
2007:

1:32� 10�6per person flight hours

This implies a similar value to that stated in the Norwegian official report
(2002), which was 1.4 per million person flight hours. If the corresponding value is
calculated for the period 1987–2005, this becomes 1.35 per million person flight
hours. In the Norwegian white paper, five year rolling averages were shown; these
were naturally varying. Table 13.4 separately presents the derivation of FAR for
cruising and landing on installations.

New predictions are made separately for the UK and Norwegian sectors in
Sects. 13.6 and 13.7, because of the differences discussed above. These predictions
are made for a 20-year period, owing to data limitations. When combined pre-
dictions are made (Sect. 13.5), they are limited to 10 years.

13.5 Combined Prediction of Risk Levels: UK
and Norwegian Sectors

Risk parameters are presented for the period 1992–2011. The data sources are
presented in Tables 13.5 and 13.6.

CAA statistics provides the number of passengers and air traffic movements
from relevant airports. For 2000 and 2001, these values correlated with flight hours
and person flight hours, and average conversion factors could thus be established.
The values were also checked against the number of offshore employees in the
period, and reasonable consistency was established. However, the person flight
hours from HSS3 for the UK sector in the period 1999–2009 (6.1 million person
flight hours) seem to be too low.

Table 13.2 Helicopter statistics for UK and Norway offshore operations, 1996–2005

Area Person flight hours
(million hours)

Sources

Norway 7.090 NOU2002:17 and RNNS report 2005
UK 10.320 NOU2002:17 extended to 2005
Total 17.410 Corresponding number of flight hours: 1.348 million hours
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The FAR value for helicopter transport in the North Sea can be calculated as an
average for the two periods:

Table 13.6 Helicopter accident statistics for UK and Norway offshore operations, 1992–2011
and 2002–2011 (in parenthesis)

Aspect Number of persons Sources

Accidents, cruise 7 (4) ):
Accidents, take-off/landing 3 (2) ):
Fatal accidents, cruise 3 (2) ):
Fatal accidents, take-off/landing 2 (1) ): NOU2002:17 and HSS3
Fatalities, cruise 39 (27) ):
Fatalities, take-off/landing 18 (7) ):
Survivors, cruise 18 (18) ):
Survivors, take-off/landing 13 (7) ):

Table 13.5 Helicopter statistics for UK and Norway offshore operations, 1992–2011 and
2002–2011 (in parenthesis)

Area Person flight hours (million
hours)

Sources

Norway 14.670 (7.673) NOU2002:17 and RNNP (PSA 2012)
UK 21.021 (10.525) NOU2002:17, CAA statistics
Total 35.692 (18.199) Corresponding number of flight hours: 2.733 million

hours

Table 13.4 Helicopter risk parameters for the cruising and landing phases

Factor Cruising Landing on
platform

Comments

Basis in period 1996–2005 1987–2005
Accident rate 2.22 9 10-6 2.0 9 10-7

Fraction of fatalities to total number of
persons exposed

1.0 0.46

Fatal accident rate 1.48 9 10-6 2.01 9 10-7

Average number of fatalities 11.3 6.0 Both values based on
period 1987–2005

Table 13.3 Helicopter accident statistics for UK and Norway offshore operations, 1996–2005

Aspect Number of persons Sources

Accidents, cruise 3 ):
Accidents, take-off/landing 0 ):
Fatal accidents 2 ): NOU2002:17 and HSE 2004
Fatalities 23 ):
Survivors 0 ):
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1992� 2011 : 1:60� 10�6per person flight hours

2002� 2011 : 1:87� 10�6per person flight hours

This implies values that are somewhat above that stated in the Norwegian
official report (2002), which was 1.4 per million person flight hours. Table 13.7
separately presents the derivation of FAR for cruising and landing on installations.

The trends are shown in Fig. 13.2 for the North Sea in total, as well as for the
UK and Norwegian sectors separately. The values for the North Sea are rolling
10 year average values, whereas those for the sectors are rolling 15 year average
values (except in the period 1996–2001, when they build up from 10-year average
to 15-year average values.

It can be seen that the average for the North Sea is slightly increasing and the
trend for the Norwegian sector is falling, whereas the trend for the UK sector is
increasing.

13.6 Prediction of Risk Levels: UK Sector

There have been relatively frequent helicopter accidents in the UK sector for
almost 30 years, and so there is a good statistical basis for predictions. It is
nevertheless considered to be most appropriate to use an average over 20 years
when considering one sector only. The FAR value for helicopter transport in the
UK sector is:

1992� 2011 : 2:1� 10�6per person flight hours

This values is somewhat above the average value for the North Sea (i.e. UK and
Norwegian sectors), see Sect. 13.5. Table 13.8 separately presents the derivation
of FAR for cruising and landing on installations.The replacement of older heli-
copter models with new models (S92 and EC225) is much slower in the UK
compared with in Norway. It is therefore considered to be relevant to predict
fatality rates for the future in the UK sector as experienced in the recent years. It
has also been documented that several accidents have been caused by HOFs,
which would also suggest that significant change is unlikely in the future.

Table 13.7 Helicopter risk parameters for the cruising and landing phases, 2002–2011

Factor Cruising Landing on
platform

Comments

Accident rate 1.46 9 10-6 3.8 9 10-7

FAR 7.3 9 10-7 1.89 9 10-7

Fraction of fatalities to total number of
persons exposed

0.60 0.50

Average number of fatalities (in fatal
accidents)

13.0 9.0 Values based on
period 1992–2011
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13.7 Prediction of Risk Levels: Norwegian Sector

There has only been one fatal helicopter accident in the Norwegian sector during a
period of almost 30 years, and so the statistical basis for predictions is poor. It is
thus considered to be most appropriate to use an average over 20 years when
considering one sector only. The FAR value for helicopter transport in the Nor-
wegian sector is:

1992� 2011 : 0:82� 10�6per person flight hours

This value is considerably lower than that for the North Sea as well as the UK
sector value (see Sects. 13.5 and 13.6). Table 13.9 separately presents the deri-
vation of FAR for cruising and landing on installations.

The replacement of older helicopter models is almost complete in the Nor-
wegian sector, because oil companies have required the use of newer models when
new contracts have been signed. It is claimed by experts that the S92 helicopter
shows a lower incidence rate of major failure precursors. It is therefore considered
to be relevant to predict lower fatality rates for the future, compared with what has
been experienced in the past.

Table 13.8 Helicopter risk parameters for the cruising and landing phases, UK, 1992–2011

Factor Cruising Landing on
platform

Comments

Accident rate 2.1 9 10-6 6.6 9 10-7

FAR 1.04 9 10-6 4.4 9 10-7

Fraction of fatalities to total number of persons
exposed

0.60 0.58

Average number of fatalities (in fatal accidents) 13.5 9.0
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The Risk Level project suggests trends in potential major accidents with heli-
copters, based on precursor events with no (apart from ‘luck’) or only one
remaining barrier. Figure 13.3 presents the trend for the past six years, suggesting
a downward trend. However, the diagram also indicates that other causes may limit
the reduction that is achievable, as operational (including pilot) errors and ATM
errors are significant contributors, whereas helideck movement and turbulence
have less importance.

The helicopter safety white paper (Norwegian official report 2002) suggested a
long list of improvements that together were considered to imply a reduction by
50 % of the fatality frequency, according to the goal. Some of the main actions
were (Hamremoen 2007):
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Table 13.9 Helicopter risk parameters for the cruising and landing phases, Norway, 1992–2011

Factor Cruising Landing on
platform

Comments

Accident rate 3.7 9 10-6 0
FAR 1.22 9 10-6 0
Fraction of fatalities to total number of persons
exposed

1.0 0

Average number of fatalities (in fatal accidents) 12 0
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• Flight data monitoring
• New technology
• TCAS 1 collision avoidance system
• EGPWS, Enhanced Ground Proximity Warning System
• De icing (rotor)
• Survivability in Sea state 6.

A safety advisory group was also established (CAA 2007). Contact with two of
the leading members (Karlsen 2007; Hamremoen 2007) of the group revealed that
the majority of the actions have already been implemented for the majority of the
helicopters in the Norwegian fleet (CAA 2007). There are two main features of
improvement being sought through these actions:

• Reduction in the frequency of technical and operational faults that may lead to
fatal accidents.

• Reduction in the consequences of such faults, i.e. reduce (or eliminate) the
number of fatalities resulting from such faults.

This implies that an event that in the past could have led to serious conse-
quences may in the future have less severe consequences. In theory this should be
reflected in the criteria used to classify incidents, but it will probably take some
time before a revision is made.

When all these factors are taken into account, we have attempted to consider
what these qualitative factors may result in with respect to the prediction of
fatalities in helicopter transportation in the future. The percentage completion of
recommendations was 67 % at the end of 2007 and it is now considered to be
100 %. It should, however, be noted that what effect these actions will have on the
future incident rate is based on subjective evaluations made by a large group
representing different organisations and interests.

The final aspect to consider is that helicopter accidents are so rare that some
margin must be allowed for what could be called ‘unexperienced events’ (or
unknown threats), namely mechanisms that are unknown until they occur for the
first time. This may, for instance, be related to the volume of traffic in ‘near arctic’
conditions in the Barents Sea. Allowance has been made for such occurrences in
the future. On this basis, we have subjectively considered that a representative
average value for the future may be the following:

• Helicopter transport: 70 fatalities per 100 million person flight hours

This corresponds to full compliance with the 50 % reduction target of the
official white paper (Norwegian official report 2002).

Table 13.10 presents the predicted FAR for cruising and landing on installa-
tions separately for the Norwegian sector. For the landing and take-off values,
50 % of the UK values has been applied.
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13.8 Other Risk Parameters

13.8.1 Fatality Distribution

A distribution of fatalities occurring in helicopter accidents may be required in
cases where an f–N distribution is used to ex-press risk to personnel. This may be
generated from accident statistics. Figure 13.4 presents the distribution of fatalities
per fatal accident.

Most helicopters in use in the North Sea typically have 14–18 seats and
therefore it is usually not necessary to distinguish between different helicopter
types. The Chinook helicopter has 45 seats, but this helicopter has been out of use
for North Sea activities following the accident in 1986.

Figure 13.4 shows an overview of the number of fatalities in helicopter acci-
dents during cruising and landing. Accidents that occurred on the helideck are
omitted from the presentation.

13.8.2 Comparison of Risk Associated with Shuttling

Vinnem and Vinnem (1998) demonstrated the critical effect of extensive shuttling
between the shore and offshore facilities on the risk levels for the persons invol-

Table 13.10 Helicopter risk parameters for the cruising and landing phases, Norway, future
predictions

Factor Cruising Landing on
platform

Comments

Accident rate 3.1 9 10-6 3.3 9 10-7

FAR 1.34 9 10-6 2.2 9 10-7

Fraction of fatalities to total number of persons
exposed

0.68 0.58

Average number of fatalities (in fatal accidents) 12 4.5
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ved. This is sometimes undertaken during offshore installation and/or the com-
missioning phase of new facilities. Figure 13.5 shows the ave-rage annual FAR
value for an offshore employee, according to the extent of off–shore shuttling that
the person is exposed to.

The following shuttling situations are shown (abbreviations used in the diagram
are also included):

1. No shuttling (‘No shuttle’).
2. Shuttling to shore twice per week (‘Sh ? shore 2/week’, 60 min each way).
3. Shuttling to shore daily (‘Sh ? shore daily’).
4. Shuttling to a nearby installation offshore twice per week (‘Sh ? offsh 2/

week’, 15 min per one way trip).

All helicopter operations are included, while transport between the installation
and shore at the outset and finish of a full working period (usually 2 weeks), as
well as any shuttling during that working period are also included. It may thus be
observed from the levels demonstrated here, that helicopter associated risk is
important for the overall risk level imposed on offshore employees.

The diagram shows the considerable increase in risk to an employee who is
shuttled either to shore or to another installation regularly during the offshore work
period. Even for shuttling twice per week, the increase is significant, and the total
risk experienced by offshore workers is doubled if being shuttled twice per week
from shore. If shuttling is daily, total risk increases by a factor of almost five.

It should be noted that the total risk values presented here include transportation
from shore to the installation, which is often excluded when concept or operational
alternatives are compared. The influence of shuttling would obviously have been
even more extensive if the initial and final flights (to/from shore) were ignored.
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13.9 Prediction of Risk Levels for an Individual
Installation

Risk levels for an individual installation can be predicted using the Eq. (13.7)
presented by Heide (2012):

h ¼ Tþ T1uð Þ � a1 � a2 � a3 þ 1þ u � N1ð Þ � b1 � b2 � b3 ð13:8Þ

where:
h = Proportion of flights where an average passenger perishes,
T = Flight time directly between the heliport and offshore helipad,
T1 = Extra flight time for flights that have an intermediate landing,
u = Proportion of flights that have an intermediate landing,
a1 = Proportion of accidents per time unit for the accident rate that is depen-

dent on flight time,
a2 = Proportion of fatal accidents per accident for time dependent accidents,
a3 = Proportion of passenger fatalities per fatal accident for time dependent

accidents,
N1 = Number of intermediate landings,
b1 = Proportion of accidents per flight for the accident rate that is dependent on

the number of flights,
b2 = Proportion of fatal accidents per accident for flight-dependent accidents,

and
b3 = Proportion of passenger fatalities per fatal accident for flight-dependent

accidents.
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Appendix A
Overview of Software

A.1 Introduction

Quite extensive software tools have become available over the past 20 years. A
brief overview over some of the main tools which are oriented towards offshore/oil
and gas applications are presented in this appendix. These tools have been
categorised into the following:

• QRA software
• QRA software tools for scenario and probability analysis
• QRA software tools for consequence analysis
• Risk management software
• Qualitative risk assessment software
• Reporting and analysis of incidents and accidents

Brief summaries are presented as an overview, followed by brief sections
presenting some of the main characteristics of these products. These summaries
have been prepared by the software vendors. Only those products are detailed
where a response was received from the vendors. The descriptions are structured as
follows:

• Name and purpose of software
• Scope of software
• License conditions, pricing etc.

It should be stressed that there is a large amount of general software tools for
CFD from many different suppliers. These have not been included in the
presentations that follow throughout this appendix. Some of these may have quite
valid applications during estimation of loads from fire or explosion, or for gas
dispersion or oil slick movements. Because there are so many software tools
available in this category, it becomes impossible to give an overview of all
relevant tools. None of these are therefore included.

Software tools that are only directed at onshore usage are not included in the
reviews, neither are tools for production/transport regularity analysis.

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
DOI: 10.1007/978-1-4471-5207-1, � Springer-Verlag London 2014

855



All software tools that are mentioned in the following are commercially
available from the vendor as listed (Table A.1).

A.2 Electronic Contacts

The following is a listing of electronic contacts to the software providers (Table A.2):

Table A.1 Overview of software for quantitative risk analysis

Software Purpose Contact

ASAP� 3D geometrical description and analysis
of a fixed set of event trees

Lilleaker Consulting, Oslo,
Norway

COSAC� Risk assessment tool for early project phases
of a field development for concept evaluation
and screening. The tool can also be used
as an aid for HAZID of offshore platforms

Scandpower Risk
Management, Kjeller,
Norway

Safeti
Offshore�

Comprehensive Offshore Quantitative Risk
Assessment software

DNV Software, London, UK

PLATO� 3D geometrical platform model, analysing explicitly
development and timing of escalating hazards,
fire, explosion and structural collapse

Environmental Resources
Management, London, UK

RiskSpectrum�

PSA
Fault tree and event tree software Scandpower AB, Stockholm,

Sweden

RISK� Comprehensive offshore quantitative risk assessment tool ESR Technology, UK

SAFETI� Comprehensive QRA tool for flammable, explosive and
toxic impact

DNV Software, London, UK

• ESR Technology, UK www.esrtechnology.com
• Lilleaker Consulting, Norway www.lilleaker.com
• ANSYS, US www.ansys.com
• DNV Software, London, UK www.dnv.com
• Safetec Nordic, Trondheim, Norway www.safetec.no
• EQECAT, USA www.eqecat.com
• Four Elements, London, UK www.erm.com
• Prediction Technologies Incw www.prediction–technology.com
• ABS Consulting, UK www.absconsulting.com
• BowTie Pro, UK www.bowtiepro.com
• Scandpower Risk Management, Kjeller, Norway www.scandpower.com
• Atkins, Bristol, UK www.atkinsglobal.com
• Gexcon, Bergen, Norway www.gexcon.com
• ComputIT, Trondheim, Norway www.computit.no
• SPT Group, Norway www.sptgroup.com
• Safer Systems, USA www.safersystem.com
• USFOS AS, Norway www.usfos.no
• Lihou Technical & Software Services, UK www.lihoutech.com
• Sunrise System Ltd, UK www.sunrise-sys.com
• Petrell AS, Norway www.petrell.no
• ACADS-BSG, Australia www.members.ozemail.com.au
• ReliaSoft, USA www.reliasoft.com
• Presight Solutions AS, Norway www.presight.com
• ExproSoft AS, Trondheim, Norway www.exprosoft.com
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A.3 Quantitative Risk Analysis Software

A.3.1 ASAP�

The following is a brief description of this software, the function, vendor, pricing
and main features (Table A.3).

• Function 3D geometrical description and analysis of a fixed set of event trees
• Vendor Lillesoft a.s., Baerum, Norway
• Pricing License fee using ASAP� on the Lillesoft Terminal Server:

NOK 190,000 (12 months)
NOK 65,000 (3 months)
NOK 30,000 (1 month)

ASAP� is a computer analysis package that calculates the risk related to HC
leaks, fires and explosions on oil and gas installations. The first ASAP� version
was released in 1988 and has been continuously developed since then (Table A.4).

Complex interactions in horizontal and vertical directions are taken care of by
adjusting the models to three-dimensional geometry. Scenarios such as gas and

Table A.2 Overview of QRA software for scenario and probability risk analysis

Software Purpose Contact

BlowFAM� Evaluation of blowout risk during specific well
operations

Scandpower Risk
Management,
Kjeller, Norway

COAST� Shipping traffic database, using GIS for user
interface and graphical pres. of information on
shipping routes and vessel characteristics

Safetec Nordic,
Trondheim, Norway

COLLIDE� Analysis of collision risk between vessels and
platforms

Safetec Nordic,
Trondheim, Norway

EGRESS� Mustering and evacuation simulation
for evacuation/rescue modelling

ESR Technology, UK

LEAK� Calculation of the frequency of leaks at
an installation

DNV Software, London,
UK

R–DAT Plus� Bayesian data analysis Prediction
Technologies, MD,
USA

CARA–Fault
Tree�

Fault tree analysis and construction ExproSoft AS,
Trondheim, Norway

US Offshore
Energy
ModelTM

A fully probabilistic risk model that quantifies
prospective risk from hurricanes in the Gulf of
Mexico

EQECAT, USA

BlockSim� System analysis with RBDs or fault trees ReliaSoft, USA
RENO� Probabilistic event and risk analysis ReliaSoft, USA
RiskSpectrum�

HRA
Human reliability analysis tool to evaluate and

quantify the probability of human errors
Scandpower AB,

Stockholm, Sweden
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liquid jets followed by gas dispersion and fire development can be seen in 3D
graphic, giving a good interpretation of the accident (Table A.5).

The calculation of gas dispersion, detection and ignition is transient such that
the effect of safety barriers (detection, ignition control, shutdown and blowdown)
forms part of the analysis. The latest feature of the program is that module
ventilation and gas dispersion results from CFD codes (like e.g. FLACS�) can be
imported into ASAP� to improve the accuracy of the risk calculations (Table A.6).

A.3.2 COSAC�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Risk assessment tool for early project phases of a field development
for concept evaluation and screening

Table A.3 Overview of QRA software for consequence analysis

Software Purpose Contact

FIREX� Empirical prediction of main fire characteristics
and responses

Scandpower Risk
Management,
Kjeller, Norway

FLACS� Explosion simulation Gexcon, Bergen,
Norway

KAMELEON
FireEx–
KFX�

Fire and gas dispersion simulation ComputIT, Trondheim,
Norway

OLGA� Transient multiphase flow simulator for systems
comprising flow lines, risers and process
equipment.

SPT Group, Kjeller,
Norway

PHAST� Windows-based toolkit for determination of
consequences of accidental releases of hazardous
material

DNV Software,
London, UK

SAFER
TRACETM

Consequence Analysis for chemical facility SAFER Systems, USA

USFOS/FAHTS Structural fire and explosion analysis USFOS AS, Norway
PIPENETTM Pressure loss and flowrate model for offloading,

firewater and ventilation systems
Sunrise System Ltd,

UK
VessFire Heat transfer, depressurisation and stress modelling

from fires
Petrell AS, Norway

HYENA Fire sprinkler/hydrant analysis ACADS-BSG,
Australia

ANSYS Fluent Physical modeling of flow, turbulence, heat transfer,
and reactions for industrial applications

ANSYS, USA

ANSYS CFX Fluid dynamics program to solve wide-ranging fluid
flow problems

ANSYS, USA
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• Vendor Scandpower Risk Management, Kjeller, Norway
• Pricing Available on request.

COSAC� is a computerised tool for efficient risk assessment in the early project
phases of a field development.

COSAC� analysis and results are tailor-made for concept evaluation and
screening. Its aim is to increase the safety of new offshore developments by
utilising 20 years of experience gained from risk analyses. Some of the main
features of COSAC� include reducing uncertainty, improving the quality and
efficiency of early phase safety evaluations. COSAC� provides a safety score for
every risk factor associated with an offshore field development concept. A low
score indicates safety concerns and/or lack of documentation of important safety
issues. Therefore, a low safety score in COSAC� puts these issues in focus. In
addition the user is provided with information on how to resolve the problems
identified by COSAC�.

COSAC� has a unique explosion risk prediction model which calculates
explosion loads for a variety of module configurations. The predictions are based
on FLACS� simulations for comparable geometries.

A.3.3 Safeti Offshore�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Offshore risk analysis
• Vendor DNV Software, London, UK
• Pricing Available upon request

Safeti Offshore� is the successor to Neptune and OHRAT, and was released in
2012. Safeti Offshore� is a comprehensive software tool for designing, calculating

Table A.4 Overview of software for qualitative risk analysis

Software Purpose Contact

HAZOP Manager HAZOP Tool Lihou Technical & Software Services, UK

Table A.5 Overview of software for accident/incident analysis

Software Purpose Contact

DNV
BSCATTM

Modern risk-based safety management approaches
to systematic root cause incident investigation

CGE Risk Management
Solutions, The
Netherlands
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and providing full traceability of a quantitative risk assessment. The system
architecture has been designed to provide a methodological approach to risk
analyses using best practice techniques. Safeti Offshore� contains models for
calculation of discharge, dispersion, pool formation and evaporation, flammable
and toxic effects and impact. Also contained with Safeti Offshore� are models
designed for the specific needs of offshore installations, such as inventory
calculation from isolatable sections, safety systems for isolation and blowdown,
fire and blast wall success and failure, event escalation, smoke generation,
evacuation, endangerment of muster areas, collision with ships, in module
dispersion, ignition and explosion and many more. Safeti Offshore� offers flexible
modelling of hazards and risks through a wide range of analytic capabilities
including consequence modelling, leak frequency calculations, sensitivity and
what-if analysis. Safeti Offshore� operates under MS-Windows�.

Table A.6 Overview of risk management software

Software Purpose Contact

ViewRisk Risk summation and presentation tool,
including outputs of risk contours,
F–N data, risk transects and a listing
of dominant events

Environmental Resources
Management (ERM),
London, UK

Synergi RBI� Onshore and offshore risk based
inspection tool

DNV Software, London,
UK

BowTieXP� Management of major risks to people, the
environment, assets and reputation by
means of A bowtie@ graphical
interface diagram

CGE Risk Management
Solutions, The
Netherlands

THESIS Management of major risks to people, the
environment, assets and reputation by
means of ‘‘bow-tie’’ graphical
interface diagram

ABS Consulting,
Warrington, UK

BowTie ProTM Qualitative, semi-quantitative &
illustrative risk analysis and risk
management

BowTie Pro, Aberdeen,
UK

Presight� Operations &
Barrier Safety KPI
Management

Reduce major accident risk with
operations and context focused KPI
management for barrier & process
safety improvements and reduce
down-time events. Convert complex
multi-systems information into
indicators, supporting risk awareness
and safer operations decisions

Presight Solutions AS,
Norway

Synergi Life Complete business solution for risk and
QHSE management, managing all
non-conformances, incidents, risk, risk
analyses, audits, assessments and
improvement suggestions

DNV Software, London,
UK

SafeGuard Visualisation of status of major accident
risk in a plant

Safetec Nordic,
Trondheim, Norway
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A.3.4 PLATO�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function 3D geometrical platform model including representation of safety
related engineering components and design features, analysing
explicitly development and timing of escalating hazards, fire,
explosion and structural collapse

• Vendor Environmental Resources Management (ERM), London, UK
• Pricing GBP 36,000 (leasing schemes also available)

Optional annual maintenance: GBP 3,000 per year (telephone
support and free minor software revisions).

PLATO� uses a 3D model of the platform in which all safety related
engineering components and design features are explicitly represented. The
development and timing of escalating hazards such as fire, explosion and structural
collapse are simulated with automatic generation of scenarios where safety related
components affect the outcome. Results can be processed not only for the overall
level of societal and individual risk but also to determine the primary escalation
mechanisms and key safety critical equipment. The primary benefits over event
tree methods are modelling realism, auditability, explicit representation of
geometry/time and ease of update for evaluation of design options or platform
modifications.

A.3.5 RiskSpectrum� PSA

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Fault tree and event tree software
• Vendor Scandpower AB, Stockholm, Sweden
• Pricing On request.

RiskSpectrum� PSA offers Fault Tree and Event Tree modelling interface,
analysis, reliability data management and quality assurance all in one application.
The separate MCS and BDD Engine—RSAT—is used for the conversion of Fault
Trees, Sequences and Consequences to MCS or BDD to enable quantification of
e.g. CDF and LERF.

RiskSpectrum� PSA is the complete linked Fault Tree and Event Tree tool. Its
basic blocks of functionality are:

• Fault Tree editor
• Event Tree editor
• Analysis Tool (MCS generator)
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All data are stored in a relational database, which makes it easy to browse, find
relations and update—data is never repeated but only stored in one place.
RiskSpectrum� PSA has also a system for storing information about each records
status—edit, review and approve status.

A.3.6 RISK�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Comprehensive offshore quantitative risk assessment tool
• Vendor ESR Technology, UK
• Pricing Not available.

RISK� is a linked spreadsheet QRA model developed on EXCEL�. It enables
users to clearly identify the key stages of the risk assessment process and follow
individual major hazard events from their initiation, through accident
development, to the contribution they make to accident scenarios, TR
Impairment, individual risk and PLL. Key features of RISK� are:

• Developed using industry standard spreadsheet software package (EXCEL�).
• Is user friendly and can be interrogated by engineers without the need for formal

training.
• Is easy to tailor to meet specific project requirements.
• Is transparent and focuses on key scenarios at an appropriate level of detail.

A.3.7 SAFETI�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Comprehensive QRA software tool for flammable, explosive and
toxic impact

• Vendor DNV Software, London, UK
• Pricing Available on request.

SAFETI� (Software for the Assessment of Flammable, Explosive and Toxic
Impact) is the most comprehensive and widely used onshore QRA package
available. It is a Windows� based system that provides a user friendly, industry
standard method for quantifying major chemical risks. It enables analysis of the
likelihood and severity of major hazards and makes use of the PHAST� models to
predict the consequence of major releases. By combining these with their
frequencies and taking account of population location and density, along with
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ignition source location for flammable and explosive effects, a number of
presentations of ‘risk’ are possible. These include risk contours, F/N curves, risk
transects and risk ranking at specific points. Additionally, effect exceedance results
including flammable radiation and explosion overpressure provide complete
support for occupied building analysis. Safeti� performs 3D explosion calculations
using the Multi-Energy and Baker Strehlow Tang explosion methodologies.

A.4 QRA Tools for Scenario and Probability Analysis

A.4.1 BlowFAM�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Evaluation of blowout risk during specific well operations through
assessment of approximately 300 elements, which influence the
probability of a blowout

• Vendor Scandpower Risk Management, Kjeller, Norway
• Pricing Available on request

BlowFAM� is a PC-tool for evaluation of blowout risk during specific well
operations. BlowFAM� has been developed in close cooperation with drilling/well
intervention professionals in the participating companies. In addition, drilling
specialists from several contractor companies have contributed.

The BlowFAM� model has identified approximately 300 elements, that
influence the probability of a blowout. Many of these are applicable for the whole
well life while others are only relevant for a specific well phase, e.g. drilling of the
well. These elements are rated in regard to their importance to the risk. Main risk
contributors for a specific development can be identified and cost-efficient risk
reducing measures may be implemented.

The BlowFAM� model is also a valuable tool for communicating risk elements
to the drilling professionals involved in the well operations.

A.4.2 COAST�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Shipping traffic database holding details on regular shipping traffic
on the Norwegian and UK Continental Shelves as well as other areas
of the world. Includes graphical presentation of information on
shipping routes and vessel characteristics using GIS
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• Vendor Safetec Nordic, Norway
• Pricing Not available.

The Computer Assisted Shipping Traffic (COAST�) database was first
developed by Safetec in 1996 under the funding of the HSE, UKOOA and
DETR. Later it was increased to include the entire Norwegian continental shelf,
under funding from the Norwegian Oil and Gas. Using COAST� you are able to
identify all regular shipping traffic within a defined area both on the British and
Norwegian continental shelves.

The COAST� database is based on a number of sources including Lloyd’s Port
Log Data, radar data from offshore and onshore radar stations, manual vessel
traffic surveys, operator information etc. By combining these data, Safetec is able
to identify both the location and width of shipping routes, the number of ships in
each route, and the distribution of these ships within the route etc. The traffic
patterns are displayed on electronic raster charts for easy identification.

The information from COAST� are used in several ways, including
identification of the shipping traffic pattern in an area, calculation of the risk of
collisions between ship and offshore installations, input to emergency
preparedness analyses and assessment of threats to the marine environment.

COAST� was first released in 2002. Safetec recognised that the routing on the
NCS will evolve and therefore continuous updates of the route database are
undertaken. As changes to shipping routes are recognised (e.g. due to
the installation of new offshore platforms) they are incorporated by Safetec and
the new route database is issued. The most recent main update of COAST� was
performed based on Lloyd’s port log data, AIS data provided by Statoil Marine
Sandsli and Ekofisk Radar (ConocoPhillips) and offshore vessel movements
(supply, SBV and shuttle tanker routes) provided by the operators.

Recently, AIS data has become the most prominent data source to offer bespoke
traffic survey services worldwide using the COAST� methodology.

A.4.3 COLLIDE�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Analysis of collision risk between vessels and platforms
• Vendor Safetec Nordic, Norway
• Pricing Not available.

The COLLIDE� software tool is mainly used for calculating collision
frequencies and energies between approaching vessels and offshore installations,
windfarms, etc. COLLIDE� is capable of modelling both passing and drifting
vessels, as well as other drifting substances. The results of a COLLIDE� analysis
is often used as input to risk analyses of offshore installations.
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Field related traffic mainly consists of supply and standby vessels, in addition to
shuttle tankers.

• Supply vessels—In recent years, supply vessels have been increasing in size and
become more advanced, making them a threat to an offshore installation both
during approach, and loading and unloading operations. The importance of
having proper procedures and safety management systems in place to be able to
cope with this threat has thus been strengthened.

• Shuttle tankers—Operating close to the installations when they are loading, and
due to their size, even a low speed collision of a shuttle tanker can cause
substantial material damage.

A.4.4 Egress�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Mustering and evacuation simulation for evacuation/rescue
modelling

• Vendor ESR Technology, UK
• Pricing Not available.

The Egress� code allows the movement of large numbers of personnel, such as
when mustering on an installation, to be simulated. The platform layout is
modelled as a matrix of interconnecting cells. The code covers both the physical
movement and behavioural decision-making of personnel. The output is graphical
and the movement watched as a real-time graphical representation. It was
developed as part of a joint industry project in the UK between ESR Technology,
Shell, Texaco, Exxon, and the Health and Safety Executive.

The code has been used both offshore and onshore for the oil and gas and other
industries to provide assessments of the movement of people during incidents.

A.4.5 LEAK�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Calculation of the frequency of leaks at an installation
• Vendor DNV Software, London, UK
• Pricing Available on request.

LEAK� is a software tool which calculates the frequency of leaks at an
installation, typically an oil platform. Each installation is broken down into a
number of areas which are themselves split into a number of segments each
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containing a list of equipment groups. Each equipment group is built up of base
elements such as valves, flanges, pipes, etc. LEAK� will calculate the leak
frequency for the installation, area, segment or equipment group based on built-in
historical leak frequency data. The total frequency for each user defined category
is reported together with each contributor. The model used expresses the frequency
of a leak being larger than a certain size as a continuous function of the equivalent
hole size diameter. The historical data used in the calculations is read from a
database, enabling the most up-to-date data to be included.

A.4.6 R–DAT Plus�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Bayesian data analysis
• Vendor Prediction Technologies, MD, USA
• Pricing Not available.

http://www.prediction-technologies.com/products/r-dat.brochure.pdf, R–DAT
Plus� is a full-featured Bayesian data analysis package for risk and reliability
analysts. It is designed for users who need to perform system specific analyses, but
who also have a need to develop generic prior distributions based on industry data.

R–DAT Plus� provides the user with a powerful, yet simple and flexible
environment for storing and organising many types of reliability data and related
information. A hierarchical structure enables the user to develop functional or
structural or any other type of breakdown, at any level of detail. The elements
of this hierarchy act as folders containing the reliability data and the results of
Bayesian analyses performed on the data sets.

With R–DAT Plus� the user may specify the prior distribution in many
different ways depending on the type and level of information available. These
include a wide variety of parametric distributions (e.g. lognormal, beta and
loguniform) using any of a number of input options such as lower and upper
bounds, mean and variance, or the distribution parameters. Furthermore, R–DAT
Plus� enables the user to develop generic distributions based on industry data
(counts of failures in other applications) as well as expert estimates. The resulting
distributions will represent the plant-to-plant variability of failure rate of a given
class of components or initiating events, and can be used in a plant-specific
analysis in order to perform the Two-Stage Bayesian procedure.
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A.4.7 CARA–Fault Tree�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Fault tree analysis and construction
• Vendor ExproSoft AS (www.exprosoft.com)
• Pricing The price for a single user license is NOK 30,000 (approximately

USD 5000/EUR 4000).

CARA–FaultTree� is a tool for fault tree construction and analysis. A fault tree
is a logical diagram that displays the interrelationships between a potential critical
event (accident) in a system and the reasons for this event. By constructing a fault
tree you analyse how a system can fail, and the analysis also gives you insight into
how the components contributes to the system reliability. With its intuitive
graphical user interface, the program lets you create fault trees quickly and
efficiently. A total of six system performance measures and six measures of
component importance are available, along with enhanced report utilities.

A.4.8 US Offshore Energy ModelTM

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function A fully probabilistic risk model that quantifies prospective risk from
hurricanes in the Gulf of Mexico

• Vendor EQECAT, US
• Pricing Available on request.

US Offshore Energy ModelTM is a fully probabilistic risk model that quantifies
prospective risk from hurricanes in the Gulf of Mexico. The model is part of
EQECAT’s global multi-peril catastrophe modeling platform, RQETM (Risk
Quantification & Engineering). Since the initial release of the model in 2007, the
model has been enhanced and updated to incorporate improvements to
vulnerability functions, wave modelling, exposure definition, data processing
functionality, and the application of complex insurance policy structures.

The model analyzes risk in the Bureau of Ocean Energy Management (BOEM)
planning regions, as well as in US lease waters. Meanwhile, onshore oil and gas
delivery points and processing facilities are modeled for wind and storm surge
damage (and for effects on shut-in oil and gas production).

The model handles the risks derived from the following hazards:

• Wind: Gust and sustained wind speeds, as defined by the probabilistic event set.
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• Waves: A separate wave module calculates wave heights from complex hazard
elements, including key hurricane wind parameters, water depth, sea-floor slope,
wind duration and ocean fetch.

• Landslides and sub-sea currents: These perils threaten sub-surface equipment
and pipelines. Hazard is derived from hurricane and wave parameters, sea-floor
slope and water depth. Regions of mudslide hazard to pipelines are defined.

A.4.9 BlockSim�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function System analysis with reliability block diagrams (RBDs) or Fault
Trees

• Vendor ReliaSoft, US
• Pricing Single-Thread: €3.595,50

Multi-Thread: €5.395,50

BlockSim� provides a comprehensive platform for system reliability,
availability, maintainability and related analyses. The software offers a
sophisticated graphical interface that allows you to model the simplest or most
complex systems and processes using reliability block diagrams (RBDs) or fault
tree analysis (FTA), or a combination of both approaches. BlockSim� supports an
extensive array of RBD configurations and FTA gates and events, including
advanced capabilities to model complex configurations, load sharing, standby
redundancy, phases and duty cycles. Using exact computations and/or discrete
event simulation, BlockSim� facilitates a wide variety of analyses for both
repairable and non-repairable systems. This includes:

• System Reliability Analysis
• Identification of Critical Components
• Optimum Reliability Allocation
• System Maintainability Analysis
• System Availability Analysis
• Throughput Calculation

A.4.10 RENO�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Probabilistic Event and Risk Analysis
• Vendor ReliaSoft, US
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• Pricing Single User License: €1.795,50

RENO� is a powerful and user-friendly platform for building and running
complex analyses for any probabilistic or deterministic scenario using an intuitive
flowchart modeling approach and simulation. Flowchart models can be created for
complex reliability analyses, risk and safety analyses, decision making or
maintenance planning. Users can also build models for other applications, such
as optimizing your stock portfolio or testing your blackjack strategy.

RENO� can be used for a wide variety of applications including, but not limited
to:

• Risk/Safety Analysis
• Complex Reliability Modeling
• Decision Making
• Maintenance Planning
• Optimization
• Operational Research
• Financial Analysis

A.4.11 RiskSpectrum� HRA

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Human Reliability Analysis (HRA) tool
• Vendor Scandpower AB, Stockholm, Sweden
• Pricing Available on request.

RiskSpectrum� HRA is a human reliability analysis tool to evaluate and
quantify the probability of human errors.

RiskSpectrum� HRA helps the user standardize HRA analysis process: by
going through necessary steps to generate human error probabilities for human
failure events, and to document important assumptions, conditions, inputs and
results in the HRA process at the same time. With the tool the user can consistently
conduct HRA and produce results of high quality, good traceability and
documentation.

RiskSpectrum� HRA can help the HRA analysis meet the requirements of the
ASME PSA Standard and NRC HRA Good Practices. RiskSpectrum� HRA
includes a number of commonly-used HRA methods, such as THERP, ASEP,
HCR/ORE, SPAR-H and HEART, etc.

For each human failure event, multiple methods can be used in quantification.
Different results from different methods could therefore be compared.
Conservative screening value can be defined and assigned to the selected human
failure events.
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A.5 QRA Tools for Consequence Analysis

A.5.1 Firex�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Prediction of main fire characteristics and responses of fire scenarios
based on empirical correlations

• Vendor Scandpower Risk Management, Kjeller, Norway
• Pricing Available on request.

The program system FIREX� is capable of predicting the main fire
characteristics and responses of six fire scenarios:

• Pool fire in the open
• Pool fire in enclosure
• Fire on sea surface
• Jet fire
• Diffusive flare fire
• Fireball/BLEVE.

FIREX� is based on well known prediction methods, which have been
compared and verified against experimental data. FIREX� predicts:

• Incident heat radiation onto targets not engulfed by the flames, as a function of
the distance from the fire.

• Heat flux to targets engulfed by the flames as a function of time from the onset
of the fire.

• Temperature response of steel structures as a function of time and degree and
type of insulation.

• Smoke production and visibility in smoke as a function of time from the
moment of ignition.

• Pool fire hazard ranges.
• Fireball hazard ranges.
• For pool fires in enclosures; ceiling temperature, development of hot gas.

A.5.2 FLACS�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function 3D CFD software tool for analysing gas and air flows in industrial
environments as well as in the atmosphere. Major application areas
include ventilation, dispersion and gas explosions and subsequent
blast effects
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• Vendor Gexcon, Bergen, Norway
• Pricing Prices start from €1707/month (Example: Domestic consulting

license, FLACS-GasEx, 1 month lease)

The development of FLACS� has been carried out continuously since 1980
with the co-operation, support, direction and funding of ten international oil and
gas companies as well as legislative bodies of three countries. Application specific
validation, wide applicability and efficiency when using FLACS� has been given
high priority in the development work.

FLACS� has been the leading tool for explosion consequence prediction on off-
shore and onshore petrochemical installations for more than a decade. Every year
FLACS� is used in safety studies and risk assessments on more than one hundred
offshore and onshore facilities worldwide. In addition, FLACS� is now approved
for LNG Vapor Dispersion Modeling under U.S. Federal Regulations (49 CFR
193.2059).

The full FLACS-Standard version can handle explosion, dispersion, ventilation,
mitigation and pool modelling. Separate modules/subset of FLACS-Standard
include:

• FLACS-Dispersion
• FLACS-GasEX
• FLACS-Hydrogen
• FLACS-DustEx (former DESC)

Typical applications of FLACS� include:

• Quantitative risk assessments
• Accident/incident investigations
• Identify/evaluate worst-case
• Safety evaluation of modifications
• Explosion venting of coupled and non-standard vessels
• Room/module layout optimization
• Predicting the effect of mitigation
• Blast waves and control rooms
• Drag loads on piping
• Exhaust pipe explosions
• Toxic gas dispersion
• Heli-deck studies
• LNG dispersion studies
• Gas detector optimization
• Planning and QA of experiments
• Assist certification processes
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A.5.3 KAMELEON FireEx–KFX�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function CFD-based tool for prediction of gas dispersion and fire character-
istics and response in complex geometries, as well as fire mitigation
and extinguishment analysis and design

• Vendor ComputIT, Trondheim, Norway
• Pricing Short and long term leasing contracts, licenses ranging from

academic to commercial licenses.

Kameleon FireEx–KFX� is an advanced simulator dedicated to gas dispersion
and fire simulation with the following main characteristics:

• Three-dimensional transient finite—volume CFD code.
• Includes CAD import capabilities (PDS, PDMS, IGES, Flacs macro, others).
• Interfaced with the finite—element structure response codes Fahts/Usfos for

dynamic structural response analysis.
• Includes detailed Lagragian models for fire mitigation by water systems, for

instance water mist systems, water curtains, deluge, sprinklers.
• Includes efficient and user—friendly pre- and post processor capabilities,

including options for animation of simulation results and ‘‘moving cameras’’
through simulations.

• Originally developed by ComputIT/NTNU/SINTEF with the partners Statoil
(N), Total (F), ENI-group (I), Hydro, ConocoPhillips (N,USA), Gaz de France
(F), Ruhrgas (D) and Sandia National Laboratories (USA).

• Extensively validated against small and large scale experimental data.
• Used for a large number of industrial analyses world wide for more than 20

years.

Industrial analyses performed by KFX� can typically be:

• Simulation of all kind of fires; pool fires, jet fires, spray fires, flares, fire in
enclosures, in complex geometries, in open space, in still air or in windy
conditions. This includes detailed calculation of temperatures, radiation, smoke,
visibility, concentrations of species, toxic gases, noise etc.

• Fire impact on structures and process equipment
• Optimization of passive fire protection
• Fire temperature, radiation and smoke impact on humans
• Evaluation of escape routes
• Simulation and evaluation of fire mitigation by water systems; sprinklers,

deluge, mist, curtains
• Flare simulations; radiation, noise (not standard KFX� version), detailed tip

simulations, ignition, startup
• Dispersion of gas
• Calculation of explosive cloud sizes
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• Gas and fire detection systems
• Simulation and evaluation of LNG spills, including dispersion of LNG vapour

and LNG fires
• Combustion in incinerators, furnaces, engines, burners and other combustion

devices
• Reduction of emissions; CO, NOx, others
• HVAC (ventilation simulations)
• Turbulent flow analysis with respect to safe helicopter operation
• Fluid flow and combustion in general
• 3D visualization, animations, contour plot in real CAD geometry.

A.5.4 OLGA�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Transient multiphase flow simulator covering both hydraulic and
thermal phenomena. Simulation of wells, flow lines, risers and
process equipment separately or as an integrated system. OLGA� is
also used extensively for blowout simulation and relief well design.
A separate OLGA� ABC (Advanced Blow-Out Control) tool is a
stand-alone version specifically for this application area

• Vendor SPT Group, Kjeller, Norway
• Pricing Available as lease for a limited period or as a permanent licence.

OLGA� is a simulator for transient multi-phase flow phenomena. OLGA� can
model general networks of wells, flowlines, risers as well as process equipment.
OLGA� is also used extensively for blowout simulation and relief well design.
A separate OLGA� ABC (Advanced Blow-Out Control) tool is a stand-alone
version specifically for this application area.

OLGA� is accurate in predicting pressure gradients, liquid hold-up, flow
regimes and flow rates. OLGA�’s ability to predict release behaviour from
condensate pipeline (reflecting bottom topography), is of significant importance in
risk analysis of offshore installations.

OLGA� is verified and validated against more than 10,000 experiments at the
two and three-phase-flow test loop operated by SINTEF in Trondheim and IFE at
Kjeller. Additionally OLGA� is verified by the largest database of multiphase
wells and pipeline data in OLGA� Verification and Improvement Project (OVIP).
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A.5.5 PHAST�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Windows-based toolkit for determination of consequences of
accidental releases of hazardous material

• Vendor DNV Software, London, UK
• Pricing Available on request.

PHAST� (Process Hazard Analysis Software Tools) is a Windows-based
toolkit, which determines the consequences of accidental releases of hazardous
material. It examines the progress of a potential incident from initial release,
through formation of a cloud, with or without a pool, to its dispersion. The
program uses DNV’s unique Unified Dispersion Model (UDM) to apply the
appropriate entrainment and dispersion models as the conditions change and to
integrate the relevant individual models such that the transition from one
behaviour pattern to another is smooth, continuous and automatic. The discharge,
pool formation and vapour and gas dispersion results are used to automatically
calculate toxic dose, probit and lethality, flammable effects including pool fire,
fireball, jet fire, flash fire and Multi Energy and Baker Strehlow Tang explosions.
Access to specific calculations at any step is also possible for detailed analysis of
individual phenomena. It is applicable to all stages of design and operation across
a range of process and chemical industry sectors and may be used to identify
situations which present potential hazards to life, property or the environment.

A.5.6 SAFER TRACETM

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Consequence Analysis for chemical facility
• Vendor SAFER Systems, USA
• Pricing Available on request.

TRACETM is a consequence assessment solution that allows for rapid
visualization of a potential failure involving airborne hazardous material. It
allows engineers to study how incremental mitigation techniques may improve
safety and help them focus on what must be put in place to mitigate the hazard.
This, in turn, helps assess the value and need to conduct an intensive process
hazard analysis.

TRACETM incorporates an intelligent wizard feature that allows the user to
easily and rapidly describe a scenario. Once processed, results can be viewed in
tabular or graphical formats. Output information can be exported to other
applications like word processors, spreadsheets and presentation managers.
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TRACETM can be used in a wide variety of applications, including:

• Accidental Release Modeling
• Hazards Identification
• Risk Management Planning
• Human Response Modeling
• Regulatory Modeling Requirements
• Evaluation of Mitigation Systems
• Population Exposure Assessment
• Worst-Case/Alternative Scenario Studies

A.5.7 USFOS�/FAHTS�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Structural fire and explosion analysis
• Vendor USFOS AS, Norway
• Pricing Available on request.

USFOS� is a computer program for collapse analyses and accidental load
analyses of fixed offshore structures, intact or damaged. The program simulates the
collapse process of space frame structures, from the initial yielding, through to
the formation of a complete collapse mechanism and on to the final toppling of the
structure.

The USFOS� program has been in commercial use since 1985 by oil companies
and engineering consultants all over the world. The program has been extensively
used in areas such as inspection planning, lifetime extension and integrity
assessment of ageing structures, and in fire protection assessment for new designs.
It is verified through participation in extensive benchmark activities both in
Europe and USA, through comparison with experiments and through extensive
scientific publication.

The particular characteristic features of USFOS� include:

• The program traces the entire collapse and post collapse behavior of the
structure, including global unloading, member unloading and redistribution of
forces.

• The program requires only one finite element per physical member of the
structure.

• The program employs efficient solution algorithms (SPARSE technology),
performing complete collapse analyses or time-domain dynamic analyses in
short time.

• Robust incremental/iterative solution procedures are implemented, with
automatic step scaling and verification of numerical solution accuracy.
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• The program comes with an extremely powerful and versatile graphical post
processor with full 3D graphics and image plots.

FAHTS� is a specialized tool for framed structures. The technology is based on
non-linear finite element technique with a special handling of boundary conditions
(such as insulation etc).

FAHTS� has an interface to Kameleon Fire Ex� (KFX), which ensures
effecttive and accurate transfer of data to the structure. The software is used to
prepare temperature data for structural response analysis with USFOS�.

FAHTS� can be used in the following applications:

• Evaluation of need for thermal insulation (passive fire protection of steel and
aluminum structures

• Simulation of pipelines and pressurized vessels exposed to fire
• Optimization of Passive Fire Protection, PFP
• Estimation of structural integrity during fire (together with USFOS�)
• Evaluation of effect from deluge

A.5.8 PIPENETTM

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Pressure loss and flowrate model for offloading, firewater and
ventilation systems

• Vendor Sunrise System Ltd, Cambridge, UK
• Pricing Available on request.

PIPENETTM is extensively used in the field of flow analysis of pipe and duct
networks in the steady state as well as dynamic state. The software can be used for
hydrocarbon fluids, water, gases and steam. It is used around the globe in the oil
and gas, power, petrochemical and shipbuilding industries.

The following three modules of PIPENETTM are used extensively:

• PIPENETTM Spray Sprinkler Module is exceptional for the design of fire
protection systems especially in the oil and gas and process plant industries—
deluge, ringmain, sprinkler or foam concentrate systems complying with the
NFPA and other rules.

• PIPENETTM Transient Module is ideal for unsteady flow calculations for ‘water
hammer’, ‘steam hammer’, control systems and hydraulic forces for pipe stress
analysis and other safety related applications.

• PIPENETTM Standard Module is the tool for solving general flow problems with
liquids, gases or steam—in pipe and duct networks—cooling water systems,
steam distribution systems, HVAC systems.
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Typical applications include:

• Design of fire protection systems for offshore platforms, FPSOs, onshore
terminals, refineries, power stations and ships.

• Pipelines, loading/unloading systems, water injection systems, crude oil transfer
lines, main steam lines in power stations, reheat lines, cooling water systems and
fuel oil lines.

• Steam distribution systems, utility systems, ventilation systems and water
distribution systems.

A.5.9 VessFire�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Heat transfer, depressurisation and stress modelling from fires
• Vendor Petrell AS, Norway
• Pricing Available on request.

VessFire� is a simulation program for time-dependent non-linear analysis of
thermo-mechanical response during blow-down of process segments and process
equipment exposed and unexposed to fire. VessFire� solves the problem of heat
transfer, conduction, thermodynamics of object contents and stress using a coupled
approach. VessFire� is based on a coupled solution of problems using a combined
numerical and analytical approach to simulate:

• Heat transfer from the fire onto the vessel, flow line, heat exchanger and/or pipe
work surface.

• Heat transfer through the fire protective coating, thermal insulation or protective
shield.

• Heat conduction through the object shell.
• Heat transfer from the inner object surface to the object contents.
• Thermodynamics of the object contents.
• Variation of pressure in the object due to depressurization counter-acted by the

increase of the pressure due to evaporation, boiling and expansion of object
contents.

• Stress in the object shell.
• Temperature in the depressurization pipe work for material selection.
• Time to object failure.
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A.5.10 HYENA�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Fire sprinkler/hydrant analysis
• Vendor ACADS-BSG
• Pricing Available on request.

HYENA� can be used to analyze automatic fire sprinkler systems with a simple
end, side or center fed configuration or more complicated looped and gridded
systems. It may also be used to analyze fire hydrant and hose reel installations or
combined sprinkler, hydrant and/or hose reel systems or any other systems where
the discharges can be represented by a k factor and minimum flow. With a given
sized network the program performs a complete hydraulic analysis determining the
water flow in, and pressure drop though, each pipe in the entered network taking
account of all fittings entered by the user.

Main features of HYENA� include:

• The program is capable of analysing looped and gridded systems as well as the
more conventional tree configurations.

• The program can be used to carry out a sprinkler system analysis in accordance
with NFPA, NZ4541, AS2118 or SSPC52 (Singapore) or GB50084 (China) or
to carry out an analysis of hydrant systems with or without hoses or hose reels

• The piping system can have up to 10 input points and these can be modelled as a
fixed pressure, a town mains water supply or a pump.

• The program can work in a wide range of units including Metric and British or
US and uses the Hazen-Williams formula for the hydraulic analysis.

• The program can also analyse mist systems in accordance with NFPA750 or
A54587 using the Darcy Weisbach formula. This also allows the analysis of
systems using fluids other than water.

• The program operates under WINDOWS� and all input data is via a series of
screens with numerous features including drop down lists, selection lists,
various sort options, etc; to facilitate easy data input.

• All nodes that are not nominated as discharges, or input points are automatically
assigned as reference nodes to save input, the user only having to assign
elevations.

A.5.11 ANSYS Fluent�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Physical modeling of flow, turbulence, heat transfer, and reactions
for industrial applications

878 Appendix A: Overview of Software



• Vendor ANSYS, USA
• Pricing Available on request.

ANSYS Fluent� software contains the broad physical modeling capabilities
needed to model flow, turbulence, heat transfer, and reactions for industrial
applications ranging from air flow over an aircraft wing to combustion in a
furnace, from bubble columns to oil platforms, from blood flow to semiconductor
manufacturing, and from clean room design to wastewater treatment plants.

User-defined functions allow the implementation of new user models and the
extensive customization of existing ones. The interactive solver setup, solution and
post-processing capabilities of ANSYS Fluent� make it easy to pause a
calculation, examine results with integrated post-processing, change any setting,
and then continue the calculation within a single application.

Case and data files can be read into ANSYS CFD-Post� for further analysis
with advanced post-processing tools and side-by-side comparison of different
cases.

A.5.12 ANSYS CFX�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Fluid dynamics program to solve wide-ranging fluid flow problems
• Vendor ANSYS, USA
• Pricing Available on request.

ANSYS CFX� software is a fluid dynamics program that has been applied to
solve wide-ranging fluid flow problems for over 20 years. The highly parallelized
solver is the foundation for an abundant choice of physical models to capture
virtually any type of phenomena related to fluid flow. The solver and its many
physical models are wrapped in a modern, intuitive, and flexible GUI and user
environment, with extensive capabilities for customization and automation using
session files, scripting and a powerful expression language.

Modeling Capabilities of ANSYS CFX� include the following:

• Laminar and turbulent
• Steady-state and transient
• Incompressible to fully compressible (subsonic, transonic, supersonic)
• Ideal and real gases
• Newtonian and non-Newtonian fluids
• Heat transfer
• Radiation
• Rotating and stationary
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• Eulerian multiphase
• Free surfaces (VoF)
• Lagrangian particle tracking
• Chemical reactions and combustion
• Mesh motion and remeshing
• Immersed solids
• Fluid structure interaction

A.6 Qualitative Risk Assessment Software

A.6.1 HAZOP Manager�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function HAZOP Tool
• Vendor Lihou Technical & Software Services, UK
• Pricing Available on request.

HAZOP Manager� is a comprehensive Personal Computer program for the
management of Hazard and Operability Studies (HAZOPs) and other similar
safety-related reviews (e.g. PHA, HAZID, FEMA, SIL, etc.) It is extensively used
to conduct more efficient and effective studies.

HAZOP Manager� incorporates features and facilities that:

• Serve as a framework within which preparation for the review can be structured.
• Ease the task of recording the meeting minutes, and help to maintain the team’s

focus of attention and interest.
• Give speedy access to material useful to the study team, such as previously

identified problems, failure rate data and other such historical information.
• Allow professionally formatted reports to be produced with the minimum of

effort.
• Permit additional management information to be extracted from the study

records.
• Provide a comprehensive and easy to use system for effective action follow-up

and close-out, without the significant administrative burden that this usually
entails.
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A.7 Reporting and Analysis of Incidents and Accidents

A.7.1 DNV BSCATTM

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Modern risk-based safety management approaches to systematic root
cause incident investigation

• Vendor CGE Risk Management Solutions, The Netherlands
• Pricing Available on request.

The BSCATTM method refers to a method that links modern risk-based safety
management approaches to systematic root cause incident investigation. The ‘‘B’’
refers to barrier-based as each barrier identified in bowtie risk assessments is tested
for why it failed.

SCAT (Systematic Cause Analysis Technique) is a well-established root cause
analysis approach which incorporates the DNV loss causation model. The model is
a sequence of dominos establishing the hierarchy of accident progression from the
type of event, to the immediate cause back to fundamental root causes and system
failures, and hence to necessary actions for improvement.

In short, BSCATTM is the barrier based extension to DNV’s SCAT method. The
SCAT model was developed to help incident investigators apply the DNV loss
causation model to actual events. This is done by means of the SCAT chart. The
chart was created to build-out an event using standardized event descriptions that
can fit the whole range of incidents and near misses. Due to using standardized
categories, this assists investigators to assess events in a systematic manner and
making these suitable for aggregation, leading to more insight into the weak areas
of the safety management system and the underpinning risk assessment. The
barrier-based accident investigation still applies the SCAT model but now it is
applied to each barrier separately, not to the incident as a whole.

The BSCATTM software allows investigators to reuse and link existing risk
assessment information (bowties) and to do full integration of incident analysis
and risk analysis. If applicable bowtie diagrams are available for use during the
investigation, the analysis can bring events and barriers from the bowtie directly
into the BSCATTM analysis. This means that every incident investigation refers
back to the risk assessment—a feature not present in other investigation methods.

By reusing the Bowtie risk analysis and/or describing the barriers in the
incident analyses, more value is extracted from the incident analyses. Incidents
highlight weaknesses in barriers and these in turn may indicate the risk assessment
is too optimistic and that specified risk targets are not being met. This information
is beyond that normally identified in incident investigations.
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This entire process makes it possible to gauge barrier effectiveness and
availability based on real operations and linked to ongoing incident analyses. This
process is potentially the richest source of barrier performance information
available to a facility.

In general, BSCATTM is a well proven root cause analysis technique which uses
standardized immediate and basic cause categories, and this allows incident
analyses to aggregate for trends, leading to more insight into the weak areas of the
facility safety management system. It has been updated to link it directly to facility
risk assessments and thereby combines root cause analysis and risk assessment
into a single tool.

A.8 Risk Management Software

A.8.1 ViewRisk�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Risk summation and presentation tool, including outputs of risk
contours, F–N data, risk transects and a listing of dominant events

• Vendor Environmental Resources Management (ERM), London, UK
• Pricing License terms available from ERM on request.

ViewRisk� is a risk summation and presentation tool. A regulatory version is
currently being developed for UK HSE. Outputs include risk contours, F–N data,
risk transects and a listing of dominant events. The risk for each scenario is
calculated, accounting for:

• wind direction, speed and stability
• the number of people affected in specified time periods
• whether populations are indoors/outdoors, fixed (e.g. within dwellings) or

mobile (e.g. motorists)
• topographic effects (e.g. the presence of hills or cliffs)
• whether event locations are at a fixed point, multiple points or distributed along

a line source (e.g. pipeline).

A.8.2 Synergi RBI�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Onshore and Offshore risk based inspection tool
• Vendor DNV Software, Høvik, Norway
• Pricing Available upon request.
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Synergi RBI� are software tools that use DNV’s Risk Based Inspection (RBI)
techniques to help users optimise their inspection management programme.
DNV’s RBI technique, as described in DNV RP–G 101 ‘‘Recommended Practice
for Risk-Based Inspection of Topsides Static Mechanical Equipment’’, is used to
calculate the risk due to corrosion, erosion and cracking for pressure equipment in
a marine environment. DNV’s onshore RBI method fully comprises API 580 and
581 and goes further, providing complete support for a best practice approach to
risk based inspection for onshore facilities.

Synergi RBI� is designed to help users sustain high productivity and reliability
of their offshore platforms by minimising lost production and downtime through
effective inspection and maintenance. It assists in the management of safety and
equipment integrity to user specified levels.

It helps users to achieve these objectives systematically and efficiently. It allows
you to quantify the risk for process and utility systems and equipment on topsides
and FPSOs. Risk can be defined in terms of potential loss of life, cost, or both. A
cost-effective inspection programme can then be devised based on the greatest risk
reduction per cost of inspection.

A.8.3 BowTieXP�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Management of major risks to people, the environment, assets and
reputation by means of ‘bow-tie’ graphical interface diagram

• Vendor CGE Risk Management Solutions, the Netherlands
• Pricing Available on request

The Bowtie method is a risk evaluation method that can be used to analyze and
demonstrate causal relationships in high risk scenarios. The method takes its name
from the shape of the diagram that you create, which looks like a men’s Bowtie.
A Bowtie diagram does two things. First of all, a Bowtie gives a visual summary of
all plausible accident scenarios that could exist around a certain Hazard. Secondly,
by identifying control measures, the Bowtie displays what a company does to
control those scenarios.

However, this is just the beginning. Once the control measures are identified,
the Bowtie method takes it one step further and identifies the ways in which
control measures fail. These factors or conditions are called Escalation factors.
There are possible control measures for Escalation factors as well, which is why
there is also a special type of control called an Escalation factor control, which has
an indirect but crucial effect on the main Hazard. By visualizing the interaction
between Controls and their Escalation factors one can see how the overall system
weakens when Controls have Escalation factors.
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Besides the basic Bowtie diagram, management systems should also be
considered and integrated with the Bowtie to give an overview of which activities
keep a Control working and who is responsible for a Control. Integrating the
management system in a Bowtie demonstrates how Hazards are managed by a
company. The Bowtie can also be used effectively to assure that Hazards are
managed to an acceptable level (ALARP).

By combining the strengths of several safety techniques and the contribution of
human and organizational factors, Bowtie diagrams facilitate workforce
understanding of Hazard management and their own role in it. It is a method
that can be understood by all layers of the organization due to its highly visual and
intuitive nature, while it also provides new insights to the HSE professional.

A.8.4 THESIS

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Management of major risks to people, the environment, assets and
reputation by means of ‘Bowtie’ graphical interface diagram

• Vendor ABS Consulting, Warrington, UK
• Pricing GBP 500–2,000 per licence depending upon numbers of licences and

software variants required

THESIS BowTieTM (THESIS) delivers simplified, integrated risk management
for entire business portfolio. Enhanced visuals in THESIS make the elements in
management process readily understandable at all levels across the organization.

Backed by ABS Consulting, THESIS helps clients analyze and manage the
hazards and risks to which their business is exposed. Through a rich graphical
interface, the software displays the relationship between hazards, controls, risk
reduction measures and business activities. While communicating critical
procedures and individual responsibilities to employees, the software
demonstrates compliance clearly across all levels—senior management,
regulators, principal investors and the public.

In response to corporate governance requirements across global corporations a
fully web based version of THESIS has also been created to supplement the more
traditional standalone version.

Areas where THESIS can be used:

• High level hazard identification (hazard register) and risk assessment
• Detailed HAZID—derivation of threats, consequences and controls
• GAP analysis
• Management of controls (safety critical elements and soft/non hardware types)
• Derivation of tasks and procedures
• Document management
• Shortfall and Remedial Action tracking
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• Focusing on personnel critical tasks
• As a complement to the Safety Case, HSE Case or HSEIA
• Incident investigation
• Illustrates the status and management of risk within a business to senior

management, the workforce and regulators
• Enterprise Risk Management
• As the Safety/Live Risk module

A.8.5 BowTie ProTM

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Qualitative, semi-quantitative and illustrative risk analysis and risk
management

• Vendor BowTie Pro, Aberdeen, UK
• Pricing Available on request.

BowTie ProTM is a tool to facilitate the creation of risk assessments utilizing the
latest Microsoft.NET technology. The bowtie diagram is a powerful visual
presentation of the risk assessment process that can be readily understood by the
non-specialist.

BowTie ProTM can have up to 6 diagrams open at once allowing the copy and
paste between diagrams and tailor each diagram by reordering and changing the
display properties. BowTie ProTM also allows a great deal of detailed information
to be recorded against the controls such as tasks, task assignment, documents,
hyperlinks, verification method etc. There is also the facility to link the controls to
incident investigation packages and record BRFs etc.

The analysis features of BowTie ProTM include:

• Risk Profiling allows an interactive version of the hazard register to be analysed
and modified on the screen.

• Risk Profiling Matrix allows the user to see how the risks have been assessed
and how many times each item has been used.

• Critical Task Listings allows the visibility, filtering and use of tasks in an easy to
use screen across a BowTie ProTM file.

• The People Matrix displays responsibilities for items across a BowTie ProTM

file.
• Deficiency Analysis allows a range of functions to analyse any deficiencies

identified when creating a diagram.
• The Layers of Protection allow a numerical analysis of each strand of a BowTie

ProTM diagram.
• The Quality Check module ensures that the data is relevant based on various

criteria.

Appendix A: Overview of Software 885



• The Document Matrix shows where a reference document is used within a
BowTie ProTM file.

• The Permitted Operations and Permitted boundary operations modules allow the
creation of a matrix based on various criteria similar. This allows the creation of
the Manual of Permitted Operation (MOPO).

• File Searching searches for all instances of a word within the current BowTie
ProTM file. These can easily be edited by double clicking on the item. There is
also Report Searching where you search for the text within a report.

A.8.6 Presight� Operations and Barrier Safety KPI Management

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Reduce major accident risk with operations and context focused KPI
management for barrier and process safety improvements and reduce
down-time events. Convert complex multi-systems information into
indicators, supporting risk awareness and safer operations decisions

• Vendor Presight Solutions AS, Norway (www.presight.com)
• Pricing Available on request.

Presight Solutions context-based barrier and technical safety KPI management
software offers the enterprise the difference between a fit-for-purpose and a fit-for-
use approach to barrier safety and prevention of major accidents happening.
Presight removes the chance that critical process, technical, organization and
human factor KPI’s are ‘aggregated away’ from a major accident prevention
perspective across the organization.

Keeping it simple for end-users improves risk awareness in operations.
Recognizing users ‘another management system’ fatigue and their desire to just
‘get on with the job’ interests—Presight combines all safety and risk relevant
MTO data from multiple sources such as maintenance, ERP, rotation and
certificates, control systems, weather data and performance standards, to deliver
useful operations and end-user focused indicators. Drill-down to underlying
indicators, bowtie visualization or source system to identify the specific safety
critical equipment, process, organization or human factor performance failures for
follow up and action between off- and onshore units.

Early warning when status today and trend is not enough. The Energy Institute
suggests that ‘‘most well-run organizations can state how many accidents occurred
over a certain period in the past, but the ‘‘real challenge’’ is to assess the
likelihood of an incident happening tomorrow.’’ Prevent the escalation of major
accident risk scenarios through use of Presight advanced control and forecast
indicators in decision making situations. Implement automatic barrier fail and
early warnings notifications to responsible person or role, off- and onshore—
through web, email or mobile devices—for corrective and preventive actions.
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Track deviations and override decisions against individual indicators. Easily
compare different indicators against period for performance analysis and
experience transfer opportunities. Identify underlying causes and focus areas for
operations safety performance improvement initiatives.

Enterprise strength KPI administration features. Presight off-the-shelf approach
to development includes administration features to meet regional and global
operations and regulatory standards. Presight is language and measure of unit
independent, SharePoint ready, data integrity status, log of all changes, powerful
search and multi-indicator edit and copy features for global and multi-asset
operations.

A.8.7 Synergi Life�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Complete business solution for risk and QHSE management,
managing all non-conformances, incidents, risk, risk analyses,
audits, assessments and improvement suggestions

• Vendor DNV Software, London, UK
• Pricing Available on request.

The Synergi Life� software (previously named Synergi) is a complete business
solution for risk and QHSE management, managing all non-conformances,
incidents, risk, risk analyses, audits, assessments and improvement suggestions.

The Synergi Life� software covers every workflow process, such as reporting,
processing, analysing, corrective actions, communication, experience transfer,
trending and KPI monitoring.

Synergi Life� is a module based HSE and Risk Management solution
developed with a full set of optional modules for the various business needs
relevant to our clients. These modules can be used as stand-alone solutions, or in
combination to fit the exact needs and focus of each individual client and user. It is
the combinations of several modules that contribute to a total risk and QHSE
Management solution. Modules in the Synergi Life software package include:

• Synergi Life� Incident Management software
• Synergi Life� Quality Management software
• Synergi Life� Audit Management software
• Synergi Life� Activity Management software
• Synergi Life� Risk Management software
• Synergi Life� Environmental Management software
• Synergi Life� Improvement Management software
• Synergi Life� Anonymous Incident Management software
• Synergi Life� Inspection and BBS Management software
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• Synergi Life� Deviation Management software
• Synergi Life� Hospital Infection Management software
• Synergi Life� Adverse Drug Reaction Management software (ADR)

A.8.8 SafeGuard�

The following is a brief description of this software, the function, vendor, pricing
and main features.

• Function Visualisation of status of major accident risk in a plant
• Vendor Safetec Nordic, Trondheim, Norway
• Pricing Available upon request.

SafeGuard� is an analysis tool and a visualisation tool for monitoring the status
of major accident risk in a plant or on an offshore installation. The analysis is
closely linked to risk analysis models and the risk picture at the installation and
presents the status of all key factors influencing risk, from operations and
technology at the ‘‘sharp end’’ to high-level organizational factors and even
external influencing factors as required. The visualisation is intuitive and can be
tailor-made for individual roles within the company and also for specific situations
where information about risk is required. Operational management offshore can
get information about e.g. activity level, status of technical systems, competence
of available personnel etc before deciding on what actions to take. Similarly, high-
level managers can see how their decisions can have an impact on e.g. operations
and then on to major accident risk. The tool can also be used as a key element in
monitoring the integrity of barriers in a plant, but combining this with other key
information that is relevant for evaluating risk and making decisions.
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Appendix B
Overview of Fatalities in Norwegian
Sector

An overview of all fatalities in the Norwegian sector of North Sea and Norwegian
Sea is presented. The focus is on a statistical overview, split in occupational and
major accidents, diving accidents and helicopter accidents.

B.1 Introduction

B.1.1 Background

The research programme ‘Safety Offshore’ (SPS) established the first overview of
all fatalities in the Norwegian offshore industry. But this effort stopped when the
programme ended after a five year period from 1978 until 1983. The author was
able to obtain a printout from the SPS project team, which was the starting point of
work conducted in Safetec Nordic AS, partially funded by the Norwegian
Research Council, until the author left the company. The records were given to the
author from Safetec Nordic AS, and the work has been continued by the author
since 1993, financed by Preventor AS. This work has been the source of overviews
presented annually by PSA in the Risk Level project (PSA 2012).

The first well was spudded in the Norwegian sector in July 1966 using the
Ocean Traveler mobile drilling unit. The first serious accident occurred on 6.
November 1966, when the supply vessel Smith Lloyd 8 rammed into Ocean
Traveler, puncturing 2 columns. Over 50 persons jumped overboard, whereas five
persons remained onboard and managed to stabilize the installation before it
capsized. All personnel in the sea were rescued by the supply vessel, and no
fatalities occurred.

The first fatal accident occurred in 1967, this was a diving accident. The first
accident on a mobile installation occurred in 1969, when the drilling manager was
killed during testing of a manometer onboard Glomar Grand Isle. The first fatality
on a production installation occurred in 1974, in a crane accident on Ekofisk B
installation, when the crane fell overboard.

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
DOI: 10.1007/978-1-4471-5207-1, � Springer-Verlag London 2014
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B.1.2 Limitations

The fatalities included in the tables in this appendix are limited mainly to what
falls under the petroleum law, with some additions. This implies that the following
are included in the statistics:

• Fatalities on offshore production installations
• Fatalities on offshore mobile installations when operating at an offshore field
• Fatalities on attending vessels when operating within the safety zone of an

offshore installation
• Fatalities on attending vessels when operating in association with offshore

installations
• Fatalities on crane and pipe laying vessels when operating in association with

offshore installations
• Helicopter fatalities during all phases of helicopter transportation to/from shore.

The implications of what is listed above are that the following are excluded in
the statistics:

• Fatalities on production installations during construction inshore or yard
• Fatalities on production installations during inshore decommissioning activities

Table B.1 Fatalities on production installations, Norwegian sector, 1974–2012

Year Fatalities in
occupational
accidents

Fatalities in
major
accidents

Year Fatalities in
occupational
accidents

Fatalities in
major
accidents

1974 2 1994 1
1975 2 3 1995 1
1976 2 1996 0
1977 2 1997 0
1978 1 5 1998 0
1979 0 1999 1
1980 0 123 2000 1
1981 0 2001 0
1982 0 2002 1
1983 0 2003 0
1984 1 2004 0
1985 1 2005 0
1986 0 2006 0
1987 0 2007 0
1988 0 2008 0
1989 1 2009 1
1990 1 2010 0
1991 3 2011 0
1992 0 2012 0
1993 2
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Table B.2 Fatalities on mobile installations, Norwegian sector, 1969–2012

Year Fatalities in
occupational
accidents

Fatalities in
major
accidents

Year Fatalities in
occupational
accidents

Fatalities in
major
accidents

1969 1 1991 0
1970 1 1992 0
1971 2 1993 2
1972 0 1994 0
1973 0 1995 0
1974 1 1996 0
1975 0 1997 0
1976 0 6 1998 0
1977 0 1999 0
1978 0 2000 0
1979 0 2001 0
1980 0 2002 1
1981 0 2003 0
1982 1 2004 0
1983 2 2005 0
1984 0 2006 0
1985 1 1 2007 0
1986 0 2008 0
1987 0 2009 0
1988 0 2010 0
1989 2 2011 0
1990 1 2012 0

• Fatalities on mobile installations during transit between offshore fields or to/
from shore

• Fatalities on supply vessels when en route from shore to offshore installations
• Diving accidents during inshore training and testing

B.2 Production Installations

Table B.1 presents the overview of fatalities on production installations since the
first fatality in 1974, until 31.12.2012. 1974 was the first year with manhours
logged on production installations. The fatalities are split in occupational accidents
and major accidents.

It should be noted that the three occupational fatalities in 1991 occurred when a
helicopter was employed on Ekofisk to replace a flare tip. The rotor hit the
structure causing a crash of the helicopter in the sea, and the three persons onboard
perished. This accident is not associated with transport of personnel by helicopter,
and does not belong in the section with helicopter fatalities during helicopter
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Table B.3 Fatalities on attending vessels and pipe laying vessels, Norwegian sector, 1972–2012

Year Occupational
fatalities on
attending
vessels

Occupational
fatalities on pipe
laying vessels

Year Occupational
fatalities on
attending
vessels

Occupational
fatalities on pipe
laying vessels

1972 2 1993 0
1973 1 1994 2
1974 1 1995 1
1975 1 1996 2 1
1976 0 1997 0
1977 5 1998 0
1978 2 1999 1
1979 1 2000 1
1980 0 2001 1
1981 0 1 2002 0
1982 0 2003 1
1983 0 2004 0
1984 0 2005 0
1985 0 2006 0
1986 0 2007 1
1987 0 2008 0
1988 0 2009 0
1989 0 2010 0
1990 0 2011 0
1991 1 2012 0
1992 0

Table B.4 Fatalities during diving accidents, Norwegian sector, 1967–2012

Year Fatalities in diving accidents Year Fatalities in diving accidents

1967 1 1978 0
1968 0 1979 0
1969 0 1980 0
1970 0 1981 0
1971 2 1982 0
1972 0 1983 5
1973 0 1984 0
1974 3 1985 0
1975 2 1986 0
1976 0 1987 1
1977 0
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transportation of personnel. It has therefore been included with the occupational
accidents.

It should further be noted that the Alexander Kielland accident has been
classified as production installation, although the Alexander Kielland installation
was a mobile installation, a flotel, which was connected to a fixed installation.

There are two accidents after year 2000, on Gyda in 2002 (falling object) and
Oseberg B (fall to lower level) in 2009.

B.3 Mobile Installations

Table B.2 presents the overview of fatalities on mobile installations since the first
fatality in 1969, until 31.12.2012. The fatalities are split in occupational accidents
and major accidents.

It should be noted that the six fatalities in a major accident in 1976 (grounding
of Deep Sea Driller) occurred when the unit was towed to shore, just outside Fedje
(north of Bergen). This accident should not be included if the criteria listed in
Sect . B.1 are strictly adhered to, but this accident has for a long time been counted
as an offshore accident.

There is only one accident after year 2000, on Byford Dolphin (falling object in
the derrick) in 2002.

Table B.5 Fatalities during helicopter transportation of personnel to/from shore, Norwegian
sector, 1967–2012

Year Fatalities in helicopter accidents Year Fatalities in helicopter accidents

1973 4 1993 0
1974 0 1994 0
1975 0 1995 0
1976 0 1996 0
1977 12 1997 12
1978 18 1998 0
1979 0 1999 0
1980 0 2000 0
1981 0 2001 0
1982 0 2002 0
1983 0 2003 0
1984 0 2004 0
1985 0 2005 0
1986 0 2006 0
1987 0 2007 0
1988 0 2008 0
1989 0 2009 0
1990 0 2010 0
1991 0 2011 0
1992 0 2012 0
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B.4 Vessels

Table B.3 presents the overview of fatalities on attending and pipe laying vessels
since the first fatality in 1972, until 31.12.2012. The fatalities are split on attending
vessels and pipe laying vessels separately. Attending vessels include supply
vessels, standby vessels as well as anchor handling and tug vessels.

There were quite a number of fatal accidents on attending vessels in the period
from 1994 until 2001. As a result of these eight fatalities, the authorities pushed
the industry to focus on risk reduction, and it can be seen to have paid off, with no
fatalities on attending vessels after 2001.

There are three accidents after year 2000, on Viking Queen in 2001 (hit by steel
wire during anchor handling operations) and two on Saipem 7000 (falling object
and fall overboard) in 2003 and 2007.

B.5 Shuttle Tankers

There has only been one fatal accident on shuttle tankers during the period from
start of operations. The fatality occurred on the shuttle tanker Polytraveller on 1st
August 1980, during off-loading on the Statfjord field. The mooring line failed,
thus causing the loading hose to rupture and spill crude oil. The spill was ignited
and the tanker captain who was positioned in the stern of the vessels was fatally
injured by the fire.

No other fatalities have occurred during off-loading or during transit to onshore
terminals and refineries.

B.6 Diving Accidents

Table B.4 presents the overview of diving fatalities in the Norwegian offshore
operations since the first fatality in 1967, until 31.12.2012. No diving fatalities
have occurred after 1987, but the volume of manned diving has been considerably
reduced from the volume in the 1970s and 1980s. Use of Remote Operated Vehicle
(ROV) has replaced the use of divers to a large extent.

It should be noted that fatalities during diving training inshore and similar
activities have not been included. There are no diving accidents after 1987.

B.7 Helicopter Accidents

Table B.5 presents the overview of fatalities during helicopter transport of
personnel between offshore installations and heliports onshore in the Norwegian

894 Appendix B: Overview of Fatalities in Norwegian Sector



sector the first fatality in 1973, until 31.12.2012. No fatalities have occurred after
1997.

The fatal accident in 1997 occurred while the Norne FPSO was in the
commissioning phase, prior to start-up of production operations. Personnel were
being shuttled on a daily basis between shore and the FPSO on location, due to
limited accommodation capacity onboard. Shuttling of personnel on such a scale
was criticized after the accident, and has not been practiced since then. There has
been a significant focus from the authorities to limit as far as possible the use of
shuttling.

Reference

PSA (2012) Trends is risk levels, Main report 2011 (In Norwegian only),
Petroleum Safety Authority; 24 April 2012
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Appendix C
Network Resources

An overview of network resources that may be used for offshore risk assessment is
presented, including data sources, investigation organisations and some recent
investigation reports.

C.1 Data Sources

An overview of data sources is presented in Sect. 14.9. The following is an
overview of the network accessible resources:

• All types of events

– Oil and gas producers—http://www.ogp.org.uk/
– RNNP—http://www.ptil.no/rnnp
– Hazards Intelligence (HInt)—http://www.saunalahti.fi/ility/

• HC leaks

– RNNP—http://www.ptil.no/rnnp
– HCR database—https://www.hse.gov.uk/hcr3/

• Structural and marine accidents

– WOAD—http://woad.dnv.com/
– IMCA—http://www.imca-int.com/

• Reliability of safety systems etc

– OREDA—http://www.oreda.com/
– PDS Forum—http://www.sintef.no/PDS

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
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C.2 Investigation Bodies

The following is an overview of investigation boards and organisations for
offshore and helicopter transportation accidents on a worldwide scale:

• Air Accidents Investigation Branch—www.aaib.gov.uk
• Transportation Safety Board (Canada)—www.tsb.gc.ca
• NTSB—National Transportation Safety Board (US)—www.ntsb.com
• US Chemical Safety Board (CSB)—www.csb.gov
• Bureau of Safety and Environmental Enforcement—www.bsee.gov
• PSA—Petroleum Safety Authority (Norway)—www.ptil.no
• Accident Investigation Board Norway (Statens havarikommisjon

for transport)—www.aibn.no
• Health & Safety Laboratory—www.hsl.gov.uk
• National Offshore Petroleum Safety and Environmental Management Authority

(NOPSEMA, Australia)—www.nopsema.gov.au
• Canada-Nova Scotia Offshore Petroleum Board (CNSOPB, Canada)—

www.cnsopb.ns.ca
• Danish Maritime Authority, Division for Investigation of Marine Accidents

(Denmark)—www.dma.dk

C.3 Investigation Reports

The following is an overview of some recent investigation reports for offshore and
helicopter transportation accidents on a worldwide scale:

• Roncador P-36 accident (Petrobras), 2001—https://www.dpc.mar.mil.br/
cipanave/rel_acidentes/P36/P36_ing.pdf

• Texas City fire and explosion accident (BP), 2005—www.bp.com/bakerpanelrerpot
• Usumacinta blowout (Pemex), 2007—http://www.pemex.com/files/content/

usumacinta/informe_battelle.pdf
• Cougar helicopter crash (New Foundland), 2009—http://www.tsb.gc.ca/eng/

rapports-reports/aviation/2009/a09a0016/a09a0016.pdf
• Helicopter ditching in North Sea (UK), 2009—http://www.aaib.gov.uk

/cms_resources.cfm?file=/AAR%201-2011%20Eurocopter%20EC225%20LP%
20Super%20Puma,%20G-REDU%2010-11.pdf

• Helicopter crash in North Sea (UK), 2009—http://www.aaib.gov.uk/cms_
resources.cfm?file=/2-2011%20G-REDL.pdf
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• Macondo burning blowout (BP), 2010—http://www.oilspillcommission.
gov/chief-counsels-report,
http://www.bp.com/liveassets/bp_internet/globalbp/globalbp_uk_english/gom_
response/STAGING/local_assets/downloads_pdfs/Deepwater_Horizon_
Accident_Investigation_Report.pdf,
http://www.oilspillcommission.gov/final-report,
http://ccrm.berkeley.edu/pdfs_papers/bea_pdfs/
DHSG_ThirdProgressReportFinal.pdf,
http://www.deepwater.com/_filelib/FileCabinet/pdfs/00_TRANSOCEAN_Vol_1.
pdf, http://www.deepwater.com/_filelib/FileCabinet/pdfs/12_TRANSOCEAN_
Vol_2.pdf

• Montara blowout (PTTEP, Australasia), 2009—https://www.dpc.mar.mil.br/
cipanave/rel_acidentes/P36/P36_ing.pdf
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Glossary

Accidental Event (AE) Event or a chain of events that may cause loss of life or
damage to health, assets or the environment.

Accidental Effect The result of an accidental event, expressed as heat flux,
impact force or energy, acceleration, etc. which is the
basis for the safety evaluation.

Acute release The abrupt or sudden release in the form of a discharge,
emission or exposure, usually due to incidents or
accidents.

Area exposed
by the accidental
event (AEAE)

Area(s) on the facility (or its surroundings) exposed by the
accidental event.

Area risk Risk personnel located in an area is exposed to during a
defined period of time.

As Low as Reasonably
Practicable (ALARP)

ALARP expresses that the risk shall be reduced to a level
that is as low as reasonably practicable.

Average individual
risk (AIR)

Risk an average individual is exposed to during a defined
period of time.

Barrier element Physical, technical or operational component in a barrier
system.

Barrier function Function planned to prevent, control, or mitigate unde-
sired or accidental events.

The following definitions are coordinated with NORSOK Z-013 (which reflects
ISO terminology (ISO/IEC Guide 73:2002 and ISO31000:2009) where relevant,
except that ‘risk tolerance criteria’ replaces ‘risk acceptance criteria’, in
accordance with what is used internationally.

J.-E. Vinnem, Offshore Risk Assessment vol 1, Springer Series in Reliability Engineering,
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Barrier (or risk)
influencing factor

Conditions that influence on the performance of barrier
systems.

Barrier system System designed and implemented to perform one or
more barrier function.

BLEVE Boiling Liquid Expanding Vapour Explosion, is
defined as rupture of a hydrocarbon containing vessel
due to being heated by fire loads.

Causal analysis The process of determining potential combinations of
circumstances leading to a top event.

Consequence Outcome of and event.

Consequence evaluation Assessment of physical effects due to accidents, such as
fire and explosion loads.

Contingency planning Planning provision of facilities, training and drilling for
the handling of emergency conditions, including the
actual institution of emergency actions.

Control (of hazards) Limiting the extent and/or duration of a hazardous event
to prevent escalation.

Cost/benefit
evaluation

Quantitative assessment and comparison of costs and
benefits. In the present context often related to safety
measures or environmental protection measures where
the benefits are reduced safety or environmental
hazard.

Chronic release The continuous or ongoing release in the form of a
discharge, emission or exposure.

Defined situations
of hazard and accident
(DSHA)

Selection of hazardous and accidental events that will
be used for the dimensioning of the emergency pre-
paredness for the activity.

Design Accidental Event Accidental events that serve as the basis for layout,
dimensioning and use of installations and the activity at
large, in order to meet the defined risk tolerance
criteria.

Design Accidental Load Chosen accidental load that is to be used as the basis for
design.

Dimensioning Accidental
Event (DAE)

Accidental events that serve as the basis for layout,
dimensioning and use of installations and the activity at
large.
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Dimensioning accidental
load (DAL)

Most severe accidental load that the function or system
shall be able to withstand during a required period of
time, in order to meet the defined risk tolerance criteria.

Emergency
Preparedness

Technical, operational and organisational measures,
including necessary equipment that are planned to be
used under the management of the emergency organi-
sation in case hazardous or accidental situations occur,
in order to protect human and environmental resources
and assets.

Emergency
preparedness
analysis (EPA)

Analysis which includes establishment of DSHA,
including major DAEs, establishment of emergency
response strategies and performance requirements for
emergency preparedness and identification of emer-
gency preparedness measure, including environmental
emergency and response measures.

Emergency
preparedness
assessment

Overall process of performing a emergency prepared-
ness assessment including: establishment of the con-
text, performance of the EPA, identification and
evaluation of measures and solutions and to recom-
mend strategies and final performance requirements,
and to assure that the communication and consultations
and monitoring and review activities, performed prior
to, during and after the analysis has been executed, are
suitable and appropriate with respect to achieving the
goals for the assessment.

Emergency
preparedness
organisation

Organisation which is planned, established and trained
in order to handle occurrences of hazardous or acci-
dental situations.

Emergency
preparedness
philosophy

Overall guidelines and principles for establishment of
emergency response based on the operator vision, goals,
values and principles.

Emergency
response

Action taken by personnel, on or off the installation, to
control or mitigate a hazardous event or initiate and
execute abandonment.

Emergency
response
strategy

Specific description of emergency response actions for
each DSHA.

Environment Surroundings in which an organization operates,
including air, water, land, natural resources, flora,
fauna, humans and their interrelation.
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Environmental
impact

Any change to the environment, whether adverse or
beneficial, wholly or partially resulting from an organi-
zation’s activities, products or services.

Environmental
resource

Includes a stock or a habitat, defined as:.

Stock: A group of individuals of a stock
present in a defined geographical area
in a defined period of time.

Alternatively: The sum of individuals within a species
which are reproductively isolated
within a defined geographical area.

Habitat: A limited area where several species are
present and interact. Example: a beach.

Environment
Safety

Safety relating to protection of the environment from
accidental spills which may cause damage.

Escalation Escalation has occurred when the area exposed by the
accidental event (AEAE) covers more than one fire area
or more than one main area.

Escalation factor Conditions that lead to increased risk due to loss of
control, mitigation or recovery capabilities.

Escape Actions by personnel on board surface installations (as
well as those by divers) taken to avoid the area of
accident origin and accident consequences to reach an
area where they may remain in shelter.

Escape way Routes of specially designated gangways from the
platform, leading from hazardous areas to muster areas,
lifeboat stations, or shelter area.

Escape route Route from an intermittently manned or permanently
manned area of a facility leading to safe area(s).

Establishment
of emergency
preparedness

Systematic process which involves selection and plan-
ning of suitable emergency preparedness measures on
the basis of risk and emergency preparedness analysis.

Essential
safety system

System which has a major role in the control and mit-
igation of accidents and in any subsequent EER
activities.

Evacuation Planned method of leaving the facility in an emergency.
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Event tree analysis Inductive analysis in order to determine alternative
potential scenarios arising from a particular hazardous
event. It may be used quantitatively to determine the
probability or frequency of different consequences
arising from the hazardous event.

Explosion load Time dependent pressure or drag forces generated by
violent combustion of a flammable atmosphere.

External escalation When the area exposed by the accidental event (AEAE)
covers more than one main area, external escalation has
occurred.

Facility Offshore or onshore petroleum installation, facility or
plant for production of oil and gas.

Fault Tree Analysis Deductive quantitative analysis technique in order to
identify the causes of failures and accidents and quan-
tify the probability of these.

Fire area Area separated from other areas on the facility, either by
physical barriers (fire/blast partition) or distance, which
will prevent a dimensioning fire to escalate.

Functional requirements
to safety and emergency
preparedness

Verifiable requirements to the effectiveness of safety
and emergency preparedness measures which shall
ensure that safety objectives, risk tolerance criteria,
authority minimum requirements, and established
norms are satisfied during design and operation.

Group individual
risk (GIR)

Average IR for a defined group.

Hazard Potential source of harm.

Hazardous event Incident which occurs when a hazard is realized.

Immediate vicinity of
the scene of accident

Main area(s) where an accidental event (AE) has its
origin.

Individual risk (IR) Risk an individual is exposed to during a defined period
of time.

Inherently safer design In inherently safer design, the following concepts are
used to reduce risk:

• reduction, e.g. reducing the hazardous inventories or
the frequency or duration of exposure;

• substitution, e.g. substituting hazardous materials
with less hazardous ones (but recognizing that there
could be some trade-offs here between plant safety
and the wider product and lifecycle issues);
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• attenuation, e.g. using the hazardous materials or
processes in a way that limits their hazard potential,
such as segregating the process plant into smaller
sections using ESD valves, processing at lower
temperature or pressure;

• simplifications, e.g. making the plant and process
simpler to design, build and operate, hence less prone
to equipment, control and human failure.

Internal control All administrative measures which are implemented to
ensure that the work is in accordance with all require-
ments and specifications.

Internal escalation When the area exposed by the accidental event (AEAE)
covers more than one fire area within the same main
area, internal escalation has occurred.

Main area Defined part of the facility with a specific functionality
and/or level of risk.

Main load
bearing
structures

Structure, which when it loses its main load carrying
capacity, may result in a collapse or loss of either the
main structure of the installation or the main support
frames for the deck.

Main safety function Most important safety functions that need to be intact in
order to ensure the safety for personnel and/or to limit
pollution.

Major accident Acute occurrence of an event such as a major emission,
fire, or explosion, which immediately or delayed, leads
to serious consequences to human health and/or fatali-
ties and/or environmental damage and/or larger eco-
nomical losses.

Material Damage Safety Safety of the installation, its structure, and equipment
relating to accidental consequences in terms of pro-
duction delay and reconstruction of equipment and
structures.

Mitigation Limitation of any negative consequence of a particular
event.

MOB-boat Man Over Board Boat.

Muster Station A place where personnel may gather in a Safe Haven
prior to evacuation or abandonment from emergency
situations.
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Muster area Area on the platform where the personnel may be
sheltered from accidental conditions until they embark
into the lifeboats.

Normalisation The normalisation phase starts when the development
of a situation of hazard or accident has stopped.

Occupational Accidents Accidents relating to hazards that are associated with
the work places (falls, slips, crushing etc.), thus other
hazards than hydrocarbon gas or oil under pressure.
These accidents are normally related to a single
individual.

Performance
requirements for
safety and emergency
preparedness

Requirements to the performance of safety and emer-
gency preparedness measures which ensure that safety
objectives, RAC, authority minimum requirements and
established norms are satisfied during design and
operation.

Personnel Safety Safety for all personnel involved in the operation of a
field.

Probability Extent to which an event is likely to occur.

Recovery time Time from an accidental event causing environmental
damage occurs until the biological features have
recovered to a pre-spill state or to a new stable state
taking into consideration natural ecological variations,
and are providing ecosystem services comparable to the
pre-spill services.

Reliability Analysis Analysis of causes and conditions of failure, inspection,
maintenance and repair, and the quantitative assessment
of up-times and down-times.

Residual
Accidental
Event

Accidental event which the installation is not designed
against, therefore it will be part of the risk level for the
installation.

Residual risk Risk remaining after risk treatment.

Risk Combination of the probability of occurrence of harm
and the severity of that harm.

Risk acceptance Decision to accept a risk.

Risk analysis Structured use of available information to identify haz-
ards and to describe risk.
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Risk assessment Overall process of performing a risk assessment
including: Establishment of the context, performance of
the risk analysis, risk evaluation, and to assure that the
communication and consultations, monitoring and
review activities, performed prior to, during and after
the analysis has been executed, are suitable and
appropriate with respect to achieving the goals for the
assessment.

Risk avoidance Decision not to become involved in, or action to with-
draw from, a risk situation.

Risk control Actions implementing risk management decisions.

Risk evaluation Judgement, on the basis of risk analysis and RAC, of
whether a risk is tolerable or not.

Risk identification Process to find, list and characterise elements of risk.

Risk management Coordinated activities to direct and control an organi-
sation with regard to risk.

Risk management
system

Set of elements of an organisation’s management system
concerned with managing risk.

Risk perception Way in which a stakeholder views a risk, based on a set
of values or concerns.

Risk picture Synthesis of the risk assessment, with the intention to
provide useful and understandable information to rele-
vant decision makers.

Risk reduction Actions taken to lessen the probability, negative con-
sequences, or both, associated with a risk.

Risk tolerance
criteria (RAC)

Criteria that are used to express a risk level that is
considered as the upper limit for the activity in question
to be tolerable.

Risk transfer Sharing with another party the burden of loss or benefit
of gain, for a risk.

Risk treatment Process of selection and implementation of measures to
modify risk.

Rooms of significance
to combating accidental
events

CCR and other equivalent room(s) that are essential for
safe shutdown, blowdown and emergency response.

908 Glossary



Safe area(s) Area(s) which, depending on each specific defined sit-
uation of hazard and accident (DSHA), are defined as
safe until the personnel are evacuated or the situation is
normalized.

Safety barrier Physical or non-physical means planned to prevent,
control, or mitigate undesired events or accidents.

Safety function Measures which reduce the probability of a situation of
hazard and accident occurring, or which limit the con-
sequences of an accident.

Safety Goals Concrete targets against which the operations of
installations at the field are measured with respect to
safety.
These targets shall contribute to avoidance of accidents
or resistance against accidental consequences.

Safety objective Objective for the safety of personnel, environment and
assets towards which the management of the activity
will be aimed.

Serious Accidents See major accidents.

Shelter Area An area on the platform where the crew will remain safe
for a specific period of time in an emergency situation.

Stakeholder Any individual, group or organization that can affect, be
affected by, or perceive itself to be affected by, a risk.

System Common expression for installation(s), plant(s), sys-
tem(s), activity/activities, operation(s) and/or phase(s)
subjected to the risk and/or emergency preparedness
assessment.

System basis Inputs (regarding the system subjected to assessment)
used as basis for the assessment.

System boundaries System boundaries defines what shall and what shall not
be subjected to the assessment.

Working Accidents Accidents relating to other hazards than hydrocarbon gas
or oil under pressure (falls, crushing etc.) normally
related to a single individual.

Worst case consequence The worst possible HSE consequences resulting from a
hazardous event. For this to occur, all critical defences
in place must have failed.
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