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Abstract

This research has first established that it is based on multiple methodologies developed to
tackle the areas of engineering cargo handling systems, both at port and on-board vessels,
as well as in the area of organisational self-assessment. It continued in reviewing the
current status and future aspects of marine safety assessment together with an
examination of a few major accidents. The major problems identified in marine safety
assessment in this research are associated with inappropriate treatment of uncertainty in
data and human error issues during the risk modelling estimation process and the
calculation of failure probabilities. Following the identification of the research needs, this
thesis has developed several analytical models for the safety assessment of cargo
handling systems and organisational assessment structure. Such models can be effectively
integrated into a risk-based framework using the marine formal safety assessment, safety

case concepts.

Bayesian network (BN) and evidential reasoning (ER) approaches applicable to cargo
handling engineering systems have been proposed for systematically and effectively
addressing uncertainty due to randomness and vagueness in data respectively. ER test
cases for both a vessel selection process and a comparison of the safety maturity of
different organisations in terms of self-assessment have been produced within a domain
in which main and sub criteria have been developed for assessment reasons along with
the combination of the proposed model with existing organisational models. BN test case
for a Liquefied Petroleum Gas (LPQG) reliquefaction plant has been produced within a
cause-effect domain in which Bayes’ theorem is the focal mechanism of inference
processing. A methodology aiming in finding the probability of failure when having
variables ruled by uncertainty is established using certain variable transformation
methods through the First and Second order reliability methodologies. Form/Sorm
produces a most likely failure point, which is demonstrated through the application at a
port cargo handling crane system. The outcomes have the potential to facilitate the
decision-making process in a risk-based framework. Finally, the results of the research

are summarised and areas where further research is required to improve the developed

methodologies are outlined.
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CHAPTER 1: INTRODUCTION

1.1 General overview

The need for reliability in engineering systems became very apparent in the Second World
War. Military equipment, in fields such as weapons, communications and transportation,
experienced a rapid increase in complexity especially in terms of electronics and control
systems. The Department of Defense (DOD) in USA realized that the complexity of the
equipment would continue to increase dramatically. As a result they created the Advisory
Group on the Reliability of Electronic Equipment (AGREE). A major part of the reliability
theory development is based on the research made by the DOD [House of Lords, 1992],
[Wang, 2000].

Along with the sectors of environmental and computer technology, safety, risk and reliability
engineering have also met a significant percentage of development and expansion in the last
forty years. In the early 1960s safety analyses were empirically based, the term risk analysis
was totally unknown, and the word reliabtlity was used only in isolated areas of the military
and acrospace industry. The chemical industry, which was the world’s largest industry at that
time, first started to publish articles concerning reliability after 1966 [Barker & Campbell,
2000}, [Birolini, 1993]. The issues of hazard and risk analysis were brought up from the
European Union after the occurrence of the Seveso accident in 1976, which prompted the
adoption of legislation aimed at the prevention and control of such accidents [U.N 96/82/EC,
1999]. Within the 1980s, offshore industry headed towards qualitative risk analysis in an
attempt to break down the operational systems of offshore platforms to their respective
components and conduct a preliminary hazard analysis trying to identify potential dangers.
An industrial self regulative regime was operating in Norway and UK followed with a safety
case regime. Risk analysis got towards the beginning of the 90s with the shipping industry
entering a safety culture following a number of significant accidents which will be mentioned
in this chapter but further explained in Chapter 2. Reaching the 21 century, risk assessment

has been formalised and specific guidelines have been presented by International Maritime
Organization (IMO).

Quality and reliability of complex engineering systems demanded a number of specific

activities, from the initial design stage of the project to the operation phase [Villemeur,



1992], [Barker, 1990]. This includes the definition of targets, planning and performing
analysis, selecting the appropriate components and materials, configuration management,
control of production procedures and processes, aiming in a continuous development of
reliability and quality during the production process [Birolini, 1993]. All these activities
should be taken into account and executed correctly from the project’s engineers in order to
achieve the best performance in terms of reliability and quality of the scheduled targets.
Before the 1960s adequate level of quality was achieved when the item was tested at final

inspection, and found to be free of defects and failures after it left the manufacturer.

In the shipping industry the main concern of port designers, port-builders, port operators as
well as vessel operators and vessel’s personnel is the safety of the vessel and the safety of
near-by installations or other vessels that may exist. A few serious accidents such as the
sinking of Titanic, the capsize of the Herald of Free Enterprise, the Exxon Valdez grounding
and the Esthonia ferry tragedy attracted greater attention to ship safety. There are significant
consequences when an accident happens, in terms of deaths and injuries, damage to the
environment and destruction of property. Further studies have been carried out, in order to
find ways to prevent such unacceptable incidents. This has been reflected in the attention
given to both the design improvements and to the port’s operations conducted by educated
and trained operators to the highest of industry’s standards. The use of formalized procedures
to estimate risks and to make decisions based on risk estimation has been changing within the
maritime industry [Wang, 2000]. The risk levels existing in the maritime transportation can
be initially estimated based on accident statistics. These studies allow the identification of
time evolution of the levels of safety in global activity, and differentiation of safety in the
different types of ships as far as size and age are concerned. The adoption of the safety case
approach in the UK offshore industry has also encouraged marine safety analysis to look at

the possibility of using similar methods to the wider marine industry [Guedes & Teixeira,
20011, [Wang, 2000].

The issue of a more scientific approach to the subject of ship safety was first highlighted by
Lord Carver’s report on the investigation of the capsize of Herald of Free Enterprise in 1992
[House of Lords, 1992]. Lord Carver’s report recommends that more emphasis should be
given to the subject of ship safety by focusing on a performance bascd regulatory method.
Significant improvements in maritime and specifically vessel’s safety could be achieved

using a Formal Safety Assessment (FSA) approach with possible application to ship design



and the operation of new technology. After the publication of Lord Carver’s report the UK
Maritime and Coastguard Agency (MCA) showed serious concerns over the improvement of
ship safety and in 1993 proposed to the IMO that FSA method should be applied to ship
design and operation in order to ensure safety and pollution prevention either in ports or in
the open sea [MSA, 1993]. The IMO followed the MCA’s proposal for FSA submission, and
since then continuing efforts have been made to reach greater safety standards through
specific methodologies. The FSA methodology adopted from IMO, progresses through the
completion of five steps [MSA, 1996]. The five steps of FSA are:

1. The identification of hazards related to a case examined (engineering system or
operational process).

The assessment of risk(s) associated with the identified hazards.

The control measures that need to be applied so that the assessed risk(s) can be managed.

The cost-benefit assessment of the proposed control measures.

A

The decisions which eventually lead to the best combination of risk controls in terms of

cost benefit assessment for reduction of the overall risk factor to an acceptable level.

In general terms, within the last few years the application of FSA has been significantly
progressed [Wang, 2002]. This is demonstrated by the successful case studies dealing with
high speed crafts and bulk carriers, which were analysed and approved by the IMO,
supporting a risk-based rule-making process [ Wang, 2000]. Using FSA as a complete safety

framework there are a number of advantages that come with it in terms of

1. Tt creates a framework which is characterized by consistency and integration in all safety
aspects examined.

2. It tries to get the best possible cost saving solution, through careful cost benefit analysis,
without omitting the essence for performing safety analysis.

3. It changes the current status of approach from reactiveness to pro-activeness, thus
enabling the easier identification of hazards that have not given rise to concerns yet.

4. The confidence of applying the proper risk control measures is increased, therefore
staying in line with all regulatory requirements.

5. It gives the freedom to address and point out future developments in high risk areas that

appear due to the ever-changing nature of marine industry.



The above mentioned five advantages, can be utilized in order for a shipping company to
improve its performance by keeping risk levels as low as reasonably practicable (ALARP)
[Wang, 2001]. It is worth mentioning that the only possible disadvantage of FSA is the fact
that there are areas where methodologies need to be further developed in order to have

accurate estimation results within an FSA framework
Safety assessment in ship/port design and operation offers great advantages including:

1. It ensures the quality and reliability of new vessels and installations like loading docks,
loading arms and cranes. It measures the performance and the efficiency of operations,
and based on the performance measurements, improves them.

2. All experiences gained from field work and all the lessons learned from any incidents that
have occurred can be incorporated in a safety framework applied to port and ship
operation.

3. It helps develop methodologies for estimation and control of possible scenarios that may

result in undesirable incidents.

Understandably, there has been some concern over the likely impact of risk-based rule
making on behalf of ship owners and vessel operators [Wang, 1997]. A change in what 1s
considered to be established patterns of operations is never to the liking of many, as it creates
problems in terms of time management, resources, additional training and doubt if at the end,
the newly proposed methodologies are going to work and offer advantages over the existing
status. Risk analysis follows a progressive path. It existed as guidance at the beginning but
gradually it evolved to become part of the management decision making process. Although
scepticism governs the majority of marine companies, others have realized the potential for
development and adopted the newly proposed methodology aiming at improving their overall

performance through the described safety analysis framework.

As marine industry is still an uncharted area relatively to shore industries in terms of safety
assecssment, methodologies and techniques need to be further developed to accommodate a
number of questions raised. Generic FSA methodologies are able to facilitate safcty at a
reasonable accuracy degree in terms of results, leaving out details that cannot be
accommodated within them. Vessels and ports are parted by a number of complex

engineering and opecrational systems. There is lack of data and an uncertainty degree



involved when it comes to information concerning these systems separately, even more when
trying to assess the reliability and safety of their individual components [Wang & Ruxton,
1997]. To date, comparatively little use of safety and reliability assessment methods has been
made in connection with merchant shipping. Lloyd's Register of Shipping has for a long
period, collected information relating to failures and has carried out development work to
investigate the application of such methods to the classification of ships. Apart from this,
some consultancy work has also been carried out on behalf of ship owners. Engineering
systems and operational processes require a number of specific methodologies, being able to
facilitate performance measurements and reliability assessment during operation, as well as
being able to locate and identify any further problematic areas that traditional methods
cannot efficiently tackle. Cases of risk estimation and decision making governed by
uncertainty or lack of data need to be examined [Wang et al., 1996]. Rule-based decision
making is an area where further research and development is required in order to make
rational decisions. This thesis seecks to explore these identified gaps and propose means,
through the development of a number of methodologies, to accommodate uncertainty and
decision making processes in the areas of engineering reliability safety and organisational

safety.
1.2 Aim and objectives of this thesis

This thesis is called upon to develop a number of risk-based methodologies to assess the
reliability and safety of marine engineering systems as well as establish a pattern for self-
assessment at organizational level within the marine sector in cases where vagueness and
uncertainty of data exist. This aim is achieved through the generation of various risk-based

models, novel for the maritime industry.

In order to achieve the main aim set, the following objectives have to be met throughout the

course of the presented chapters:

¢ To critically review the current status of safety in the marine and port industry.

o Toidentify any key risk analysis techniques currently implemented in the sector.

* To examine formal safety assessment and its implementation to vessels.



To demonstrate that Bayesian networks can be a very powerful tool in the process of
assessing the reliability of an engineering system.

To demonstrate that the combination of fuzzy logic with evidential reasoning can create a
powerful tool in the decision making process for the maritime sector.

To demonstrate the aid of evidential reasoning as a self-assessment tool when a company
is trying to assess its own performance and benchmarked against others.

To show through Form/Sorm method a better approximation of risk estimation,

These goals are established analytically through the course of this thesis.

1.3 Why various and not single methodology were adopted through the thesis

This thesis incorporates multiple models, each one dealing with a different element. Each

model is based on a custom proposed methodology, along with its respective test case. A

brief outline of the generic structure for each of the following chapters includes:

1.

A brief literature review within the sector that the chapter is dealing with. Critical
evaluation of other people’s work and proposed models is made in Chapter 2 of this
thesis. The review within each chapter exists mainly to support the ideas of the author as
far as information is concerned in the identification of existing gaps in the industry.

Background information on the theory that each model is based upon. Key elements of
the theory are to be identified and presented so as to explain the mechanism that each
theory works on. After the presentation of the framework, all modifications and novelties

are presented along with the proposed methodological steps.

. After proposing the methodology a test case is required to demonstrate its applicability.

Test cases from within the marine industry are chosen so as to give a more advanced,
though practical, when applicable, approach. Engineering systems from liquefied
petroleum gas (LPG) vessels and container cranes are some of the cases that the proposed
methodologies are applied to. It is the author’s intention to demonstrate that theory and

applicability within the marine industry are not so far apart.

All chapters end with a discussion of the key points raised throughout the chapter

examined. The findings are assessed and a conclusion is drawn.



It is the combination of the methodologies developed within this thesis that when applied
together can derive rational results when examining the engineering reliability or risk factors
imposed to large engineering systems such as complete vessels or full dock
loading/unloading facilities. The proposed methodologies when applied by experts can
formulate, according to the case examined, a platform which can facilitate risk modeling and

decision making when data is governed by vagueness or fuzziness or incompleteness.

As it can be seen from the aim and objectives of this thesis, there is the need to cover several
aspects within the marine industry using the application of formal safety assessment that
forces the implementation of a different methodology in each particular case. A unified
methodology would not be applicable in all cases and it was not the intention to provide a

single path, but multiple solutions to the number of different cases examined.

1.4 Scope of work

The safety analysis and decision support methodologies developed and described within this
thesis have been applied to specific test cases. Their nature though, is such that they are
applicable to a great variety of cases either in the operational or the design fields. They can
also be utilized by other disciplines of engineering in cases where safety related data is
lacking or vague. All these methodologies can be used in conjunction with the traditional

methods in safety assessment for engineering products.

The paragraphs presented next, give the reader a “road map” of the content of each individual

chapter.

Chapter 2 outlines the generic development of formal safety assessment within the marine
industry and its current status. It shows the progress from a reactive approach usually used
after a major accident towards a pro-active approach trying to minimize the overall risk
factor existing in a system or a task. The adoption of FSA from the UK MCA as a means to
improve safety is also included. A number of key lessons raised from accidents are outlined
and briefly discussed. A critical overview of several models developed is made and gaps that

have been omitted are identified so as to show the applicability of this thesis.



Chapter 3 presents the fundamental risk assessment methods used within the risk analysis
framework, explaining their key points in such a way that they can be utilized along with the
proposed methodologies in the chapters further up the thesis. This chapter does not intend to
be a textbook chapter, but merely to show the interconnection of basic methodologies and the
way they can be linked with more advanced risk estimation models. Methods like fault tree,

event tree, risk matrix modeling and others are explained in this section of the thesis.

Chapter 4 shows that when dealing with multiple attribute decision analysis, the decision
maker is often required to process simultaneous data containing both qualitative and
quantitative values. The main aim of the decision-making process is to be able to denve
rational decisions from uncertain or incomplete data contained in the total package of
information. In this chapter a multilevel decision-making technique is developed based on
the Dempster-Shafer theory, and is used in different areas of engineering, safety,
management and design selection. The basic functions of evidential reasoning are also
analysed and further developed in order to improve the process of dealing with attributes
containing uncertainty or attributes with lack of information. A numerical example of a
vessel selection process is examined using a proposed form of evidential reasoning approach.
The sequence of the numerical steps followed to assess vessels is indicated so as to

demonstrate the implementation of the procedure.

Chapter 5 indicates that along with the economic growth within the marine industry the need
for sufficient safety levels has been increased throughout the past years, in view of
optimising them for the years to come. Decisions made must ensure that adequate safety
levels are achieved. What is more, to ensure that decisions are taken on a rational basis, a
number of uncertainties need to be taken into consideration before any results are produced.
Bayesian networks and influence diagrams provide the means of analysis in such a case. The
intention of this chapter is to demonstrate their potential as a modelling technique, which can
provide features not always available through conventional methods. The literature review

and the background theory of Bayesian networks are analysed along with a proposed

methodology and a test case to prove the value of the method.

Chapter 6 presents the Forn/Sorm method, also known as most-likely failure point (MLFP),
It 1s a method for estimating the probability P¢ that a value of a calculated quantity would

exceed (or, alternatively, be less than) a certain limit, given that a number of the input data



values, on which the calculation is based, is uncertain. This chapter contains a brief
introduction to the background of the method, an explanation of its use and a proposed
change in the way that variables are handled. Finally, a test case is presented to demonstrate

the usage of the modified Form/Sorm method.

Chapter 7 shows that human and organisational performances are the main factors within a
management framework used to either self-assess the progress of a company or compare it
with other companies operating in the same field. Organisations that are safety oriented are
often required to produce a self-assessment regime under which performance and safety
analysis are divided into a number of main criteria. Some of these assessment criteria contain
sub-criteria. This chapter presents a method incorporating the evidential reasoning algorithm,
which can be equally used for self-assessment as well as for comparing two or more
companies by an independent assessment source. The criteria used are presented, analysed
and brought into a common utility plane so that comparisons can be carried out. All linguistic
variables used as assessment grades, are the result of consultation with experts such as
academics and engineers. A test case of assessment between four companies is also presented

to demonstrate the applicability of the method within the marine industry.

Chapter 8 gives an overview of the thesis presented. A discussion is presented following the
key points raised through the thesis. The safety analysis methodologies in the form presented
in this thesis are capable of dealing with a number of questions and problems concerning
engineering systems along with any topics raised within a safety assessment organizational
framework. Suggestions for future work are made. A number of publications arising from

this thesis can be found in journals and conferences as well as being referenced in this thesis.

Figure 1.1 shows a graphical representation of the structure of this thesis.
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CHAPTER 2: AN OVERVIEW OF FORMAL SAFETY ASSESSMENT

2.1 Introduction

In the maritime industry, over the recent years, quite a few serious accidents including
the capsize of the Herald of Free Enterprise and the Exxon Valdez tragedy have
shocked the public and attracted great attention to safety. The studies on how similar
accidents may be prevented have been actively carried out at both the national and
international levels. After Lord Carver’s report on the investigation of the capsize of
the Herald of Free Enterprise was published in 1992, the UK Maritime & Coastguard
Agency (MCA) quickly responded and in 1993 proposed to the International
Maritime Organization (IMO) that formal safety assessment (FSA) should be applied
to ships to ensure a strategic control of satety and pollution prevention [MSA, 1993],
IMSA, 1996]. The guidelines for the application of formal safety assessment have
been recently approved for rule/regulation making purposes by the IMO. At the
moment, one of the major concerns on the practical application of formal ship safety
assessment is associated with the simplification of the approach and the study of trial
test cases for producing more detailed guidelines to facilitate its application while
human and organizational elements that significantly influence quality, safety, etc.,
also need to be addressed in detail accordingly. In the UK offshore industry, a safety
case approach was introduced in 1993 following the public inquiry into the Piper
Alpha accident of July 6, 1988. The safety case regulations were amended in 1996 to
include verification of safety-critical elements. The offshore installations and wells
(Design and Construction, etc.) regulations 1996 (DCR’96) were introduced to deal
with various stages of the life cycle of the installation [HSE, 1998]. The main feature
of the new offshore safety regulations in the UK is the absence of a prescriptive
framework; defining specific duties of the operator as regard to what are adequate
means. The regulations set higher safety standards while leaving the selection of
particular arrangements to deal with hazards in the hands of the operator. This is in
recognition of the fact that hazards related to a complex engineering system such as a

vessel or an installation are specific to its function and site conditions.

Recently, the industrial guidelines on a framework for risk related decision support
have been produced by the UK Offshore Operators Association (UKOOA) [UKOOA,

2002]. In general, the framework could be usefully applied to a wide range of
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situations. In particular, it provides a sound basis for evaluating the various options
that need to be considered at the feasibility and concept selection stages of a project. It
can also be combined with other formal decision making aids such as Analytical
Hierarchy Process (AHP).

As far as port safety is concerned, the guidelines indicating a general framework on
port safety in the UK came from “Safety in Docks — Port regulations and guidance”
[Health & Safety Commission, 1988). The current status of port safety shows that
there is a close relation between the MCA and the port authorities in order to ensure
adequate levels of safety and pollution prevention in UK ports. It is again a case of
leaving the operators to decide on the ways to deal with possible hazards instead of
setting the path that they should follow in each case. What is needed is an application
of formal safety assessment methods for handling situations arising in any kind of
terminal with just minor modifications in the factors influencing them. This means
that the methods applied in a chemical refinery dock when the vessel is undertaking
loading or unloading of cargo, can be equally applied, with the domain knowledge, to
a container or a Ro/Ro terminal. The “Port Marine Safety Code” recently produced by
the DETR (Department of the Environment, Transport and the Regions, UK)
introduces a national standard for every aspect of port marine safety in the UK
[DETR, 2000]. Using it as a basis, further development and research can be targeted
to engineering systems related to loading/unloading of cargo (such as cargo cranes) as

well as in the logistics and transportation of goods within the port premises.

Many leading maritime organizations have started to move away from prescription,
towards a risk based regime, to assist in maintaining capability throughout the life
cycle of maritime products. Such a change will create new perspectives in risk
modelling and safety based decision making. It is believed that a change from re-
active to pro-active regime will gradually take place in the maritime industry [Sii &
Wang, 2003]. This can certainly encourage safety engineers to develop and apply
more flexible risk modelling and decision making approaches from the advances in
general engineering and technology. Table 2.1 gives a brief overview of the current

regulatory safety approach compared with the FSA proposed approach [Wang, 2002].

The differences are obvious as FSA focuses on pro-activeness whereas up until lately

the lessons to be learned stood as the key players in the effort of improving marine

safety.
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Table 2.1 Difference between FSA and current regulatory safety approach

Formal Safety Assessment Current Approach
Step 1 What might go wrong?  Hazard identification | What did go wrong?
Step 2 How often, how Risk analysis
likely? Frequencies, probabilities
| How bad? Consequences
Risk = probability x
| consequence
Step 3 How can matters be Risk control options How can matters be
i improved? identification improved?
Step 4 How much? Cost benefit evaluation
How much better?
Step 5  What actions are Recommendation What actions are
worthwile to take? worthwhile to take?

In the following paragraphs an overview of major marine accidents is given. Among
others, these accidents triggered the need for a pro-active safety framework and hence

helped in the proposal and implementation of FSA. Following the accidents’ review,

FSA’s structure and methodology is described.

2.2 Review of major marine and offshore accidents
2.2.1 The Amoco Cadiz

The Amoco Cadiz was a supertanker, owned by Amoco, that split in two after running
aground on Portsall Rocks, three miles off the coast of Brittany, in March 16, 1978,
resulting in one of the largest oil spills in history [NOAA, 1978]. En route from the
Persian Gulf to Le Havre, France, the ship encountered stormy weather with gale

conditions and high seas. A seemingly minor failure in its steering gear started a slow

drift to the French coastline.

The entire cargo of 1,619,048 barrels spilled into the sea. A slick 18 miles wide and
80 miles long covered about 200 miles (320 km) of Brittany coastline. Beaches of 76
different Breton communities were oiled. The isolated location of the grounding and
the rough seas at that time hampered clean-up efforts for two weeks after the incident

occurred. Severe weather resulted in the complete breaking of the ship before any oil

could be pumped out of the wreck.
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As mandated in the "Polmar Plan", the French Navy was responsible for all offshore
operations while the Civil Safety Service was responsible for shore clean-up
activities. Although the total quantity of collected oil and water reached 100,000 tons,
less than 20,000 tons of o1l were recovered from this liquid after treatment in refining
plants. After long negotiations on financial terms between the ship's captain and the
master of a West German tugboat and two unsuccessful towing attempts, the towline
finally broke during the argument and the ship drified on the rocks [Conan,
d'Ozouville & Marchand, 1978]. This accident was caused as seen mainly due to bad

weather as well as due to multiple failures occurring in close time intervals.

Following the Amoco Cadiz disaster, new requirements for tanker regulations were
developed by IMO. The results of the inquiry into the Amoco Cadiz accident have
contributed to the implementation of the 1978 Protocol (Tanker Safety and Pollution
Prevention) to the International Convention for the Safety of Life at Sea, 1974
(SOLAS) [IMO, 2001]. All tankers of 10000grt and above shall have two remote

steering gear control systems, each operable separately from the navigating bridge.
The main steering gear of new tankers of 10000grt and above shall comprise two or
more identical power units and shall be capable of operating the rudder with one or

more power units.

2.2.2 The Exxon Valdez

On March 23, 1989, the oil tanker Exxon Valdez departed from the Valdez oil
terminal in Valdez, Alaska (on its 28th voyage), heading south through Prince
William Sound, with a full load (52 million gallons) of oil. Captain Joseph
Hazelwood radioed to the Coast Guard station that he would be changing course in

order to avoid some growlers, small icebergs which had drifted into the sound from
the Columbia Glacier [Galt, Lehr, & Payton, 1991). The captain received permission to
move into the northbound lane. Before retiring to his cabin, Captain Hazelwood
instructed his third mate Gregory Cousins to "start coming back into the lanes” once

the ship was abeam Busby Island Light, some 2 minutes ahead.

Although Cousins did give the instructions to the helmsman to steer the vessel to the

right, the vessel was not turning sharply enough and at 12:04 a.m. on March 24, the
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vessel hit Bligh Reef. It is not known whether Cousins gave the orders too late or the

helmsman did not follow instructions properly.

The spilled oil affected 1,900 km of Alaskan coastline. Although Exxon's initial
report of 10.8 million gallons (40,900 m’) of oil spilled has been widely accepted,
other sources estimate the spill at 35 million gallons (110,000 m®) [Rice, Spies, Wolfe
& Wright, 1996]. The Exxon Valdez supertanker was towed to San Diego, arriving on
July 10 and repairs began in July 30, 1989. Approximately 1,600 tons of steel were

removed and replaced. This accident was a typical example of human error and

negligence.
2.2.3 The Piper Alpha

On 6 July 1988 there was a massive leakage of gas condensate which was ignited
causing an explosion which led to large oil fires. The heat ruptured the riser of a gas
pipeline from another installation [UKOOA, 2005]. This produced a further massive
explosion and fireball that engulfed Piper Alpha. All this took just 22 minutes. The

scale of the disaster was enormous. 167 people died, 62 people survived.

It is believed that the leak came from piping connected to a condensate pump. A
safety valve had been removed from this piping for overhaul and maintenance. The
pump itself was undergoing maintenance work. When the piping from which the
safety valve had been removed was pressurised at start-up, it is believed the leak had

occurred.

Lord Cullen chaired the official Public Inquiry into the disaster in two parts led by the
Department of Energy (DOE) [DOE, 1990]. The first was to establish the causes of
the disaster. The second part made recommendations as to the future safety regime.
By 1993 all had been acted upon and substantially implemented. It is believed that

this accident was the result of combined procedural defects and human error.

At the same time the HSE developed and implemented Lord Cullen's key
recommendation, the making of regulations to require that the Operator/Owner of
every installation should be required to submit to HSE, for their acceptance, a Safety

case which demonstrated that the Company had adequate safety management systems,
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had identified risks and reduced them to as low as reasonably practicable (ALARP),
had put management controls in place, had provided for temporary safe refuge to be
available and had made provisions for safe evacuation and rescue [DOE, 1990]. The
Temporary Refuge is designed to provide a period of protection, allowing personnel
to muster in safety while an accident is being assessed, and a decision is taken on
whether' or not to abandon the installation. The Temporary Refuge is equipped,
amongst other things, with command, communication, monitoring, mustering and
medical facilities. By November 1993 a safety case for every installation had been
submitted to the HSE and by November 1995 all had had their Safety case accepted
by the HSE.

The marine and offshore industry's accident frequency rates have improved
significantly since 1988. There has been an overall reduction in accident frequency
rates in the order of 50% [HSE, 2003]. Whilst the actual accident rates do not prove or
disprove a safety regime or culture, they do provide a year on year or over a period of
years, compatison to indicate an improving or worsening or level trend, provided that

the statistics are compiled on the basis of a consistent methodology.

The marine and offshore industry agreed in 1992 to report to HSE on a voluntary
basis, all offshore releases of hydrocarbons. From 1992 to 1994/95 the number of
reported releases rose to a peak of [HSE, 2001]:

e 36 major releases.
e 170 significant releases.

e 111 minor releases.
From 1994/95 to 1997/98 the number of releases have declined to:

o 22 major releases (39% reduction).
o 102 significant releases (43% reduction).

e 50 minor releases (55% reduction).

This reduction can be illustrated in Figure 2.1.
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Figure 2.1 Reduction in the recorded release rates from 1992-1998
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Similarly Figure 2.2 illustrates the descending number of fatalities and serious injuries

which show that the industry has started to follow the road towards a safety oriented

regime [HSE, 2001].
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Figure 2.2 Reduction in fatalities and major accidents from 1988-1997

[t is clear that it would be possible to prevent marine accident by proper design,
correct operational training and procedures as well as an appropriate management

system that performs regular reviews on the safety standards functioning. As the
public concern regarding maritime safety increases, a lot of attention has been drawn
to formal safety assessment as regulatory tool. It is believed that the adoption of such
a tool both in the design and operation stages will reduce maritime risks to the
ALARP level. Above this particular level systems and processes continue to operate
without safety issues raised. The following paragraphs give an insight on the

mechanism of operation of formal safety assessment.
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2.3 Formal safety assessment

FSA is a rational and systematic process for assessing the risks relating to maritime
safety and the protection of the marine environment and for evaluating the costs and
benefits of the recommended risk control options for reducing these risks. The use of
FSA is consistent with, and should provide support to, the IMO decision-making
process. It provides a basis for making decisions in accordance with IMO resolutions
A.500(XII) "Objectives of the Organization in the 1980s", A.777(18) "Work Methods
and Organization of Work in Committees and their Subsidiary Bodies" and A.900(21)
“Objectives of the Organization in the 2000s” [MSA, 1993].

Application of FSA may be particularly relevant for proposals for regulatory
measures which have far reaching implications in terms of costs to the maritime
industry or the administrative or legislative burdens which may result in. This is
achieved by providing a clear justification for proposed regulatory measures and
allowing comparison of different options of such measures to be made [MSA, 1996].
This is in line with the basic philosophy of FSA in that it can be used as a tool to
facilitate a transparent decision-making process. In addition, it provides a means of
being proactive, enabling potential hazards to be considered before a serious accident
occurs. The decision makers both at a regulatory level such as the IMO [IMO, 1996]
or at a industrial and organizational level, through FSA, will be able to appreciate the
effect of proposed regulatory changes in terms of benefits (e.g. expected reduction of
lives lost or of pollution) and related costs incurred for the industry either as a whole
or just for the particular case examined and affected by the decisions they need to
take.

2.3.1 FSA steps

FSA should consist of the following steps [IMO, 1997a]:

1. Identification of hazards.
2. Risk analysis.

3. Risk control options.

4. Cost-benefit assessment.

5. Recommendations for decision-making,
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Figure 2.3 1s a flow chart of the FSA methodology. The process begins with the
decision makers defining the problem to be assessed along with any relevant
boundary conditions or constraints. These are presented to the group who will carry
out the FSA and provide results to the decision makers for use in their resolutions
[IMO, 2002]. In cases where decision makers require additional work to be
conducted, they would revise the problem statement or boundary conditions or
constraints, and resubmit this to the group and repeat the process as necessary. Within

the FSA methodology, step 5 interacts with each of the other steps in arriving at

decision-making recommendations.

Decision makers

Criteria

Step 1 Step 2 Step 5
Hazard Risk - Decision-making
identification assessment recommendations

b

Step 3
Risk control
options

Step 4
Cost benefit
assessment

---—-—--'—-'—-_ﬁ‘r_#-—--

Review

igure 2.3 Flow chart of FSA methodology

The group carrying out the FSA process should consist of qualified and experienced

people to reflect the range of influences and the nature of the "event" being addressed.
The depth or extent of application of the methodology should be in-line with the
nature and significance of the problem [IMO, 2004]. However, before starting the
detailed application, a coarse application is suggested for the relevant ship type or
hazard category, in order to include all aspects of the problem under consideration.

Whenever there are uncertainties, e.g. in respect of data or expert judgment, the

significance of these uncertainties should be assessed. Characterization of hazards and
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risks should be both qualitative and quantitative, and both descriptive and
mathematical, consistent with the available data, and should be broad enough to
include a comprehensive range of options to reduce risks. A hierarchical screening
approach may be utilized. This would ensure that excessive analysis is not performed
by utilising relatively simple tools to perform initial analyses, the results of which can
be used to either support decision-making (if the degree of support is adequate) or to
scope/frame more detailed analyses (if not). The initial analyses would therefore be
primarily qualitative in nature, with a recognition that increasing degrees of detail and
quantification will come in subsequent analyses as necessary. A review of historical

data may also be useful as a preparation for a detailed study.

The availability of suitable data necessary for each step of the FSA process is very
important [Peachey, 1995]. When data is not available, expert judgment, physical
models, simulations and analytical models may be used to achieve valuable results.
Consideration should be given to those data which are already available (e.g. casualty
and deficiency statistics) and to potential improvements in those data in anticipation
of an FSA implementation (e.g. a better specification for recording relevant data
including the primary causes, underlying factors and latent factors associated with a
casualty). Data concerning incident reports, near misses and operational failures may
be very important for the purpose of making more balanced, proactive and cost-
effective legislation. A judgement on the value of data which can be collected should
be carried out in order to identify uncertainties and limitations, and to assess the
degree of reliance that should be placed on the available data. Figure 2.4 illustrates a
more detailed diagram of how the five steps of FSA are connected to each other
giving a better overview of the risk estimation step which in fact is the most important
step within the FSA methodology [Peaéhey, 1995]. It is the step in which traditional
and advanced risk estimation techniques are applied. What can be measured can be

reduced.
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Figure 2.4 Flow chart of FSA methodology concentrated on risk estimation

The human element is one of the most important contributory aspects to the causation
and avoidance of accidents. Human element issues throughout an integrated system
should be systematically treated within the FSA framework, associating them directly
with the occurrence of accidents, underlying causes or influences. Additionally,
appropriate techniques for incorporating human factors, such as the TESEO technique
should be used. This technique uses a marking system based on different human
related criteria and produces the outcome in terms of multiplication of all the

respective factors. Thus can produce quantitative results in a case where qualitative

variables are used.

2.3.1.1 FSA step 1 - Identification of hazards

The purpose of step 1 1s to identity a list of hazards and associated scenarios
prioritized by risk level specific to the problem under review. This purpose is
achieved by the use of standard techniques to identify hazards which can contribute to
accidents, and by screening these hazards using a combination of available data and
judgement [Riding, 1997]. The hazard identification process should be undertaken in

the context of the functions and systems generic to the ship type or problem being

considered.
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The approach used for hazard identification generally comprises a combination of
both creative and analytical techniques, the aim being to identify all relevant hazards.
The creative element is to ensure that the process is proactive and not confined only to
hazards that have materialized in the past. It typically consists of structured group
reviews aiming at identifying the causes and effects of accidents and relevant hazards
[CCPS, 1992]. Consideration of functional failure may assist in this process. The
group carrying out such structured reviews should include experts in the various
appropriate aspects, such as ship design, operations and management and specialists
to assist in the hazard identification process and incorporation of the human element.
A structured group review session may last over a number of days. The analytical
element ensures that previous experience 1s properly taken into account, and typically
makes use of background information (for example applicable regulations and codes,
available statistical data on accident categories and lists of hazards to personnel,
hazardous substances, ignition sources, etc.). Examples of hazards relevant to
shipboard operations are shown at Appendix I. A complete analysis of possible causes
and outcomes of each accident category should be carried out by using established
techniques (typical techniques are reviewed in Chapter 3), to be chosen according to

the problem in question.

The identified hazards and their associated scenarios relevant to the problem under
consideration should be ranked to prioritize them and to discard scenarios judged to
be of minor significance. The frequency and consequence of the scenario outcome
requires assessment. Ranking is undertaken using available data, supported by
judgement, on the scenarios. The qualitative method named risk matrix is described in
Chapter 3. The frequency and consequence categories used in the risk matrix have to
be clearly defined. The product given by the likelihood of occurrence of an undesired

event (frequency) and the severity of consequences imposed represents the derived

risk level.

Therefore the output from step 1 consists of:

1. A list of hazards and their associated scenarios prioritized by risk level.

2. A description of causes and effects.
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2.3.1.2 FSA step 2 - Risk analysis

The purpose of the risk analysis in step 2 1s a detailed investigation of the causes and

consequences of the more important scenarios identified in step 1. This can be
achieved by the use of suitable techniques that model the risk. This allows attention to
be focused upon high risk areas and to identify and evaluate the factors which
influence the level of risk. Different types of risk [Henley & Kumamoto, 1992] (i.e.
risks to people, the environment [EPA, 1996] or property) should be addressed as

appropriate to the problem under consideration.

The construction and quantification of fault trees and event trees are standard risk
assessment techniques that can be used to build a risk model (see Chapter 3). An
example of a conceptual risk model is the Risk Contribution Tree (RCT) as shown in
Figure 2.5 [IMO, 2002a]. Whilst the example makes use of fault and event tree
techniques, other established methods could be used if appropriate. Quantification
makes use of accident and failure data and other sources of information as appropriate
to the level of analysis. Where data is unavailable, calculation, simulation or the use

of recognized techniques for expert judgement may be used.
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Figure 2.5 Example of a risk contribution tree
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The output from step 2 consists of the identification of the high risk areas which need

to be addressed.
2.3.1.3 FSA step 3 — Risk control options

The purpose of step 3 is to propose effective and practical risk control options (RCOs)

consisting of the following four principal stages [Brafelt.& Larsson 2000]:

1. Focusing on risk areas needing control.
2. Identifying potential risk control measures (RCMs).
3. Evaluating the effectiveness of the RCMs 1n reducing risk by re-evaluating step 2.

4. Grouping RCMs into practical regulatory options.

Step 3 aims at creating risk control options that address both existing risks and risks
introduced by new technology or new methods of operation and management. Both
historical risks and newly estimated risks (from steps 1 and 2) should be considered,
producing a wide range of risk control measures. Techniques designed to address both

specific risks and underlying causes should be used.

The purpose of focusing significant risks 1s to screen the output of step 2 so that the
effort is focused on the areas most needing risk control. The main aspects to making

this assessment are to review [ Wang, Labrie & Ruxton, 1993]:

1. Risk levels, by considering frequency of occurrence together with the severity of
outcomes. Accidents with an unacceptable risk level become the primary focus.

2. Probability, by identifying the risk areas that have the highest probability of
occurrence. These should be addressed irrespective of the severity of the outcome.

3. Severity, by identifying the risk areas that contribute to highest severity outcomes.
These are be addressed irrespective of their probability.

4. Confidence, by 1dentifying areas where the risk model has considerable uncertainty

either in risk, severity or probability. These uncertain areas should be addressed.

Structured review techniques are typically used to identify new RCMs for risks that

are not sufficiently controlled by existing measures. These techniques may encourage
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the development of appropriate measures and include risk attributes and causal chains.
Risk attributes relate to how a measure might control a risk, and how causal chains
relate to where, in the "initiating event to fatality" sequence, risk control can be
introduced. RCMs (and subsequently RCOs) have a range of attributes. The prime
purpose of assigning attributes is to facilitate a structured thought process to
understand how an RCM works, how it is applied and how it would operate.
Attributes can also be considered to provide guidance on the different types of risk
control that could be applied. Many risks will be the result of complex chains of
events and a diversity of causes. For such risks the identification of RCMs can be

assisted by developing causal chains which might be expressed as follows [IMO,
2002]:

causal factors + failure —» circumstances = accident - consequences
RCMs, in general be aimed at one or more of the following:

1. Reducing the frequency of failures through better design, procedures,
organizational policies, training, etc.

2. Mitigating the effect of failures, in order to prevent accidents.

3. Examine the circumstances in which failures may occur.

4, Mitigating the consequences of accidents.

RCMs are to be evaluated regarding their risk reduction effectiveness by using step 2

including consideration of any potential side effects of the introduction of the RCM.
The purpose of this stage is to group RCMs into a limited number of well thought out
practical regulatory options, There is a range of possible approaches to grouping
individual measures into options. The following two approaches, related to likelithood

and escalation, can be considered;

1. Generic approach which provides risk control by controlling the likelihood of
initiation of accidents and may be etfective in preventing several different accident
sequences.

2 Distributed approach which provides control of escalation of accidents, together
with the possibility of influencing the later stages of escalation of other, perhaps

unrelated, accidents. In generating the RCOs, the interested entities (also named as
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stakeholders), which may be affected by the combinations of measures proposed,
should be identified.

The output from step 3 consists of:

1. A range of RCOs which are assessed for their effectiveness in reducing risk.

2. A list of interested entities affected by the identified RCOs.

2.3.1.4 FSA step 4 - Cost benefit assessment

The purpose of step 4 is to identify and compare benefits and costs associated with the
implementation of each RCO identified and defined in step 3. A cost benefit

assessment may consist of the following stages [Mathiesen, 1997]:

1. Consider the risks assessed in step 2, in terms of both frequency and consequence,
in order to define the base case in terms of risk levels of the situation under
consideration.

2. Arrange the RCOs, defined in step 3, in a way to facilitate understanding of the
costs and benefits resulting from the adoption of an RCO.

3. Estimate the pertinent costs and benefits for all RCOs.

4, Estimate and compare the cost effectiveness of each option, in terms of the cost per
unit risk reduction by dividing the net cost by the risk reduction achieved as a result of
implementing the option.

5. Rank the RCOs from a cost-benefit perspective in order to facilitate the decision-
making recommendations in step 5 (e.g. to screen those which are not cost effective

or impractical).

Costs are be expressed in terms of life cycle costs and may include initial, operating,
training, inspection, certification, decommission costs, etc. Benefits may include
reductions in fatalities, injuries, casualties, environmental damage and clean-up,
indemnity of third party liabilities, etc. and an increasc in the average life of ships
[Wang, Yang & Sen, 1995]. The evaluation of the above costs and benefits can be
carried out by using various methods and techniques. Such a process should be
conducted for the overall situation and then for those interested entities which are

most influenced by the problem in question. In general, an interested entity can be
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defined as the person, organization, company, Coastal State, Flag State, etc. who are
directly or indirectly affected by an accident or by the cost effectiveness of the newly
proposed RCO. Different interested entities with similar interests can be grouped
together for the purpose of applying the FSA methodology and identifying decision-

making recommendations.
The output from step 4 consists of:

1. Costs and benefits for each RCO identified in step 3 from an overview perspective.
2. Costs and benefits for those interested entities which are the most influenced by the

problem in question.

3. Cost effectiveness expressed in terms of suitable indices.

2.3.1.5 FSA step 5 - Recommendations for decision making

The purpc;se of step 5 is to define recommendations which should be presented to the
relevant decision makers in an auditable and traceable manner. The recommendations
would be based upon the comparison and ranking of all hazards and their underlying
causes; the comparison and ranking of risk control options as a function of associated
costs and benefits [Yang & Singh, 1994] should follow the identification of those risk

control options which maintain risk levels below the ALARP level.

Recommendations are to be presented in a form that can be understood by all parties
irrespective of their experience in the application of risk and cost benefit assessment
and related techniques [Delgado, Herrera, & Martinez, 1998]. Those submitting the
results of an FSA process must provide timely and open access to relevant supporting
documents and a reasonable opportunity for, and a mechanism to, incorporate

comments.

The output from step 5 consists of;

1 An objective comparison of alternative options, based on the potential reduction of
risks and cost effectiveness, in areas where legislation or rules should be reviewed or

developed.

2. Feedback information to review the results generated in the previous steps.
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2.4 Current status of FSA

The FSA methodology has been developed by a joint Working Group of the IMO’s
Maritime Safety and Environmental Protection Committees, based upon research
undertaken in the UK [IMO, 1996], [IMO, 1997]. The two committees approved
guidelines setting out the details of the method during 1997. Although many of the
elements of the approach described above are well established in other contexts, their
application to the shipping industry, and in an overview or generic way, is relatively
new and unproven. Trial applications are presently being undertaken, with the

intention of reporting the results and experience gained to the IMO [IMO, 1998].

Consideration 1s also being given, by a Correspondence Group of IMO members, to
the development of suitable mechanisms and procedures by which the FSA process
can be applied by the IMO committees 1n their future decision making. FSA is
intended to be applied at an overview level (for example to all the hazards affecting a
particular ship type), with a view to identifying and prioritising the principal risks and
regulatory options. FSA results will part a summary of the key risks relevant to the
scope of the study, and information regarding the relative costs and benefits of the
regulatory options for addressing those risks. The conclusions of an FSA study should
thercfore facilitate a proactive approach by the IMO, by providing a justifiable basis
for making decisions about the need for, and content of, maritime regulations [IMO,
1997]. 1t is not however the purpose of FSA to take account of the details of specific
ships, or their arrangements, operations, etc, nor is the process designed to address the
risks facing a particular owner or ship. As with all risk assessments, the results
obtained are dependent in part upon data (eg historical incident and accident
information), and also upon judgement in interpreting that data and anticipating
industry trends, the impact of changes in technology, the potential for future
accidents, etc. The results of an FSA study are therefore dependent upon not only the

availability of relevant data, but also suitably qualified and experienced people to
undertake such judgements [IMO, 1999].

The safety case approach was introduced to the UK offshore industry by the UK
Health & Safety Executive (HSE) [HSE, 1998]. For offshore activities a Safety case
has to be produced for submission to the HSE. This safety case regime is primarily a
UK offshore approach.
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The primary objective of a safety case approach is to ensure an adequate level of
safety for a particular ship, based upon the management and control of the risks
associated with that ship [Stansfeld, 1994]. A central feature of a safety case is that
the ship-owner takes responsibility for assessing the risks associated with his ship,
and for documenting how his safety management system limits those risks to an
acceptable level. The document containing details of the risk assessment and the
safety management system is called a safety case. The safety case approach
constitutes a demonstration, to the vessel’s owner, and to his employees, customers
and society at large, that risks arising from the operation of the ship are adequately
understood and controlled. In some industries, for example the UK offshore oil & gas
industry, the safety case regime is mandatory, i.e. operations cannot legally be
commenced until a safety case approach has been compiled by the owner and
submitted to the official regulator for scrutiny and approval [HSE, 2002). However, it
is beginning to be recognised by responsible owners in the shipping industry that a
safety case approach can be adopted voluntarily. Thus, in addition to complying with
existing prescriptive regulatory requirements, an owner may choose voluntarily to
compile a safety case and introduce a safety management system, for example to
protect his business interests or reputation, or where he wants to achieve a higher
level of safety than is implied by the regulations. It should be noted that although
described above in the context of a vessel’s owner, a safety case approach can, where

appropriate, be compiled and maintained by a vessel’s operator [HSC, 2004].

A safety case approach will include a comprehensive description of the ship itself, and
of its operation and the environment within which it operates. The risk assessment
will be undertaken using a number of established techniques, such as FMEA {[IMCA,
2002] (Failure Mode and Effects Analysis) and HAZOP [Kletz, 1974] (Hazard and
Operability study) studies for hazard identification, and fault and event tree analyses
[Villemeur, 1992] for the determination of risk. Risks will be quantified to the extent
it is appropriate to do so. Risk criteria will be set, relevant to the vessel and its
operational context, and usually in accordance with the ALARP principle
[Kumamoto, & Henley, 1979]. Likewise, the safety management system will be
developed from established good management principles, and will be an integral part
of the company’s overall management strategy. The safety management system will

include elements firstly of setting policy, secondly of organising, planning and
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implementing actions to fulfil that policy, and finally of monitoring review and
feedback to assess performance against the policy [MOD, 1996]. Typically, for a
complex engineering system, a design safety case approach would initially be
compiled. This would subsequently be developed and expanded into an operational
safety case as the vessel enters service. Thereafter, the safety case approach would
normally be subject to regular review, with updating as necessary, to take account of
changing conditions, ownership, activities, modifications, etc. A safety case approach
will usually make reference to extensive back-up information recording details of the
ship and its operation, the risk assessments, risk criteria, etc. It is essential that the
safety case approach is developed with the involvement of staff who have close
familiarity with the system, its operation, company practice, procedures, etc. This
approach also ensures ownership of, and commitment to, the safety targets and
philosophy contained within the safety case. However, in compiling a safety case, an
owner will often need to seek specialist assistance, particularly in respect of the

quantified assessment of risks.

The effectiveness of the safety management system is usually monitored and verified
by means of regular audits, and compliance with the requirements of the safety case

checked by means of inspections.

The safety case approach is well established in industries other than shipping, most
notably in the offshore oil and gas sector. However, the approach can, in principle, be
applied to ships, and in recent years there has been discussion of this possibility.
There are at present no known requirements by maritime regulators to impose a safety
case regime on ship owners. All known current examples of the application of the
safety case approach for ships fall into the voluntary category, in that the
organisations involved have decided to develop safety cases without being required to
do so by any regulatory authority. Most notably, the UK Ministry of Defence
introduced a safety case regime for each of its new ships with effect from 1996 {HSE,
1998]. In the merchant shipping sector, a few companies are known to have adopted
the safety case approach. One of them is BP Tankers which, has adopted the safety
case in view of their newly-built crude oil tankers for the Alaskan oil trade [BP,
2004).

The safety case approach is intended to be applied primarily to a large engineering

system like a ship [Wang & Ruxton, 1998]. It provides a comprehensive and detailed
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evaluation of all the risks to which that ship is exposed, together with an explicit
statement of the safety management system that the owner has established for
controlling and reducing those risks to an acceptable level. The safety case approach
document therefore provides the reference source, not only for checking the
completeness and validity of the owner’s risk assessment, but also as the basis for
auditing the owner’s management system and operations, and for inspecting the
vessel, with the object of verifying compliance with the provisions of the case. The
principal limitation of a safety case regime is that it presumes a high degree of
responsibility on the part of the vessel’s owner to be accountable for the risks created
by his vessel and its operation. Therefore, exclusive reliance upon a safety case
regime as a mechanism for ship safety regulation would only be practical within a
framework where the regulator has both the competence to assess the veracity of the
safety case, and also the authority to exercise effective sanctions in the event of being
dissatisfied with the case itself or the owner’s compliance with its provisions. A
further limitation on the widespread introduction of the safety case approach for
shipping is the burden of work required to undertake the complex analyses and

compile extensive documentation for each and every vessel.

Public safety awareness and the related distribution of responsibilities to local
authorities has increased the need for tools to evaluate the total safety in the port
environment. The maritime (nautical) operations determine an essential part of this
safety. Traditionally expert opinion more recently completed with simulation studies,
or fast-time simulations, help to evaluate the different design or existing port lay-outs
and operational measures within a given environment and a given traffic distribution.
This is still a viable option for the basic assessment of the feasibility of a design on
the operational level but fails to predict the total levels of risk and consequences of
measures once the total traffic distribution needs to be evaluated [HSE, 1988). Over
the last two decades additional quantitative safety management assessment tools have
been developed which take into account the total vessel traffic image and its related
risks in the whole physical port environment and which are capable of evaluating the

consequences of measures on a strategic level. More recent developments in the

Netherlands and the UK (Port Marine Safety Code) [DETR, 2000] suggest the
application ot FSA to ports as a panacea to all strategic safety issues, a promise which

eventually can come true 1f due consideration is given to the small details, Which type
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of study will be performed depends on the main question that has to be answered. A

rough subdivision of safety studies is presented in Table 2.2.

Generic Daily Human Technical failure
Vessel operations

Organisation On shore On ship

Policy level Classification level

Table 2.2 Application of FSA in various safety studies

The application of FSA methodology in port safety assessment is increasing and
appropriately recognised as a valuable tool to identify the risk determining factors and
to put these factors within the right framework of the total port system. However, the
quantification of the actual risk level and the consequences of measures still require
considerable input from analysed accident databases and more detailed models. The
usage of FSA will result in improved risk assessment models, based on more physical
relationships in which the impact of regulatory aspects is modelled. Because the
outcome of the risk assessment model is directly used in the decision process as to
whether a RCO is effective or not, it is very important to improve this model where

possible.

The European Maritime Pilot’s Association (EMPA) has suggested that operational
procedures and working instructions should be entirely based on and be in line with
FSA [EMPA, 2006}. The management of the Pilot Organisations should benefit from
a better understanding of the technical risks being taken by the Pilot Organisation by
using the Formal Risk and Formal Safety Assessment methodology. The FSA
methodology will define a logical and systematically structured approach, for
decision-making based on qualitative and quantitative Risk and Safety Assessment.
Using the FSA methodology should enable the Pilot organisation to define in advance
the problems needing to be addressed, together with any relevant deadline condition
or constrains. For the trial ports (Rotterdam, River Elbe and Antwerp) EMPA

submitted a detailed trial application to demonstrate the practicability and usefulness
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of FSA for operational pilotage. FSA is based on reliable incidents containing

hazardous and damage occurrence data.
The trial application methodology covered [EMPA, 2006]:

¢ Prioritising areas and/or parts of harbours and fairways.

¢ Classifying ship and cargo types.

o Identifying hazards by defining failure modes e.g. grounding, drifting, fire,
explosions.

e Defining the causes of failures e.g. engine failure, steering failure, on-board
navigational equipment failure, human failure.

e Geographic area or region including meteorological, hydrological and
hydrographic data.

e Assessing risks, including the frequency of occurrence (likelihood) and the
consequence or impact.

e Defining risk control options.

o Cost/Benefit Assessment (CBA) or alternative risk management options to reduce

likelihood and impact.

Another case that FSA is being utilised is through a project developed by Det Norske
Veritas (DNV). One of the work packages is aimed at developing risk or probabilistic
models of particular relevance to ship design. The subprojects relate to fast and
accurate flooding prediction in case of damage, probabilistic assessment of structural
strength (Structural Reliability Analysis models), probabilistic intact stability,
prediction of collision and grounding, and fire and explosion. This work links to and
extends ongoing trends in design and regulatory development. For example, DNV has
recently completed the HARDER project, which provided the basis for the new
Probabilistic Damage Stability Regulations at IMO; the next step is to include the
time aspect (flooding prediction), and intact stability [DNV, 2006]. Gradually, tools
will be introduced that can be used directly in design and cxplicitly minimise risks.
This work package will address regulatory aspects, involving such issues as risk
evaluation criteria, approval process of risk-based designs, requirements on
documentation and qualification of personnel when it comes to assessing the

reliability of engineering systems. As a basis for the risk aspects, FSA studics are

being carried out for cruise vessels, LPG carriers and container ships.
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Looking back a few years in 2001, International Association of Classification
Societies (IACS) submitted a proposal to the Maritime Safety Committee (MCA)
concerning the fore-end watertight integrity of bulk-carriers [IMO, 2001a]. The whole
study was supported by minor statistical data which gave analysts problems in terms
of decision making recommendations as far as the integrity of the vessels’ structure is
concemed. Low percentage of data existed specially in terms of double skinned bulk-
carriers. Even though the different bulk-carrier sizes were separated in different
categories there was lack of data for the smaller handy-size carriers and even less as
far as the newest larger vessels were concerned. Even though the study produced
certain recommendations as far as the strengthening of forward structure is concerned,
it Jacked the interdependence analysis between the different sizes of vessels, so that it

could be able to recommend a common utility plane of solutions.

The above studies were developed at the fundamental levels of risk assessment. There
is much concern though as it can be clearly seen, in terms of handling data being
vague or uncertain. Interdependence of components is another issue which traditional
techniques cannot handle efficiently in order to produce rational results and
recommendations. The methods chosen to conduct risk estimation have gaps that
requirec advanced models producing rational solutions in terms of engineering

reliability and safety.
2.5 Statistical data treatment

Every risk or uncertainty modelling has to be supplied with reliable failure and repair
data input, which will enable the quantification process to be achieved. A vast amount
of reliable maritime database is available to serve this purpose. When no data for a
component failure mode can be obtained, it may be possible to express the failure in
terms of fundamental and quantifiable parameters and to analyse it using limit state

reliability analysis, although there is uncertainty about the relevant distributions [Sii
& Wang, 2003].

Casualty includes any accidental grounding, or any occurrence involving a vessel
which results in damage related to the vessel, its apparel, gear, cargo, or injury or loss

of life of any person; and includes among other things, collisions, strandings,

groundings, founderings, heavy weather damage, fires, explosions, failure of gear and
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equipment and any other damage which might affect or impair the seaworthiness of
the vessel [IMO, 2002]. The obtained data i1s usually treated from its raw form
depending on its intended use within the analysis structure. In some cases, such as
with accident or initiating events, available data may be need to be treated and
supplied in terms of frequency per ship/installation operating year. The best way to
assign a frequency to an event is to research industry databases and locate good
historical frequency data that relates to the event being analysed. Before applying
historical frequency data, a thoughtful analysis of the data should be performed to
determine its applicability to the event being evaluated [Mishra, 1992]. The analyst
needs to consider the source of the data, the statistical quality of the data (reporting
accuracy, size of data set, etc.) and the relevance of the data to the event being
analysed. Also, the data may best be utilised for safety assessment by converting a

failure or a repair rate into a corresponding probability value.

2.5.1 Failure databases

The following are some of the available sources that may be useful for obtaining

failure and repair data to carry out quantitative safety analysis.

e FARADIP.THREE [Smith, 1992]: This database is a summary of many useful
databases and shows, for each component, the range of failure values. The failure
data of various components such as alarms, mechanical items and instruments is
included in this database.

¢ US Military Handbook 217: This data source is produced by the Rome Air
Development Center under contract to the US Department of Defence and is an
electronic failure data bank.

o OREDA-Offshore Reliability Data [DNV, 2002]: It is a collection of offshore
failure rate and failure mode data with an emphasis on safety-related equipment. It
covers a great range of components and equipment.

o Reliability Technology [Green, & Bourne, 1972]: This book contains failure rate
data obtained mostly from US and UK atomic enecrgy sources.

o Lloyds Data Bank [LR, 1982]: It mainly covers the failure data in the shipping

industries.
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¢ Others: The reliability data of the various electronic and non-electronic

components may also be obtained from various published papers and books
[Smith, 1985]. -

It is also useful to record and utilise data from near misses and errors. Furthermore, in
an effort to ensure that safety assessment carried out in an as efficient as possible way,
novel techniques should integrate expert judgement with the obtained data in a formal

manner as it will be demonstrated in the following chapters of the thesis.

2.6 Concluding remarks

The adoption of FSA by the IMO, together with other recommendations, has
introduced a new dimension to the way that safety is considered within the shipping
community, and it is rapidly gaining international acceptance as a solution, enabling
the application of risk based techniques to international shipping. As progress
continues, it will represent a fundamental cultural change from the present reactive
approach to one that is proactive and soundly based on an evaluation of risk.
Although at an early stage and despite considerable confusion in some quarters, FSA
offers the challenge of working in an industry that will make greater use of risk-based
approaches, FSA differs from the safety case approach recommended in that it aims to
support the rule making process at a generic level and to provide a logical
methodology to establish rules, which may well be predominantly prescriptive. The
approach will encourage inter-disciplinary approaches to safety and should produce
more effective rules, which address the problems identified in a holistic manner rather
than in an ad hoc way. It will also allow for the aggravating human element to be
incorporated into its process. It is necessary to establish an acceptable risk evaluation
criteria based on cost effectiveness. It should however be noted that the acceptable

cost would be a function of and depend on the level of risk, There is still plenty of

space for improvement on FSA within the maritime field.
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CHAPTER 3: REVIEW OF ANALYTICAL TECHNIQUES

3.1 Introduction

In order to be able to associate the content of “risk™ with both engineering systems and
organisational procedures there are three main concepts that we must introduce. The first
is the concept of risk, Risk is defined as the product of the likelihood of occurrence of a
hazardous event by its respective consequences. The second and third concepts needed
introducing are reliability analysis and safety analysis. Reliability analysis of an item
involves studying its characteristics expressed by the probability that it will perform a
required function, under given conditions, for a pre-set period of time [Villemuer, 1992].
If such an analysis is extended even further into accommodating the study of the
consequences of the failures, in terms of possible damage to property, to the environment
and to personnel, the study is thereafter referred to as safety analysis which can be either

quantitative or qualitative or a combination of them.

Safety can be defined as the ability of an item, equipment, or system not to cause injuries
to people, or material damage or other unacceptable consequences during its use
[Villemuer, 1992]. For the sake of simplicity when we refer to an engineering system,
organisational processes as a meaning will also be included. The assessment of risk
associated with an engineering system can be summarised in the following three

questions:
1. What can go wrong?
2. What are the effects and consequences?

3. How often will they occur?

Safety analysis pays particular attention to the following two aspects:

o Safety when the item operates correctly: This aspect deals with the accident

prevention, where a large number of regulations already exist to deal with this.
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o Safety when the item or a part of it has failed: This aspect deals with the technical
safety of the item, which can be investigated by simply using the same tools as those

for reliability.

Safety analysis examines techniques, which can be applied to items in order to reach a
safe state in case of failure [Wang, 1995]. On the other hand reliability assurance
examines techniques in order to minimize the total number of failures, However,
techniques designed in order to increase the safety state of an item can cause reduction in
an item’s or a system'’s reliability [Birolini, 1993]. For example, trying to ensure the
clarity of drinking water within a fresh water network on board a vessel, we tend to add
more components such as filters thus reducing the overall system’s reliability. Safety is
the ability of a system or process which does not cause, under given conditions, critical or
catastrophic consequences [Villemuer, 1992]. If examined in a holistic way the three
concepts of risk, safety and reliability operated as sums included partially one inside the
other. Therefore, extending reliability in terms of hazards and consequences caused by
the failure of the item to perform according to its manufacturer’s standards, we get safety
analysis, which in turn if analysed against all possible internal or external factors

influencing the system that the component in question is part of, we get risk analysis.

The answers given from questions 1, 2, 3 concerning risk analysis, will provide adequate
information about the safety of the system under investigation, Such information is
interesting, mainly for statistical reasons, but is of no practical use unless there is a
method(s) for controlling and managing the risk levels of the specified hazards and
bringing them down to tolerable levels. Hence, for a safety assessment to be complete,

the topic of how we can measure risk and thus reduce it should be addressed.

When analysts examine modemn engineering systems such as vessels or offshore
platforms, it is extremely difficult to treat the system as one entity due to the increased
complexity that its sub-systems impose [Wang & Ruxton, 1998)]. It is easier, and more
efficient, to identify the various sub-systems and further break them down to their

components. This will enable analysts to deal with one smaller system at a time, and as
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