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PREFACE

Shipping or commercial seaborne transport is largely an international activity by the very
fact that ships are operating on the high seas between different countries and parts of
the world. The international character is also emphasized by the disintegrated nature of
shipping companies, where ownership, management, crewing and operations are located
in different countries. Even the country of registration (the Flag State), which has the
primary responsibility for safety, may not have any immediate link to the commercial
activities. The international character eventually led to the establishment by the United
Nations of the International Maritime Organization (IMO). IMO has the prime
responsibility for adopting safety regulations but has no power to enforce them. It is a
regrettable fact that certain Flags of Convenience (FOCs) show more interest in the fees
they collect than in exercising safety control. Shipping is also tarnished by both
unregulated and substandard employment practices, which have negative effects on safety.
Lastly, it has been questioned whether the commercial orientation of ship classification is
justifiable in all respects.

These weaknesses of the safety regime have become more visible in recent decades as a
consequence of some large catastrophes to tankers and passenger vessels. Both the public
and governments were aroused by the accidents to the tankers Erika and Prestige and not
least to the passenger vessels Herald of Free Enterprise and Estonia. Today’s society is less
willing to accept environmental damage and fatalities. The conflict between the coastal
state and shipping interests has therefore become more visible, and we also see that
consumer groups are targeting ferry and cruise shipping. The authority of IMO has been
somewhat reduced by the unilateral actions of certain states: the US has put tougher
liability requirements on the shipowner (OPA’90), the European Union has speeded up
the implementation of new safety regulations, and some coastal states have started
to inspect vessels on their own initiative through so-called MOUs (Memorandums
of Understanding).

The negative focus on shipping has had the effect that both the industry itself
and the regulators have taken steps to heighten the safety level. IMO has during the
last decade introduced both risk analysis (Formal Safety Assessment — FSA) and
systematic safety management (International Safety Management Code — ISM). We
now see that all stakeholders in the industry are striving for a more professional

X



PREFACE Xi

attitude towards controlling the risks. FSA is based on scientific methods supported
by probability theory, reliability techniques and systems engineering. Likewise
safety management finds its basis in organization and work psychology, quality
management thinking and even anthropology. The striving for higher safety will therefore
in the future be based on rational knowledge and not only the subjective experience
of individuals.

Naval architects and marine engineers have key roles in the design and building of
ships and thereby have considerable impact on safety. In many respects the engineering
profession is focusing primarily on safety: hull strength, stability and vessel controllability.
But the engineers are also working on the interface between systems and humans:
navigating bridge, engine control room and related systems. However, the requirements
of efficient building and maintenance processes are often given higher priority than
ergonomic and human factors considerations.

The author of this book started some ten years ago to give a course on risk analysis for
master’s degree students in marine engineering. The modest ambition was to give the
students a broader understanding of the safety aspects of the ship itself and as a
transportation system. It was also important to address the fact that safety is not only
about methods and techniques, but also about priorities and knowledge about safe
behaviour. Engineers are also involved in operations and daily decision-making processes
that influence risk. They may sometimes have the key responsibility for managing safety in
competition with economic and time-pressure considerations. I have also given courses to
personnel with a nautical background based on the material in this book. Present nautical
education gives the necessary training in mathematics and statistics to follow the more
technical aspects of risk monitoring and estimation. The book will hopefully therefore
have a broad readership.

The book is organized in 4 parts or 15 chapters:

. Introduction
. Maritime risk picture
. Rules and regulations
. Statistical risk monitoring
. Decisions in operation
. Traffic-based models
. Damage estimation
. Risk analysis techniques
. Cost-benefit analysis
. Formal safety assessment
IV. Management and operations  11. Human factors
12. Occupational safety
13. Accident analysis
14. Emergency preparedness
15. Safety management

I. Background

II. Statistical methods

II1. Risk analysis

03N DN AW N —
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The parts can also be studied independently or in other sequences depending on whether
the focus is on risk analysis that is mainly related to design and planning, or whether the
the interest is in safety management.

The first part outlines the present situation with respect to safety in shipping in terms
of risk level and dominating accident phenomena. It also focuses on some key problems
relating to risk acceptance.

Part II gives a foundation for consistent application of statistical methods in risk
monitoring and typical decision-making situations. It assumes that the reader has a basic
knowledge of probability and statistics. Safety initiatives are often based on the assessment
of the present risk. It is, however, a fact that the risk concept is often ill formulated and
understood and, combined with limited data, this may lead to erroncous decisions with
large consequences.

Risk analysis methods are outlined in Part III. It is covered on two levels: the ship as
an element in a traffic scenario and as an entity in itself. Traffic-related accidents such as
grounding and collision must be analysed in a wider context taking the environment,
the fairway and maritime traffic into consideration. The consequences of an accident are
dependent on the damage to the ship. This book focuses on impact-related damage to the
hull. We give an outline of the general methods in risk analysis that have evolved during
the last decades in land-based and process-oriented industries. These methods have also
found wide application in the marine field. One of the fundamental paradoxes in risk
analysis is the fact that we have ‘hard” methods but ‘weak’ decision criteria: What is safe
enough? An outline of different decision approaches is therefore given, together with the
so-called cost-benefit method. Finally, it is demonstrated how the FSA method may be
applied to concrete problems in ship design.

The final part of the book discusses a few aspects of systematic safety management.
The first topic is human factors, which is important by the very fact that ships still are
operated by humans. An overview is given of the limitations of human performance and
how it is influenced by the typical conditions onboard. We choose also to focus on the ship
as a workplace and have outlined some of the emerging knowledge with respect to
occupational accidents. It should, however, be emphasized that no clear relation has been
shown between ship and work accidents, although one may suspect there is one. In order
to improve safety it is necessary to understand how and why things go wrong and lead to
accidents. Without credible basic knowledge, risk analysis and decisions will be futile.
Accident investigation and analysis have therefore been given considerable room in the
book. In serious accidents the crew and passengers have to evacuate the vessel. The
emergency situation is dramatically different from what one experiences under normal
conditions. Design of escape routes and life-saving equipment are therefore critical and
must be based on a realistic understanding of how people react in those circumstances.

Finally, it is necessary to admit that the scope of this book is perhaps too large for the
number of pages in a typical textbook. This is for others to judge, my hope is only that it
may inspire the reader to, further study of this large topic. The references in each chapter
may also be of some help.

The manuscript of this book was originally written in Norwegian. In the rewriting
process I have had vital help from doctoral student Torkel Soma, M.Sc., and Geir
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Fuglerud, M.Sc. They have also given me constructive input and proposals for new text
sections and useful examples. Without their help I am not sure the project would have
been completed. But, as always, I take full responsibility for any errors and ignorant
statements.

The inspiration to write the book came partly from my involvement in a number of
EU-sponsored research projects. Directly and indirectly I am indebted to the following
colleagues: Lars Egil Mathisen, Egil Rensvik, Odd T. Merkved, Geir Langli, Martin
Olofsson, Piero Caridis, Carlos G. Soares amd Mauro Pedrali.

I would like to dedicate the book to the numerous persons in the seafaring community
who are the victims of bad ship design of engineers and incompatible orders from
managers.

Svein Kristiansen
Trondheim, March 2004
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INTRODUCTION

A catastrophe that pleases none is really bad.
( Danish proverb)

I.I INTERNATIONALTRADE AND SHIPPING

Waterborne transport of materials and goods has for centuries been the main prerequisite
for trade between nations and regions, and has without doubt played an important role
in creating economic development and prosperity. The cost of maritime transport is very
competitive compared with land and airborne transport, and the increase to the total
product cost incurred by shipping represents only a few percent. Negative aspects of
waterborne transport include longer transport time as a result of relatively low ship speed,
congestion in harbours resulting in time delays, as well as less efficient integration with
other forms of transport and distribution.

Shipping has from time to time been under attack for unacceptable safety and
environmental performance, and this will be discussed in the next chapter. At this point
we only make the following remark: in view of the relatively low cost of transport, it is a
paradox that some areas of shipping have a relatively low standard of safety. Efficient
transport should be able to pay for acceptable safety.

It has been discussed for some time whether basic economic mechanisms could ensure
safe shipping. In this context the following questions are relevant:

e [s there any economic motivation for high levels of safety?
o Who should pay for increased safety?
e Are there any trade-offs between safety and efficiency?

These questions will be addressed briefly in this chapter, as well as throughout this book.

1.2 THE ACTORS IN SHIPPING

In shipping there are a number of actors that have an influence on safety, and the most
important of these are presented in Table 1.1.
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Table I.I. Actors in shipping that influence safety

Actor Influence on safety
Shipbuilder e Technical standard of vessel
Shipowner e Decides whether technical standards will be above minimum

Cargo owner

Insurer

Management company

Flag state

Classification society

Port administration

requirements
e Selects crew or management company for crew and operation
e Make decisions regarding operational and organizational safety
policies

e Pays for the transport service and thereby also the quality and
safety of the vessel operation
e May undertake independent assessments of the quality of the shipper

e Takes the main part of the risk on behalf of the shipper and cargo
owner (i.e. vessel, cargo, third party — P&I)
e May undertake independent assessment of the quality of the shipper

e Responsible for crewing, operation and upkeep (i.e. maintenance)
of the vessel on behalf of the shipowner

e Control of vessels, crew standards and management standards

e Control of technical standards on behalf of insurer
e Undertakes some control functions on behalf of the flag state

e Responsible for safety in port and harbour approaches
e May control safety standard of vessels, and in extreme cases deny
access for substandard vessels

It should be evident that the different actors within the shipping domain to some
degree have competing interests that may complicate the issue of safety, and this is a result
of various factors such as the following:

Who is controlling whom?

Who sets the quality standards?

What is the motivation for safe operation?
Who is picking up the bill after an accident?

We will return to the questions of safety management and the regulation of shipping in

later chapters.

1.3 THE SHIPOWNER

In the case of severe shipping accidents and losses, the shipowner and/or ship management
company will be subjected to particular attention. This is natural given the fact that the
shipowner owns the damaged/lost vessel, as well as manning, maintaining and operating it.
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Questions that are always raised in the context of maritime accidents are whether the
shipowner has demonstrated a genuine concern for safety, and whether the standards of
the vessel and its crew have been sacrificed for profit. The shipowner may counter such
questions by claiming that the standards will not be better than what the market is willing
to pay for.

With regard to vessel safety standards there has recently been an increasing focus on
the cargo owner, as this is the party that decides which ship to charter and at what price.
The charter party (i.e. the contract) gives the cargo owner considerable authority to
instruct the Master with respect to the operation of the vessel. Given this important role in
terms of safety, it may be seen as a paradox that the cargo owner has minimal, if any,
liability in the case of shipping accidents.

Shipowners take some key decisions that have profound consequence for safety.
The choice of flag state for registration of vessels, choice of classification society and
arrangements for insurance are some key decisions. There exist international markets for
these services in which different standards and corresponding fees can be found. The safety
standard will therefore to a large degree be a result of what the owner is willing to pay for
these services. A much discussed and fairly controversial topic is the increasing practice
of ‘flagging out’, in which the shipowner registers a vessel in a country other than where it
operates. Flagging out is mainly done for economic reasons, as shown in Figure 1.1.
Availability of cheap labour, and the costs and strictness of safety control, seem to be key
concerns for the owner. Based on this it must be asked whether shipowners, through their
choice of flag, sacrifice safety.

Cost of manning
Safety control regime
Availability of manpower
Costs related to safety control
Taxation
Other costs
Type of trade
Historical factors
Workforce productivity
Cost of manning
Vessel type
Other factors
Insurance policy
Political factors
Laws and regulations
PR
Market factors

o
(¢}
-
o
-
9)}
N
o
N
(43}

30

Percent

Figure L.I. Reasons for flagging out: distribution of answers from questionnaire study. (Adapted from
Bergantino and Marlow, 1998.)
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The safety aspect of ship operation should also be seen in a wider context as
shipowners have a number of different objectives that need to be balanced. These
objectives include the following:

Stay in business: return on investment.

Marketing: win well-paying freight contracts.

Service: minimize damage on cargo, keep on schedule.
Efficiency: operate and maintain vessel.

Employer: attract competent personnel.
Subcontracting: select efficient service providers.
Availability: minimize unplanned off-hire.

It is not necessarily obvious that these objectives and priorities for a given company are
consistent with a high safety standard at all times. In this view it is of great importance that
shipowners have clearly defined policies that never compromise on safety. An alternative
view is that there is no conflict between cost, efficiency and safety. The main argument
for this position is that in order to stay in business and thrive in the long term, shipowners
have to operate safely and keep their fleets well maintained and up to standard. This view
may, however, be a little naive, as substandard shipping companies may not necessarily
have a long-term perspective of their business. An OECD (Organization for Economic
Cooperation and Development) study has shown that such substandard shipping
companies are competitive on price and take their fair share of the market.

1.4 SAFETY AND ECONOMY

It is reasonable to assume that one of the prerequisites for achieving an acceptable safety
standard for a vessel is that the company it belongs to has a sound economy and thereby is
able to work systematically and continuously with safety-related matters such as training
of personnel, developing better technical standards and improving management routines.
This is made difficult by the fact that in the business of shipping one usually finds that
income and revenues are fluctuating dramatically over time, which creates a rather
uncertain business environment. This can be illustrated by Figure 1.2, which shows
how the charter rate for the transport of crude oil has varied in the period from 1980
to 2002. As can be seen from this figure, charter rates for oil are heavily influenced
by political development such as wars and economic crises. From a top quotation
of approximately 80,000 USD/day in the autumn of 2000, charter rates fell to
approximately 10,000 USD/day within a period of one year, i.e. a fall in charter rates
by a factor of 8. In light of the fact that the minimum rate to result in a profit is around
22,150 USD/day, it is clear that the economic basis for continuous and systematic safety
work is not the best. The volatility of tanker shipping is also reflected in tanker vessel
prices, as shown in Figure 1.3.

'Front Line Ltd., Investor presentation, 3rd Quarter 2002.
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Figure 1.2. VLCC T/C equivalent rate for key routes, 1980 to 2002, given quarterly (Source: P. F. Bassge
AS & Co., Tanker Fundamentals, Nov. 2002.)
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Figure I.3. Crude oil tanker prices. (Source: P. F. Bassge AS & Co., Tanker Fundamentals, Nov. 2002.)

It is also possible to argue for the opposite view, namely that the low cost of sea
transport should put shipping in a favourable position compared with more expensive
transport modes. As can be seen in Table 1.2, the relative cost of sea transport (i.e. freight
cost in percent of sales price) is in the order of 2-6%. If we assume that the safety of
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Table I.2. Relative price of seaborne transport, Far East—Europe/US (distance: 9000 nm)?

Product/vessel/capacity utilization (%) Sales Freight Relative
price/unit cost/unit freight
(USD) (USD) cost

1 barrel of crude oil/VLCC/50% 30 1.5 5.0%

1 tonne of wheat/Bulk 52,000 DW/100% 220 14 6.4%

1 car/Multipurpose Ro-Ro/50% 21,000 558 2.7%

1 refrigerator/Container 6600 TEU/80% 550 9 1.6%

“Market prices in fall 2002.

Table 1.3. Comparison of costs for different modes of transport on the
Barcelona—Genoa route (costs expressed in Euros)

Transport mode Trailer 16.6m 40 feet container
Railway — 1300-1500

Road 900 —

Short sea, Ro-Ro 1300 1200

Source: Abeille et al. (1999).

shipping could be improved significantly by a 50% increase in the freight rate, this would
have resulted only in a 1-3% increase in the sales price.

An argument against sea transport in these kinds of discussions is the longer transport
time due to relatively low speeds and delays in ports. However, an increasing competi-
tiveness of shipping on shorter routes can now be seen. The increase in road transport is
currently representing a great environmental problem in central Europe and other densely
populated areas due to exhaust emissions, and the road system is becoming more and
more congested. A study by Abeille et al. (1999), illustrated by Table 1.3, shows that
seaborne transport may be economically competitive even on shorter distances.

There is currently a growing national, regional and international concern for
the emissions related to the burning of fossil fuels, and this also affects shipping.
However, according to Kristensen (2002), some ship types perform environmentally better
than road transport. Some results from Kristensen’s study of the environmental cost
of road and sea transport can be found in Table 1.4. In studying Table 1.4 it
must, however, be recognized that estimating environmental consequences and economic
aspects of transport is a highly uncertain and controversial exercise. Nevertheless,
Kristensen’s study indicates that container and bulk carriers are far better than road
transport. Ro-Ro vessels, on the other hand, are less favourable due to large motor
installations (resulting in higher speed) and lower cargo capacity. The author also points
out that these figures are subject to change due to the continuous toughening of emission
standards.
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Table 1.4. Environmental cost of road and sea transport, in euros per
1000 tonne-km

Transport mode/source of cost Environmental cost,
€/1000 tonne-km

Truck transport Emissions 7-12
Accidents 4-7
Noise 5-15
Congestion 5-12
Total cost 2146
Container vessel, 3000 TEU 6-8
Bulk carrier, 40,000 dwt 2-3
Ro-Ro cargo ship, 3000 lane-meters 33-48

Source: Kristensen (2002).

1.5 MARITIME SAFETY REGIME

Given the factors pointed out earlier in this chapter, it is not completely obvious
that safety is an important issue to companies in the maritime transport domain. One
may, however, argue that advanced modern ship design achieves high levels of safety,
that training of crew is now of a fairly high standard, and that shipping companies are
relatively advanced when compared with similar types of businesses. In addition to this,
shipping is subject to rigorous control and continuously has the attention of both
governments and the public. Table 1.5 shows that seaborne transport today is strictly
regulated as a result of a series of internationally ratified safety conventions.

The average loss rate for the world fleet, measured in annual percent relative to the
fleet at risk, has been reduced significantly during the same period studied in Table 1.5. In
1900 the average loss rate was 3%. This had been reduced to 0.5% in 1960, and further
down to 0.25% in 2000.

It is too early at this stage of the book to discuss whether the safety level in maritime
transport is acceptable. However, it can on the other hand be argued that there is a case
for increased safety efforts unless it can be shown that this cannot be defended with regard
to the resources spent. Another way of thinking is that safety should be on the agenda
as long as accidents are rooted in trivial errors or failures (very often human errors).
Thirdly, ship accidents should have our attention as long as they lead to fatal outcomes
and the consequences for the environment are unknown. The examples given in Table 1.6
show that maritime safety still is on the agenda and will continue to be so in the
foreseeable future.

1.6 WHY SAFETY IMPROVEMENT IS DIFFICULT

Despite the fact that safety is at the top of the agenda both in the shipping business itself
and by regulators, it may appear that the pace of safety improvements is rather low. The
degree to which this general observation is true will not be discussed in any depth here.
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Table I.5. Milestones in maritime safety®

Year Initiative or regulation

1914 Safety of Life at Sea (SOLAS): Ship design and lifesaving equipment

1929 First international conference to consider hull subdivision regulations

1948 The International Maritime (Consultative) Organization (IMO) is set
up as a United Nations agency

1966 Load Line Convention: Maximum loading and hull strength

Rules of the road
The International Association of Classification Societies (IACS):
Harmonization of classification rules and regulations

1969 Tonnage Convention

1972 International Convention on the International Regulations for Preventing
Collisions at Sea (COLREG)

1974 IMO resolution on probabilistic analysis of hull subdivision

1973 Marine Pollution Convention (MARPOL 73)

1978 International Convention on Standards for Training, Certification and
Watchkeeping for Seafarers (STCW)

1979 International Convention on Maritime Search and Rescue (SAR)

1988 The Global Maritime Distress and Safety System (GMDSS)

#An excellent summary is given by Vassalos (1999).

However, some explanations for such a view are presented below:

e Short memory: When safety work is successful, few accidents tend to happen. This lack

of feedback can make people believe, both on a conscious and unconscious level, that
they are too cautious and therefore can relax on the strict requirements they normally
adhere to. An even simpler explanation is complacency, i.e. that people tend to forget
about the challenges related to safety if no accidents or incidents give them a ‘wake-up
call’. This weakness seems to degrade the safety work effectiveness of both companies
and governments.

Focus on consequences: People have a tendency to focus on the consequences of an
accident rather than its root causes. There is, for instance, great uncertainty attached
to whether oil pollution is reduced in the best way by double-hull tankers or heavy
investment in containment and clean-up equipment. Doing something about
consequences is generally much more expensive compared to averting, or reducing
the probability and the initiating causes of an accident.

Complexity: Safety involves technological, human and organizational factors, and it
can be very difficult to identify the most cost-effective set of safety-enhancing measures
across all potential alternatives. There is also a tendency among companies,
organizations and governments to go for technical fixes, whereas the root causes in
a majority of cases are related to human and organizational factors. It seems to be
easier to upgrade vessels than to change people’s behaviour.

Unwillingness to change: Humans have a tendency to avoid changing their behaviour,
also when it comes to safety critical tasks. People sometimes express their
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Table 1.6. Recent maritime accidents and responses

Background

Response

Need to increase maritime safety, pro-
tection of the marine environment, and
improve working conditions on board
vessels. Flag state control is not
regarded as efficient enough

The loss of Ro-Ro passenger ferry
Herald of Free Enterprise (Dover,
1987), and the loss of passenger ferry
Scandinavian Star (Skagerak, 1990)

Grounding of oil tanker Exxon Valdez
in Alaska 1989, resulting in oil spill and
considerable environmental damages

The flooding, capsize and sinking of the
Ro-Ro passenger vessel Estonia

A need for greater consistency and cost-
effectiveness in future revisions of
safety regulations

Hull failure and sinking of the oil tanker
Erika off the coast of France, 1999

Oil tanker Prestige sinks off the coast of
Spain, 2002

Spreading of exotic organisms through
dumping of ballast water has resulted
in widespread ecosystem changes

Declaration adopted in 1980 by the Regional European
Conference on Maritime Safety that introduced Port
state control of vessels, known as the Paris
Memorandum of Understanding (MOU )?*

IMO adopts the International Management Code for the
Safe Operation of Ships and for Pollution Prevention
(ISM Code): Ship operators shall apply quality
management principles throughout their organization

US Congress passes the Oil Pollution Act (OPA '90):
Ship operators have unlimited liability for the removal
of spilled oil and compensation for damages®

Stockholm agreement (1995): NW European countries
agree to strengthen design requirements that account
for water on deck

Interim Guidelines for the Application of Formal Safety
Assessment (FSA) to the IMO Rule-Making Process,
1997

European Commission approves a directive calling for
tighter inspection of vessels, monitoring of classifica-
tion societies, and elimination of single-hull tankers®

The European Commission speeds up the implementa-
tion of ERIKA packages 1 and 2

Increased focus on research on these issues, and
introduction of new regulation and control measures®

“http://www.parismou.org/

POPA (full text): http://www.epa.gov/region09/waste/sfund/oilpp/opa.html
“Erika Package 1: http://www.nee.gr/Files/erikal.pdf
dAustralian initiative: http://www.ea.gov.au/coasts/pollution/

understanding of the need for change, but in practice use all means to sabotage new
procedures. In some companies, ‘cutting corners’ is unfortunately a natural way

of behaving.

o Selective focus: Formal safety assessment (i.e. a risk analysis and assessment
methodology described in a later chapter) is in general seen as a promise for more
efficient control of risk. However, such methods may be criticized in a number of
ways: they oversimplify the systems studied, a number of failure combinations are
overlooked due to the sheer magnitude of the problem, and operator omissions (e.g.
forgetting or overlooking something) are not addressed in such models.
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1.7 THE RISK CONCEPT

The concept of risk stands central in any discussion of safety. With reference to a given
system or activity, the term ‘safety’ is normally used to describe the degree of freedom
from danger, and the risk concept is a way of evaluating this. The term ‘risk’ is, however,
not only used in relation to evaluating the degree of safety and, as outlined in Table 1.7,
the risk concept can be viewed differently depending on the context.

Engineers tend to view risk in an objective way in relation to safety, and as such use the
concept of risk as an objective safety criteria. Among engineers the following definition of
risk is normally applied:

R=P.C (1.1)

where P =the probability of occurrence of an undesired event (e.g. a ship collision) and
C =the expected consequence in terms of human, economic and/or environmental loss.

Equation (1.1) shows that objective risk has two equally important components, one
of probability and one of consequence. Risk is often calculated for all relevant hazards,
hazards being the possible events and conditions that may result in severity. For example,
a hazard with a high probability of occurrence and a high consequence has a high level
of risk, and a high level of risk corresponds to a low level safety for the system under
consideration. The opposite will be the case for a hazard with a low probability and a low
consequence. Safety is evaluated by summing up all the relevant risks for a specific system.
This objective risk concept will be studied in much greater detail in later chapters.

An important question is how people relate to and understand the concept of risk.
Table 1.8 gives a brief overview of some of the factors that determine the subjectively

Table 1.7. Different aspects of the risk concept

Aspect Comments

Psychological People often relate to risk in a subjective and sometimes irrational way. Some
people are even attracted to risk

Values/ethics Risk can be perceived in the light of fundamental human values: life is

sacred, one should not experiment with nature, and every individual
has a responsibility for ensuring safety

Legal Risks and safety are to a large degree controlled by laws and regulations, and
people might therefore be liable for accidents they cause
Complexity The nature of accidents is difficult to understand because so many different

influencing factors and elements are involved: machines, people, environ-
ment, physical processes and organizations

Randomness There is often a fine line between safe and unsafe operation. A lack of system
understanding may lead to a feeling that accidents happen at random

Delayed feedback It is difficult to see the cause and effect mechanisms and thereby whether
introduced safety measures have a positive effect on safety. Some measures
even have to be applied for a considerable period of time before they have a
real effect on system safety
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Table 1.8. Different perception of risk

Factor

Negative — higher
perceived risk

Positive — lower
perceived risk

Is the hazard confronted as a result of a personal
choice or decision?

Is the consequence (effect) of the act evident?

Is the cause and effect mechanism clear to the
decision-maker?

Is the individual in a ‘pressed’ situation that leaves no
alternatives?

Does the decision-maker experience some degree of
control?

Risk at work is not the same as risk in your spare
time

Is the risk unknown in the sense that it is seldom or
still not experienced?

Are the consequences given once and for all?

Involuntary

Immediate
Uncertain

No alternatives
No control
Occupational
‘Dread’ hazard

Irreversible

Voluntary

Delayed
Certain

Alternatives
Have control
Hobby, sport
Common

Reversible

experienced and perceived risk. In performing risk analyses, engineers should always
keep these subjective aspects in mind so as to improve communication with different
individuals/groups and be able to achieve mutual understanding of complicated safety

issues, etc.

1.8 ACCEPTABLE RISK

Some might argue that any risk is unacceptable. This view is questioned by Rowe (1983),
who gives the following reasons for the opposite standpoint (i.e. that some risks are indeed

acceptable):

e Threshold condition: a risk is perceived to be so small that it can be ignored.
e Status quo condition: a risk is uncontrollable or unavoidable without major disruption

in lifestyle.

e Regulatory condition: a credible organization with responsibility for health and safety
has, through due process, established an acceptable risk level.

e De facto condition: a historic level of risk continues to be acceptable.

e Voluntary balance condition: a risk is deemed by a risk-taker as worth the benefits.

Rowe (1983) further outlines three different models for how an acceptable level of risk is

established in society:

1. Revealed preferences:

e By trial and error society has arrived at a near optimum balance between risks and

benefits.

e Reflect a political process where opposing interests compete.
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2. Expressed preferences.
e Determine what people find acceptable through a political process.
e The drawback is that people may have an inconsistent behaviour with respect to
risk and don’t see the consequences of their choices.

3. Implied preferences:
e Might be seen as a compromise between revealed and expressed preferences.
e Are a reflection of what people want and what current economic conditions allow.

Our attitude to risk is also reflected by our views on why accidents happen. Art,
literature and oral tradition all reflect a number of beliefs that are rooted in culture
and religion (see also Kouabenan, 1998):

Act of God: an extreme interruption with a natural cause (e.g. earthquake, storm, etc.).
Punishment: people are punished for their sins by accidents.

Conspiracy: someone wants to hurt you.

Accident proneness: some people are pursued by bad luck all the time. They will be
involved in more than their fair share of accidents.

Fate: “What is written in the stars, will happen.” You cannot escape your fate.
Mascots: an amulet may protect you against hazards.

e Black cat: you should sharpen your attention.

1.9 CONFLICT OF INTEREST

As already pointed out earlier in this chapter, in any maritime business activity, and
almost any other activity for that matter, there will be conflicts of interests between
the different parties involved and affected by that activity. For example, consider an oil
company that is planning to establish an oil terminal with refinery capacity in a local
community somewhere on the coast. For the different parties affected by this establish-
ment there will be both positive and negative effects, as illustrated by Table 1.9. For the
community population the project may, for example, result in infrastructure improve-
ments and an increased number of jobs, both of which are obvious benefits. On the other
hand the project may result in negative effects such as air pollution and restrictions on
land-use and outdoor life. A problem related to activities such as the oil terminal is that
the positive and the negative effects, including the income and costs, may be unevenly
distributed between the affected parties.

1.10 EXPERTISE AND RATIONALITY

It should be clear from the preceding observations in this chapter that decisions related
to safety are difficult for a number of reasons. As engineers we are inclined to perform
rational analyses using computational methods. On the other hand it has been commented
that as humans we often have an irrational attitude to risks. In addition, people view risks
differently, and there may be conflicts of interests in safety-related issues. The dominant
view in the field of safety assessment is that formal risk analysis methods should be used
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Table 1.9. Conflicts of interests between the involved parties in the case of an oil terminal/refinery

located in a coastal area

Actor Potential positive effects Potential negative effects

Oil company Earn money Production stops — lost income
Enter new markets Some liability for accidents
Increases their market share Bad reputation because of pollution

Shipowners New/alternative trades Limited liability for accidents
Earn money Loose contract

Be grey/blacklisted

Employees Employment Exposed to accidents

Income Few other job alternatives
Improved standard of living

Population Infrastructure improvements Air pollution
More jobs Restriction on land-use and outdoor life
Local economy  Tax income Local economy becomes highly dependent
Improved service to the public on the terminal
Increased population Increased wage cost

Traditional businesses unable to attract
competent personnel

Pollution may affect primary industries
(fishing, fish farming)

Society at large  Contribution to national economy  Must take most of the cost in case of

major accidents and oil spill

on many types of activities, and that the public in general is often ill informed and therefore
should have little influence on such complicated matters. Perrow (1999) has questioned this
view. Some of his observations of contemporary practices in risk analyses are as follows:

Expected number of fatalities: whether you die from diabetes or murder is irrelevant.
Who is at risk? Whether 50 unrelated persons from many communities or 50 persons
from a small community of 100 inhabitants die in an accident is also irrelevant.
People are to a large degree sceptical about nuclear power plants but still continue to
smoke. It is irrational to dread the nuclear plants that have shown excellent safety
performance, whereas smoking is an undisputed factor of risk in relation to lung
cancer. However, this argument totally neglects the fact that smoking is a result of
intense marketing and advertisement.

Risk assessment ignores social class distribution of risk, as may be illustrated by the
corporate vice-president’s dilemma: By investing USD 50 million in a proposed safety
measure, the life of one extra worker can be saved. However, by rejecting the proposal
the company will avoid USD 20 million on price increases and be able to give USD 30
million in dividends. The last option is chosen as the price is very high given the
depressed labour market.
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Perrow (1999) also gives an interesting discussion of three basic forms of rationality:
‘absolute’, enjoyed by economist and engineers, ‘bounded or limited’ rationality proposed
in cognitive science and organizational psychology, and ‘cultural or social’ rationality
mainly practised by the public. The author delivers many interesting arguments for these
alternatives to absolute rationality.
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MARITIME RISK PICTURE

2.1 INTRODUCTION

An accident can be defined as an undesirable event that results in damage to humans,
assets and/or the environment. In order to get an understanding of the characteristics of
maritime accidents we need insight into the maritime risk picture, and this chapter presents
some of the key issues and central elements of this risk picture, including some
introductory observations on why accidents happen in the maritime domain. Among
other things, this chapter will indicate that accidents generally are complex phenomena.
It will also be shown that the level of risk does vary significantly between various
maritime activities.

2.2 DEFINITIONS

This textbook will examine a wide range of related issues, such as reliability analysis, risk
analysis and safety management, and in this context some definitions of key concepts must
be presented (Stephenson, 1991):

e Hazards: possible events and conditions that may result in severity, i.e. cause sig-
nificant harm.

e RAM analysis: reliability, availability and maintainability analysis.

e Reliability: the ability of a system or component to perform certain defined
functions.

e Risk: an evaluation of hazards in terms of severity and probability.

e Safety: the degree of freedom from danger and harm. Safety is achieved by doing
things right the first time and every time.

e Safety management: keeping an operation safe through systematic and safety-minded
organization and management of both human and physical resources.

e Systems safety: the discipline that utilizes systems engineering and management
techniques to make systems safe throughout their life-cycle.
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2.3 MARITIME ACTIVITY

Maritime activities have had, and still have, an important role in the business, trade and
economy of many countries. The key areas of maritime activities include:

e Maritime transport:
0 Coastal shipping
O Transport of people both inland and overseas
O International shipping
O Cruise shipping

e Fishing
e Marine farming
e Continental shelf operations (i.e. oil and gas):
O Rig operations
O Supply services
O Pipeline laying
O Underwater activities

e Science and survey

These activities have several positive attributes, such as employment, production,
creation of values and fortune, spreading economic consequences, positive influences
on currency and exchange transactions, etc. There is, however, a price for these benefits in
terms of negative effects. Some of the typical hazards found in maritime activities are
outlined in Table 2.1.

Maritime accidents may lead to three different kinds of consequences:

e Harm to human beings: injuries and fatalities.
e Environmental pollution.
e Economic losses: damage or loss of vessel and cargo, lost income, etc.

If we limit our studies to maritime accidents we may distinguish between concept
accidents, work accidents and maloperations, as outlined in Figure 2.1.

There is no simple answer to why accidents happen in maritime activities. It will be
pointed out later in this chapter that accidents are complex phenomena, and usually no
simple solutions exist to prevent them.

2.4 CONCEPT OF ACCIDENT TYPES

Ship accidents are usually classified according to the type of energy release involved. The
typical accident phenomena/types are shown in Table 2.2.

In order to understand the nature of ship accidents, one must study the failure
mechanisms related to systems or functions. A ship includes several systems and functions
that are necessary for it to perform its mission, and some of these are presented in Table 2.3.
Both reliability, availability and maintainability (RAM) analysis and risk analysis are
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Table 2.1. Threats and hazards in maritime activities

Maritime sector Hazards

Shipping Dangerous cargo: fire, explosion, poisoning, environmental damage

Ocean environment and weather
Substandard ships and substandard shipowners
Difficult to control safety due to its international character

Fishing Relatively small vessels with critical features (e.g. hatches)

Ocean environment and weather

Operation in coastal waters — grounding and steep waves

Partly one-person activities (increases vulnerability if something happens)
Development of damage and flooding is fast

Lack of training

Offshore Many new kinds of activities, limited experience and knowledge

High pace of development work and construction

Continuous development of technology and ways of operation

Large concentrations of energy resulting in high fire and explosion risk
High utilization of the space on platforms

Diving Increasing water depth (high pressures, difficult to control)
Lack of knowledge about physiological factors
Ocean environment — splash zone risks
New work processes
GROUNDING
COLLISION
CONTACT
FALL FIRE/EXPLOSION
POISONING FOUNDERED SYSTEM FAILURE
HIT BY OBJECT BREAKDOWN WRONG OPERATION
\
WORK ‘ CONCEPT |
ACCIDENT | ACCIDENT } MALOPERATION
[ \
INJURY ECONOMIC POLLUTION
LOSS OF LIFE LOSS

Figure 2.1. Maritime accident types and consequences.
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performed on these systems and functions to keep them available (i.e. to reduce the

Table 2.2. Accident phenomena

Type

Collision

Contact/impact
Grounding and stranding
Foundering and flooding
Hull and machinery failure

Fire and explosion
Missing
Other miscellaneous

Striking between ships

Striking between ship and other surface objects

Hitting the seabed or shore

Opening and flooding of hull

Hull or machinery failure is directly responsible
for the accident

Fire, explosion or dangerous goods release

Table 2.3. Some generic ship systems and functions

Systems Functions

Accommodation and hotel service Anchoring

Communications Carriage of payload

Control Communications

Electrical Emergency response and control
Ballast Habitable environment

Lifting Manoeuvrability

Machinery and propulsion Mooring

Management support systems Navigation

Positioning, thrusters
Radar

Piping and pumping
Pressure plant, hydraulics
Safety

Pollution prevention
Power and propulsion
Bunkering as storing
Stability

Structure

probability of failures) and to minimize the effects of failures.

consequences include:

e An accident

e An incident

e An operating disturbance
e A non-conformance

A common characteristic of accidental outcomes is the release and/or transformation
of energy. Figure 2.2 gives examples of energies involved in shipping.
It should be kept in mind that any one failure might lead to different consequences
with different degrees of seriousness. Different degrees of seriousness with respect to
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Heat Energy Cargo Vapour Energy

Kinetic energy

>

Cargo Oil Energy

Propulsion Energy Buoyancy Forces Potential Energy

Mass displacement forces

Figure 2.2. Examples of energies involved in shipping.

In the introduction to this chapter, an accident was defined as an undesirable event
that results in damage to humans, assets and/or the environment. Incidents are, on the
other hand, undesirable events that are detected, brought under control or neutralized
before they result in accidental outcomes. If incidents (e.g. small fires in the machinery
space of a ship) occur frequently, this indicates an inadequate level of safety. Suddenly one
may not be able to bring one of these undesirable events under control, resulting in an
accident with harm to personnel, property and/or the environment.

An operating disturbance may take different forms but may be defined as a situation
where the operating criteria for a system or component are violated. Typical operating
disturbances include:

Reduced efficiency

Reduced capacity

Loss of function

Operating in emergency mode

Outside operating performance limits (vibration, wear)
Temporarily idle

A non-conformance is usually defined as a situation where the operation is outside
certain criteria that define what is acceptable.

The causes of accidental outcomes may be highly diverse and are often a combination
of several factors. The main groups of accidental causes are listed in Table 2.4.
The main objective of performing a risk analysis is to measure the importance of the
possible causes for a system and its functions, and to generate and implement safety
measures preventing these causes from occurring and/or reducing the consequences if
they occur.

The nature of vessel accidents will be discussed at length in a later chapter.
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Table 2.4. Generic accidental causes

Human causes (e.g. failure to read navigational equipment correctly)
Mechanical causes (e.g. failure of pumps)

Fire and explosion (e.g. loss of visibility due to smoke)

Structural causes (e.g. failure of bow doors)

Weather-related causes (e.g. high ambient temperature or strong wind)
Miscellaneous

2.5 QUANTITATIVE RISK PICTURE
2.5.1 Vessel Accidents

The different types of ship accidents (identified in Table 2.2) show considerable variation
in terms of frequency. The number of total losses for ships greater than 1000 grt (i.e.
gross tonnes) was 137 in 2001. The distribution in percent by accident type is shown in
Figure 2.3, and from this figure it is clear that the accident type resulting in most losses is
foundering, being a result of flooding and loss of hull integrity. Foundering may be the
result of a wide range of initiating factors, e.g. extreme weather conditions, failure of hull,
engine breakdown, etc.

It is important to consider the underlying data basis of any statistics showing the
distribution of different accident types/phenomena. The accident type distribution given
in Figure 2.3 was based exclusively on total losses, but in some statistics both losses
and serious casualties are combined. Figure 2.4 is an example of the latter type of
statistics based on accident and loss data from the period from 1980 to 89. As can be
seen from this figure, the inclusion of serious accidents changes the relative importance
of different accident types. The most striking difference between Figures 2.3 and 2.4 is
that foundering is less dominating in the latter case. This may, however, be expected
by the fact that the statistical database used has a large group of accidents not leading
to total loss (foundering is, by definition, total loss). It is also interesting to observe
that the relative importance of accidents involving grounding/stranding and contact/
impact is greater. A dominating category of accidents in Figure 2.4 is ‘Hull/
Machinery’. This category represents hull and machinery failures that do not result in
total loss.

Another complication in comparing accident distributions is the effect of vessel size
and type. It is a well-known fact that smaller vessels operating in coastal waters are more
prone to certain types of accidents than large vessels operating mainly in open water cross-
trades. In Norway there are two ship registers, NOR and NIS and, as shown in Figure 2.5,
these two registers may be studied to reveal differences in the accident statistics between
smaller coastal vessels and larger vessels operating in international trade. The NOR and
NIS registers have the following characteristics:

e NOR: Norway’s ordinary register consisting mainly of its native coastal fleet,
i.e. primarily smaller vessels.
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Figure 2.3. Percentage distribution of accident types leading to total loss, world fleet in 200I. (Source:
World Casualty Statistics, Lloyd’s Register of Shipping (1962-93), (1994-98).)
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Figure 2.4. Serious ship casualties, world fleet 1980—-89. (Source: Lloyd’s Register of Shipping (1962-93),
(1994-98))

e NIS: the Norwegian ‘open’ register consisting primarily of larger vessels operating in
international trades.

In Figure 2.5 the total number of accidents studied is somewhat limited due to the fact
that only two years were taken as the basis for the accident type distribution. Nevertheless,
the following observations can be made:

e The coastal fleet (NOR) is much more prone to grounding. This should not
be surprising given that the vessels included in NOR mainly operate close to the
coast/shore.

e The international fleet (NIS) experiences, relatively speaking, more collisions. This
may, for example, be due to the difficulties related to navigating and operating such
large vessels in narrow and busy ports and fairways.

e Relatively, NIS vessels have more fires and explosions than vessels in NOR.
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Figure 2.5. Distribution (in per cent) of losses and serious accidents for the Norwegian merchant fleet,
1998-99. (Source: Official Statistics of Norway: Maritime Statistics [998—-99)

From the observations and comments made in this section of the chapter, it should
now be clear that it is necessary to evaluate and study the underlying data basis of
any statistic before one draws any conclusions both on its results and on accident type
distribution.

2.5.2 Trend in Loss Frequency

Over the last decades considerable resources have been spent on reducing the risks
involved in shipping. However, the effects of this work are difficult to assess, mainly
because isolating the effects of each risk-reducing measure implemented is almost hopeless,
given the complexity of cause and effect relations in shipping.

Lancaster (1996) studied the long-term trend of the total loss frequency, and
concluded that the annual loss rate had been reduced by a factor of 10 in the twentieth
century, from more than 3% in 1900 down to 0.3% in 1990. However, as illustrated
by Figure 2.6, the rate of improvement was greatest in the first half of the century,
after which the improvement rate levelled out as the potential for further improve-
ments became less and the relative improvements achieved by each safety measure
became smaller.

Figure 2.7 gives a more detailed account of how the loss ratio has been reduced for
different accident types. The upper line indicates the total loss rate, including all the
different accident types. As can be seen, the total loss ratio had setbacks around 1968 and
1980. A further analysis of Figure 2.7 shows that the main contribution to the long-term
reduction in loss rate comes from the grounding/stranding category where the loss ratio
has shown dramatic improvement.
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Figure 2.6. Annual percentage of ships lost worldwide.
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Figure 2.7. World loss ratio time series for ships above 100 GT. The loss ratio is given by annual losses
per ships at risk.

Figure 2.8 gives a serious accident rate distribution for different ship types. From this
distribution the following observations can be made:

e Ro-Ro (Roll-on Roll-off) cargo vessels are the most accident-prone of all vessel types.
This has been explained by operation in congested coastal waters, relatively high-speed
operation and weak hull subdivision against flooding.

e Tankers and liquefied gas ships are less vulnerable than general cargo.

e Non Ro-Ro passenger vessels have the best accident rate performance among trading
vessels.
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Figure 2.8. Loss and serious accident rate for the world fleet by ship type, 1980—-89. (Source: Lloyd’s
Register of Shipping (1962-93), (1994-98).)

Even in Figure 2.8 there are possible sources for misinterpretation. The low accident
rate of fishing vessels should be questioned on the basis of our knowledge about this vessel
category, i.e. operation in coastal waters, critical hatches, often subjected to harsh weather
conditions, etc. However, an important characteristic of fishing vessels is that the majority
of these vessels have considerable inactive periods, whereas trading vessels normally only
have a few days off-hire per year. The ratio of accidents to the number of vessels at risk is
therefore somewhat misleading. A better measure of exposure might have been the number
of accidents per hour of operation (fishing or sailing).

2.6 FATALITY RISK

Only about 5% of all fatalities happen because of accidents. The relatively large public
focus on accidents reflects society’s considerable awareness of these fatalities (Karstad
and Wulff, 1983). However, in order to better understand how people relate to the risk of
fatality, this observation must be studied in more detail.

Accidents may be analysed on the basis of personal characteristics. There is,
for instance, a significant correlation between age and the risk of fatality through
accidents. For people aged between 5 and 40, accidents constitute the single most
important death threat, while they constitute only 5% of the fatalities of people 60 years
and above.

There are several alternative ways of measuring accident frequency. One approach is to
include all accidents, irrespective of the types of consequences involved. Another approach
is to consider only a specific consequence such as fatalities or material and economic
losses. Accident frequency varies between different activities, and as shown in Table 2.5,
shipping appears to be relatively risky compared to other industrial activities and sectors.
Also other maritime activities, such as offshore work (i.e. continental shelf in Table 2.5)
and fishing have high fatality rates.
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Table 2.5. Fatality frequency in various activities

Industrial activity Fatalities per 1000
worker-years

Mining 0.9-1.4

Construction 0.3

Industry 0.15

Shipping 1.9-2.1

Continental shelf 2.3

Fishing 1.5

Table 2.6. Transportation risk

Mode of travel Fatalities per 10 Fatalities per 10
passenger-km passenger hours (FAR)

Motorcycle 9.7 300

Pedal cycle 4.3 60

Foot 53 20

Car 0.4 15

Van 0.2 6.6

Bus/coach 0.04 0.1

Rail 0.1 4.8

Water 0.6 12

Air 0.03 15

A comparison of different modes of transport is given in Table 2.6 above, and from
these statistics it is clear that there are much more dangerous forms of transport than
waterborne. There is, for example, less focus on the use of motorcycles than the statistical
values should indicate. This can be explained by the fact that the use of a motorcycle is
a kind of personal choice, and that the consequence normally is limited to one or two
fatalities.

The risk level in the maritime sector is a result of a number of factors relating to
the environmental conditions maritime activities are subjected to and the way the work
processes are organised. The main factors or hazards were summarised in Table 2.1 earlier
in the chapter.

Fatality risks in shipping vary considerably between the different accident types.
Figure 2.9 shows the relative distribution of fatality risks on the basis of the number of
fatalities, the number of accident cases resulting in fatalities, and the total tonnage
involved. As can be seen in this diagram, the accident types leading to the highest number
of fatalities are collisions and foundering. This is in accordance with similar observations
made earlier in this chapter. Although there are many groundings, these accidents tend to
give relatively few fatalities.
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Figure 2.9. Risk parameters for vessel accident types.
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Figure 2.10. Work-related accidents in the Norwegian fleet by category, 1994.

2.6.1 Work Accidents

Fatalities and injuries in shipping are not just related to vessel accidents such as
groundings and collisions, they are also related to the work processes on board the vessels.
The deck, cargo area, engine room and galley are all seen as dangerous workplaces on a
ship. Figure 2.10 gives a breakdown of work-related accident categories/types, and their
corresponding number of occurrences, in the Norwegian fleet. It appears that the accident
categories of ‘stepping on, knocking into, crushed by’ and ‘injuries by/from tools’ are the
dominating work-related accidents.

2.7 POLLUTION

In recent times there has been an increasing focus on the environmental aspects of
maritime activities. Ships are polluting both the marine environment and the atmosphere,
and although there is general agreement about these negative effects of maritime
transport, there is considerable uncertainty about the magnitude of the problem. One
of the first estimates on this was done in 1985 (see Table 2.7), and this study indicated
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Table 2.7. Total input of hydrocarbons into the marine environment in 1985

Source of pollution Best estimate
(million tons annually)

Natural sources 0.25
Offshore production 0.05
Maritime transportation: 1.50

Tanker operation 0.70

Tanker accidents 0.40

Other 0.40
Atmospheric pollution carried to the sea 0.30
Municipal and industrial wastes and runoff 1.18
Total 3.28

Source: National Research Council, US.

Table 2.8. Estimated world maritime sources of oil entering the marine environment

Source 1990V 1981-85@ 1973-75@
Bilge and fuel oil 0.25 0.31
Tanker operational losses 0.16 0.71 1.08
Accidental spillage:
Tanker accidents 0.11 0.41 0.20
Non-tanker accidents 0.01 - 0.10
Marine terminal operations 0.03 0.04 0.50
Dry-docking 0.03 0.25
Scrapping of ships 0.01
Total 0.57 1.50 2.13

Sources: (1) US Coast Guard; (2) National Research Council, US.

that the share of hydrocarbon ocean pollution that could be related to maritime
transportation was approximately 45%. The main problem was the spill of oil related to
cargo operations and tank cleaning. Massive efforts during the last decade have, however,
reduced these sources of oil pollution, as is illustrated above by Table 2.8. It is presently
assumed that accidental spills are the major problem. It should, however, be kept in mind
that statistics on accidental spills can be somewhat misleading due to the fact that the
annual volume of spills varies considerably.

2.8 THE RISKCONCEPT

Risk in the context of engineering is normally presented as the product of the
consequences and the probability of occurrence. Quite often, however, the consequences
are hard to quantify and may involve some degree of subjectivity. For this reason it is
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Figure 2.11. Personnel risk.

quite common to present the risk as a probability measure for the various categories of
consequences. The categories for personnel risk may be grouped according to Figure 2.11.
The abbreviations in Figure 2.11 will be explained in detail below.

Similar approaches may be used for environmental risk and risk associated with
damage to assets. There are numerous alternative measures for each consequence, and
some examples are presented in Table 2.9.

One should be aware of the fact that the various actors involved in the safety work may
apply statistical measures differently. For example, safety managers normally consider the
experienced level of safety, while risk analysts are mainly concerned with the estimated/
predicted level of risks/safety.

As the total risk picture for a given activity or system can be very complex and involve
many different aspects, it is often necessary to break it down into risk scenarios.
Equation (2.1) below computes the total risk for a given activity/system as the sum of the
risks for each accident type and each phase of the accidental process:

R= Z Zpij "Gy 2.0
i

where:

R = Total risk
i = The number of scenarios that may lead to a particular consequence (e.g.
Table 2.2)
j = Number of phases within each accidental outcome (e.g. initiating event,
mitigation, escape, evacuation and rescue)
¢; = Consequence measure for the relevant scenario and phase of the accidental
process, e.g. n fatalities, m tons of spill, etc.
p; = Probability (or frequency) of the relevant consequence c; for a given scenario
and accidental phase



Table 2.9. Risk criteria

Type Definition
Occupational ~ LTI-rate  Lost-Time Injury frequency rate Number of lost-time injuries per 10° employee hours
accidents AIR Average Individual Risk Number of fatalities per exposed individual
IIR Injury Incident Rate (Number of reportable injuries in a financial year)/(Average number
employed during the year) - 10°
IFR Injury Frequency Rate (Number of injuries in the period)/(Total hours worked during the
period) - 10°
S-rate Severity rate Number of working days lost due to lost-time injuries per 10°
employee-hours. Fatalities and 100% permanent disability account
for 7500 days working days lost
TRI-rate  Total Recorded Injury rate Total number of recordable injuries (including lost-time injuries,
medical treatment injuries and injuries resulting in transfer to
another job or restricted work) per 10® employee-hours
Average number of days lost S-rate/LTI-rate
FAR Fatal Accident rate Number of fatalities per 10® working hours
Fatality rate Fatalities per 1000 worker-years
PLL Potential Loss of Life Number of fatalities experienced (or predicted) within a given period
of time, e.g. the number of lives lost per year in shipping
Work-related =~ WRD-rate Work-Related Diseases rate Number of new cases of possible work-related diseases resulting in

Pollution

Material losses

Sick leave percentage

Rate of emissions

Loss rate

Loss ratio

Relative loss ratio

absence from work per 10° employee hours
Number of sick-leave days as percent of total number of possible
workdays

Emissions due to accident in kg/m? per ton production, e.g. the
emissions of fluor in kg per ton produced primary aluminium

Number of accidents or losses per produced unit, e.g. collisions per
10° nautical miles sailed

Number of ships (or tonnage) totally lost per number of ships (or
tonnage) at risk, e.g. merchant vessel lost world-wide per total
number of merchant vessel

The loss ratio for an activity divided by the world-wide loss ratio. A
loss ratio of one (1) corresponds to the world average, and a higher
loss ratio indicates higher losses than the world average

1dIDNODMSIY IHL 8'C
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2.8.1 Fatality Risk

Table 2.9 defined a number of fatality risk measures that may be used. The Potential
Loss of Life (PLL) measure is a basic measure that may be calculated according to
Eq. (2.1). However, this risk criterion has the shortcoming of not incorporating any
exposure measure. As outlined in Figure 2.11, it is also necessary to make a clear
distinction between individual risk and group risk.

The most commonly used risk measures for individual fatality risk are the Average
Individual Risk (AIR) and Fatal Accident Rate (FAR). The AIR measure is calculated by
dividing the PLL by the number of people exposed, e.g. the crew size on a merchant ship.
In some accident cases only the number of crew on duty are considered. The FAR value
is calculated by dividing the PLL by the total man-hours of exposure, and multiplying
this measure by a compulsory 10® scaling value. The FAR is therefore the expected
(or experienced) number of fatalities per 10° working hours.

Example
Problem

Accidents involving passenger ferries may result in a large number of fatalities, and
hence attract considerable media attention. On the other hand, experts often consider
the objective risk of such large-scale accidents as relatively low. From an analysis of the
safety level of ferries in the UK since 1950 (Spouge, 1989), it was found that 3 large-
scale ferry accidents resulted in an average of 107 fatalities per accident (i.e. 41% of
the passengers aboard). Over the period of time studied in the analysis, this gives an
average number of about 9 fatalities per year. This average number is, however, not
representative for the real distribution of a high number of fatalities on a few number
of cases.

In the period of time studied, the UK ferry traffic involved an average of
approximately 28 million journeys per year (domestic and international), one return
journey per passenger per year, and a typical journey duration was estimated to be 3.5
hours. Given this information, find the Average Individual Risk (AIR) and the Fatal
Accident Rate (FAR) for UK ferries.

Solution

Assumptions:
The relatively low number of accidents is representative of the risk picture of UK ferries.

Analysis:
The Average Individual Risk (AIR) rate can be calculated as follows:

9[fatalities/year] - 2[journeys/person]

AIR =
28 - 10°[journeys/year]

~ 6.4 - 107 "[fatalities /person]
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The AIR rate for UK ferries may be put into perspective when compared to other UK
activities:

e Smoking 50-107°
e All natural causes 1.2-1073
e Work 23-107°
e Driving 1.0-107*
e Railway 2.0-107°
o All accidents 3.0-107*
e Lightning strike 1.0-1077

This confirms that the average individual risk for UK ferries is not alarming, compared
to other types of transport. However, the AIR value does not include the time of exposure,
and in this context the Fatal Accident Rate (FAR) is valuable. The FAR, which is the
number of fatalities per 10® exposed hours, can be calculated as follows:

. i h
Exposure time = 28 - 10° [Joumeys} -3.5[hours] = 9.8 - 106[ Ours}
year year
. 0% 106
FAR — 9[fatalities/year] - 9.8 - 10°[hours/year] ~ 8 8[fatalities]

103[hours]

The FAR value of 8.8, i.e. 8.8 fatalities per 10® exposed hours, can also be compared to
other UK FAR values for alternative means of transportation:

e Motorcycle 660
e Acroplane 240
e Bicycle 96
e Personal car 57
e Railway 5
e Bus 3

The FAR value for UK ferries indicates that ferries are among the safest means of
transportation. However, aeroplanes obtain an unfairly high FAR because of the high
velocity at which they travel. Therefore, when comparing two alternative ways to travel,
the risk per trip is a more reasonable measure than the risk per hour.

In addition to estimating the risk to individuals, attention should also be paid to group
risk. Group risk criteria will be explained below.

Group risk criteria can often describe the inherent risk level for an activity or system in
a more comprehensive, differentiated and understandable way than most individual
risk criteria. The most commonly used technique for presentation of group risk is the
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f-N diagram illustrated by Figures 2.12 and 2.13 below. In f~N diagrams, f denotes the
frequency of accidents causing N fatalities. Figure 2.12 shows how f~N curves can be used
to graphically describe limits of risk acceptance. The curves in Figure 2.12 are established
by defining different combinations of consequence (i.e. fatalities) and related frequency
that give negligible, acceptable and unacceptable risk, respectively. The hatched area
in Figure 2.12 shows the prescribed accepted risk level in the Netherlands. The area above
gives higher frequencies and thus increased group risk, and is therefore denoted
as unacceptable. In the area below the hatched region the frequencies of occurrence are
lower, resulting in lower risk and higher level of safety.

Individual Risk Group Risk
Frequency

10—

Unacceptable

Maximum allowable
/ Reduction desired
Negligible level

10—

Maximum 10—

Reduction desired

< 10
Negligible Acceptabl

10 100 1000
Number of prompt fatalities

Figure 2.12. Limits of risk acceptance in the Netherlands. (Source: Environmental, [985.)
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Figure 2.13. Frequency of accidents involving N or more fatalities. (Source: DNV, 1998))
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f-N diagrams may describe both the observed risk level for a system or activity and the
prescribed (required) risk level. Figure 2.12 is an example of the latter, whereas Figure 2.13
shows observed f~N values for passenger ship accidents (i.e. the upper curve) and cargo
ships (i.e. the lower curve). It can be observed that for passenger ships ‘smaller’ accidents
involving 1 fatality happen with a frequency of approximately 10~ per ship year, whereas
extreme catastrophes with 1000 fatalities happen with a frequency of roughly 107> per
ship year.

29 LARGE-SCALE ACCIDENTS

Large-scale maritime accidents, especially those involving fatalities and environmental
pollution, get considerable media and public attention, and are often followed by public
debate about maritime safety, political discussions regarding the maritime safety regime,
and occasionally governmental actions and international regulatory initiatives. The
significant attention of such accidents is rooted in the extensive consequences that are
perceived publicly as unacceptable. Nevertheless, large-scale accidents normally represent
a rather small part of accident occurrences and their contribution to the total risk picture
may be relatively low.

There is no generally accepted definition of the term ‘large-scale accident’, mainly
because what is regarded as ‘large-scale’ may vary between different activities and the fact
that we all have a subjective perception of accident consequences. An example may be
used to illustrate this: a car accident resulting in five fatalities, all individuals from the
same family, will naturally be perceived as a large-scale accident for the remaining family
and friends. Society may, however, perceive the same accident as more ‘normal’, if such a
term can be used. A helicopter crash resulting in five fatalities during personnel transport
to an offshore installation may, on the other hand, be considered as large-scale by society,
hence achieving far more media attention and resulting in public scrutiny of the safety
regime for transportation to offshore installations.

Because of the factors described above, it is difficult to give a general objective
definition of large-scale accidents, and such criteria must be developed depending on the
activity under consideration and public perception. For example, in a Norwegian study
large-scale accidents were defined as involving more than five fatalities or economical
losses larger than 10 million NOK (approximately 1.5 million USD). Similar quantifica-
tion can be used for environmental damage and other losses. Table 2.10 gives a summary
of large-scale maritime accidents affecting the Norwegian fleet or occurring in Norwegian
waters in the period from 1970 to 2000.

The accident and loss of MS Sleipner is studied in greater detail below.

Example: The MS Sleipner Casualty

What happened?

The fast catamaran ferry MS Sleipner (Figure 2.14) had only operated the route between
Bergen and Stavanger on the west coast of Norway for about 3 months when it grounded
at 19:07 on 26 November 1999. The vessel carried a total of 85 passengers and crew at the
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Table 2.10. Large-scale accidents affecting the Norwegian fleet or occurring in Norwegian waters

(1970-2000)

Vessel/platform

Key facts

Deep-sea driller

Statfjord A

Berge Vanga

Alexander L. Kielland

Concern

Soviet submarine

Scandinavian Star

Sea Cat

MS Sleipner

Date: 1 March 1976

Semi-submersible platform

Loss of tow resulted in drifting, stranding and loss of buoyancy
Consequences: total loss and 6 fatalities

Date: 1 February 1978
Concrete gravitational platform
Fire in leg during installation
Consequence: 5 fatalities

Date: 29 October 1979

Oil/ore carrier

Welding in cargo tanks without sufficient tank cleaning and freeing of
gasses resulted in a fire and gas explosion

Consequences: foundered in the South Atlantic ocean, 40 fatalities

Date: 27 March 1980

Semi-submersible platform

Material exhaustion resulted in fracture and loss of main column,
followed by ingress of water, heel, and finally loss of stability

Consequences: total loss and 123 fatalities

Date: 4 November 1985

Cement-carrying barge (reconstructed from ship)
Cargo shift resulted in capsizing

Consequence: 10 fatalities

Date: 7 April 1989

Soviet nuclear-powered submarine

Caught fire and foundered about 180 kilometres south west of Bjernoya
Consequences: total loss and 41 fatalities

Date: 7 April 1990

Ro-Ro passenger ship

Fire started by arsonist in the accommodation area, followed by poor
organization of fire fighting, evacuation, and rescue

Consequences: 158 fatalities and huge material damages

Date: 4 November 1991

Fast catamaran ferry

Loss of navigational control, struck land
Consequences: 2 fatalities, 74 injured, material damages

Date: 26 November 1999

Fast catamaran ferry

Loss of navigational control resulted in grounding. Violation of
operational restrictions. Foundered in heavy sea. Poor emergency
equipment and organization

Consequences: total loss of vessel and 16 fatalities
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Type: Austal/Nautica 42
passenger catamaran
Built: 1998/1999
Length: 42,16 meter.
Beam: 13,5 meter
Registered for
Passengers: 358
Propulsion power: 2 x
MTU, 16v 4000 M79,
cach of 2320 kW
Speed: 35 knots

Figure 2.14. The fast catamaran ferry MS Sleipner.

time of the accident. The weather conditions were rather unpleasant, with estimated gale
force winds and about 2 metres significant wave height, when the vessel, 140 metres off
course, had a powerful impact with a rock. The vessel’s bow was immediately damaged in
the impact, and 45 minutes later the vessel slid off the rock and sank to about 150 metres
depth. The evacuation equipment and organization failed, resulting in 16 fatalities.

Circumstances and contributing factors

The vessel had a new type of life raft installed that had not been previously used in
Norway. By installing advanced emergency equipment the company was allowed to reduce
the crew size. Because there had been no hard weather evacuation training, the vessel was
not allowed to sail under the existing weather condition. The operational limitations were
based on the statistical measure of significant wave height (H,), which is impossible to
measure precisely without special equipment not found onboard.

Immediate causal factors

The immediate causal factors to the accident included the following:

e The bad weather reduced the efficiency of the radar.

e The experienced captain did not detect that the vessel entered two red sectors from
lighthouses nearby.

e The vessel hit the rock at a speed of approximately 33 knots (the rock was detected
some seconds before the impact, allowing the captain to reduce the speed slightly).
Because of the speed involved the passengers hardly felt the impact.

e The crew had poor or little training in emergency situations and evacuation.

The public address (PA) system failed.

e The emergency rafts could only be released manually by executing 24 operations in the
correct order, as the automatic release equipment was not yet installed. As a result only
one of the rafts was released.
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e The life jackets were of an old design and were difficult to put on and fasten properly,
forcing several passengers to jump into the sea without a life jacket fitted.

e The poor weather conditions reduced the rescue efficiency, and the cold water resulted
in fast hypothermia.

Basic causal factors

Representatives from the shipping company inspected the vessel three days before the
accident and found 34 non-conformities. Still the vessel was considered as seaworthy. In
addition, the top-level management of the company was well aware of the violation of the
sea state restrictions but nevertheless did not change the practice. They were also aware of
the poor training of the crew, and during the accident investigation that followed it was
revealed to be unclear who was responsible for the overall safety.

Representatives from the Norwegian Maritime Directorate (NMD, i.e. the Adminis-
tration) had been aware of the poor life jacket design for 24 years without updating the
requirements. NMD’s Ship Control Unit had approved the life raft arrangement although
it did not meet the functional requirements. In addition, the Administration allowed the
vessel to sail, despite the fact that there had been no evacuation and emergency training of
the crew.

The Norwegian government had planned to improve the marking of the fairway, and
to build a light marker on the rock on which MS Sleipner grounded. However, the plan
was changed and not completed.

The shore-based Search And Rescue (SAR) base did not monitor the international
VHF safety channel (i.e. 16). As a result they had to be alerted by a radio channel, which
resulted in longer respond time.

2.10 THE ACCIDENT PHENOMENON
2.10.1 The Accident as a Process

Through its activities/operation a maritime system is exposed to hazardous situations and
therefore also to risks of undesirable incidents and accidents. An initiating (or triggering)
event, together with contributing factors of operational, environmental and technological
aspects, constitutes the so-called casual network leading to an accident. The accidental
event itself ‘ignites’” an escalation process within the system under consideration (e.g. a ship
or part of a ship), resulting in physical damage and release of energy, which will expose
humans, the activity and the environment to various consequences. To gain insight into
the accident phenomena, it is crucial to relate observations and assessments to some sort
of model. Figure 2.15 presents the terms necessary to describe the entire accident as
a process.

The basic requirement for an accident to happen is that the vessel is in some state of
operation and thereby at risk in relation to one or a number of hazards. The causal
influence is the element in the model that involves the greatest difficulty with respect to
understanding the accident. Despite considerable scientific efforts over the last decades,
our knowledge of the causal influences of accidents remains fairly limited. The insufficient
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Figure 2.15. The entire accident as a process.

insight is partly related to the problem of combining different scientific disciplines such as
engineering, psychology and sociology, and partly related to insufficient analysis models
and lack of systematic data.

Although accident causation will be discussed in greater depth in later chapters, some
introductory comments are presented here.

2.10.2 Why does it happen?

There exist several theories (with differing insight) as to why maritime accidents occur.
Some popular theories include:

Carelessness Intoxicated pilot
Deviations from the normal Accident-prone
‘Act of God’ ‘Cowboy’ mentality

New phenomena
Hazardous activity

Improvising
Lack of training

The factors presented above may be partly present in some accidents, but this is of little
value if the accidental mechanisms are not described in terms of causes that can be
influenced, such as system design, equipment failure, planning, operational procedure
and organizational management.

In addition to the factors listed above, the concept of human error, normally
implying operator error, is an often cited cause and explanation of accidents. By being
at the so-called ‘sharp end’ of the system, the pilot or the operator of a system often
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seems to be the one to blame. The people at the ‘sharp end’ are those who directly
interact with the hazardous processes in their roles as, for instance, the Master of a
passenger vessel. It is at the ‘sharp end’ that all the practical problems related to the
systems are exposed, and it is here that most initiating actions for incidents and
accidents occur. The people at the so-called ‘blunt end’ (e.g. managers, designers,
regulators and system architects) are isolated from the actual operation of the
processes/systems, but are, however, to a large degree responsible for the conditions
met by people at the ‘sharp end’ because they distribute the resources and create the
constraints in which these people work.

Despite its simplicity, the concept of human error in explaining accidents has even
reached some level of popularity among conservative engineers. From an engineering
point of view, human error may be used to get clear of responsibility for problems not
considered as technical. Engineers often seem to have a very positivist or even narrow-
minded view of accident causes by focusing merely on problems that can be treated by a
technical approach. It is quite simple to write a list of factors explaining the significant
human presence in accidents without actually giving any explanation as to why the
accident occurred, for example:

Magnitude of operator-dependent systems
Humans have restricted capabilities

Lack of oversight in complex systems
Inadequate design

Lack of risk insight

A classical task in system design is to distribute the functionality between operators
(i.e. humans) and machines (e.g. instrumentation, computers, etc.). This will be discussed
in later chapters and not considered in detail here.

2.10.3 Causal Factors

In an analysis of accidents for Norwegian ships (Karlsen and Kristiansen, 1980), the main
causal factors for collisions and groundings were identified and grouped as follows:

e External conditions (i.e. the influence of external forces such as poor weather and
waves, reduced visual conditions, etc.).

e Functional failure (i.e. failure or degradation of technical equipment, functions
and systems).

e Less than adequate resources (i.e. inadequate ergonomic conditions, planning,
organization and training).

e Navigational failure (i.e. failure in manoeuvring and operation, poor understanding
of situation, etc.).

e Neglect (i.e. human failure, slips/lapses, and violations or deviation from routines,
rules and instructions).

e Other ships (i.e. the influence of failures made by other ships).
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Such a listing of causal factors is a rough, but still very useful, simplification of the true
characteristics and nature of accidents. Based on a study of 419 grounding accidents for
ships greater than 1599 GT, Table 2.11 below indicates the key problem areas of such
accidents using the causal factor framework described above.

On the basis of the material presented in Table 2.11, the following general observations
can be made:

e External conditions relating to weather and sea are often contributing factors to
grounding accidents.

e Functional/technical problems are relatively seldom the main causal factor.

e Problems related to work conditions, human performance and neglect (i.e. so-called
‘soft’ problems) are the core causal factors.

Table 2.11. Frequency of causal groups related to grounding accidents for ships over 1599 GT

Causal area Causal group Frequency
Absolute Per cent
External conditions Ext. cond. influencing navigational equipment 8 1.9
Less than adequate buoys and markers 27 6.4
Reduced visual conditions 53 12.5
39.9% Influence of channel and squat effects 79 18.9
Functional failure Functional failure in ship systems 24 5.7
Functional failure in navigational equipment 8 1.9
Failure in remote control of ship systems 3 0.7
8.8% Failure in communication equipment 2 0.5
Less than adequate Bridge design 1 0.2
resources Less than adequate charts and manuals 34 8.1
Failure in bridge organization and manning 35 8.4
Failure in bridge communication conditions 5 1.2
18.9% Less than adequate competence or training 4 1.0
Navigational failure Failure in navigation and manoeuvring 49 11.7
Failure in observation of fixed markers 35 8.4
Failure in observation of equipment 10 2.4
22.9% Failure in understanding traffic situations 2 0.5
Neglect Failure in watch performance 24 5.7
8.1% Individual human conditions 10 2.4
Other ships Functional failures and shortcomings — —
1.4% Navigational failure 6 1.4
Sum 419 100
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The grounding of the tanker Torrey Canyon in 1967 was a shock to the maritime
industry, the political system and the public at large. The severe environmental conse-
quences of the accident marked the beginning of a much stronger focus on the environ-
mental aspects of shipping, a focus that ever since has increased in scope and strength. The
accident is summarized in the example below. The tragic fact was that this catastrophe was
a wholly human made accident.

Example: The MT Torrey Canyon Casualty
What happened?

On the morning of March 18, 1967 the tanker Torrey Canyon grounded on the Seven
Stones, east of the Isles of Scilly, at full speed of 17 knots (Figure 2.16). During the rescue
operation the 120,890 dwt (i.e. dead-weight tons) tanker broke into three parts, and
consequently most of the 119,328 tons of cargo was lost, creating an environmental
catastrophe. Attempts were made to reduce the oil spill by chemicals, napalm and other
explosives. The ship was totally lost, but fortunately the whole crew was put ashore the
next day with no injuries suffered.

Circumstances and contributing factors

At the time of the accident the visibility was good and the weather calm, but there were
some easterly sea currents present. However, during the rescue operation several storms
arose. The fairway was marked with lights and buoys.

.' * Seven Stones

[ ]
°.’
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18°

06.55

Figure 2.16. The course of MT Torrey Canyon before grounding on the Seven Stones.
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Immediate causal factors

The navigational officers decided to go east of the Isles of Scilly at full speed. The eastern
current was miscalculated, which resulted in incorrect fixing of the ship’s position.
A fishing vessel caught the tanker by surprise, forcing the crew to go further east than
originally planned. This course was, however, too far to the east in the fairway, and the
decision to change course was taken too late, as the navigational officers did not recognize
and understand the hazardous situation that was about to develop. The grounding
resulted in a 610 feet (186 metres) long fissure on the tanker’s starboard side that
immediately resulted in oil spills.

Basic causal factors

The navigational officers were not familiar with the restricted fairway, but they
nevertheless sailed using the autopilot.

The tanker was pressed for time in reaching its next destination because of tidal
conditions. Arriving a few minutes too late would result in a minimum of 12 hours delay.
The originally planned route was to sail around the Isles of Scilly, but in order to gain time
this plan was not held. The Master had been giving incomplete orders regarding this, and
the navigational officers further misinterpreted the orders given. In addition, the ship-
ping company had no clear policy on the prioritization between time schedule and
safety concerns.

The rescue operation initiated after the grounding was poorly organized and the
operation failed several times. During the operation several explosions and fires occurred,
and the rescue was further complicated by storms developing in the area of the accident.

Analysis of the accident involving MT Torrey Canyon and other maritime accidents
reveals a number of interesting accident characteristics that can be summarized by
Table 2.12.

As has just been pointed out, there is seldom a single explanation as to why an accident
happens. Nevertheless, there has been a more or less continuous search for more general
models and theories to be used in explaining accidents. Some of the more popular
explanation theories in the shipping domain include:

1. Flag or registration: Maritime administrations have a key responsibility in controlling
and ensuring the safety standard of shipping.

2. Age: Both the technical and manning standards seem to deteriorate with the age of
vessels.

3. Activity level: The number of maritime accidents in an area is proportional to the
traffic volume.

These theories will be discussed briefly in the following sections.

2.10.4 Flag Effect

By studying different flags of registration, some of the effects of different management
styles may be revealed. Figure 2.17 presents the loss ratio for ships greater than 100 GT,
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Table 2.12. Characteristics of maritime accidents

Characteristic Description

Routine Failures or deviations are usually related to routine activities and situations
rather than abnormal situations, which rarely are triggering factors to
accidents

Several causal factors  There is seldom only a single cause to an accident. Usually accidents occur
because of several failures and errors

Process Causal factors often interact with each other. The accidental process may
have been initiated long before the more dramatic events develop
Gradual progress Accidents usually do not occur instantly. Failures and functional

degradation often develop over time, and whether they result in an
accident or a hazardous situation may only be a matter of chance

Operator failure Operator (or human) errors are present in terms of omissions and
commissions. An operator is at the ‘sharp end’ of a system, and is
therefore often actively involved in accidents affecting that system

Situation-related Accidents are situation-related, and it is the combined effect of all
situational conditions that is critical in the accidental process. Situational
conditions include external conditions, total workload, the competence
and experience of the operators, work environment, time of day, etc.

Focus on outcome It is often more easy to identify failures in the last stages of an accident than
in the initiating phase. As a result of this, decision-makers often tend to
look for measures that limit the consequences rather than avoiding the
accident altogether

plotted for various flags and regions. It can be seen that there is a significant difference in
loss ratio between different flags. Mediterranean flags, for instance, had about twice as high
a loss ratio as North European flags. In the period from 1984 to 1995 there was a factor of
about 14 between the best and worst loss ratios for the individual flags. This is illustrated in
Figure 2.18, which is based on a study by Kristiansen and Olofsson (1997).

Owing to the fact that national maritime administrations show different will and
ability to enforce international safety regulations, a group of mainly European countries
have, upon agreement, initiated unannounced inspections of vessels. This agreement is
known as the Paris Memorandum of Understanding on Port State Control (Paris MOU)).
In the case of serious shortcomings on technical standards, certificates, etc., a ship may
be held in port for rectification of these shortcomings. This is commonly known as a
detention. Figure 2.19 shows the detention rate for selected countries (i.e. flag states), and
confirms the earlier finding that different countries of registration show different
performance.

2.10.5 Age Effect

It has been a popular view that the safety standard of a vessel deteriorates with age. One
may immediately agree with the argument that corrosion, as well as wear and tear, reduces
the function and integrity of hull and machinery. However, one may also counter
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Figure 2.18. Loss rate of European fleets, 1990-93: losses per year per 1000 vessels at risk. (Worst =
worst performing states, Med. = average for Mediterranean states, Mean = mean for all European flag
states, North = average for North European states, Top = best performing state.)

this hypothesis by arguing that the age effect is minimized through maintenance and
repair.

Ponce (1990) has studied the effect of age on total losses for selected fleets, and the
results of this study are shown in Table 2.13. Apart from the fact that there is a certain
correlation between the median age for vessels lost and the median age for the fleet at
risk, it can also be shown (see Figure 2.20) that vessels lost are an average older than
the fleet. Roughly estimated, the ships lost are 5 years older than the respective fleet
at risk.
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Figure 2.19. Detention rate in percent of inspections, average 1995-97.

Table 2.13. Age distribution for different flag states in terms of total losses and vessel

population
Flag state Age (years)

Total losses Vessel population

Median age Rank Median age Rank
United States 25.33 1 21.29 1
Greece 21.05 2 15.77 3
United Kingdom 20.86 3 10.26 6
Panama 20.34 4 13.16 4
Canada 19.5 5 17.22 2
World 18.64 6 11.89 5
Norway 17.83 7 7.55 8
Liberia 14.5 8 8.8 7
Fed. Rep. Germany 11.17 9 6.97 10
Japan 10.93 10 7.48 9

Faragher et al. (1979) studied the effect of age on the casualty rate for structural failure
and machinery breakdown casualties. It can be concluded from Figure 2.21 that there
is a clear correlation between age and accident rate for both accident forms. Apart from
the statistical variation, the correlation was quite high for both models (about 70%).
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Figure 2.20. Age of lost ships versus age of fleet at risk for selected flag states (scatter diagram).
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Roughly estimated, there is an increase in the casualty rate in the order of 5 to 6 times
between new and old vessels.

Thyregod and Nielsen (1993) have studied the age effect for the total yearly
casualty rate. The analysis for bulk carriers is shown in Figure 2.22. The data basis for
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Figure 2.22. Casualty rate versus age for bulk carriers over 10,000 dwt,
vessels at risk per year.

Table 2.14. Tanker groundings in US ports 196976,

1984-92. Casualty rate per 1000

vessels over

5000 grt
Port Port calls
In 1000 Groundings

Puget Sound 3.8 3

Los Angeles 9.7 3

San Francisco 9.3 16
Chesapeake Bay 9.2 18
Delaware Bay 17.1 51

New York 27 81

Gulf Coast 29.2 81

this analysis was major casualties for bulk carriers greater than 10,000 dwt as reported
by the Institute of London Underwriters. Despite the yearly variation in casualty rate,
there is a distinct trend with age. In the course of 20 years the casualty rate doubles.
However, the increase is not as strong as for structural failure and machinery
breakdown (see Figure 2.21). This means that certain accident forms are less dependent

on ship age.
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Figure 2.23. Groundings versus port calls for tankers in major US ports.

2.10.6 Effect of Activity Level

Faragher et al. (1979) studied the age effect for all casualty types and found that so-called
impact accidents (i.e. groundings, collisions and ramming) were only marginally
dependent on age. They concluded that the activity level was a better parameter in
explaining accident frequency for impact accidents. By comparing accident rates in
American ports they found a strong correlation between groundings and the number of
port calls per time-unit. Data for the seven ports studied are shown in Table 2.14. It can be
seen from the plot in Figure 2.23 that there is a clear dependence between number of port
calls and number of groundings. The most distinct outlier is the port of Los Angeles,
where we should have expected a much higher number of groundings.
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3

RULES AND REGULATIONS

3. INTRODUCTION

This chapter will give an outline of the regulation of safety in seaborne transport. The
control of safety is primarily based on the rules (conventions and resolutions) given by the
United Nations agency the International Maritime Organization (IMO). These rules have
international application but some reference will also be made to national regulations by
taking the Norwegian legal regime as an example.

When we use the term safety, it will encompass:

e Safety and health of persons
e Safety of vessel
e Environmental aspects

Safety is regulated on the basis of different legal sources, the key ones of which are the
following:

e International laws and regulations
— UN Law of the Seas (UNCLOS)
— European Union (EU) Directives

National laws and regulations
Case law (court rulings)

National territorial zones

IMO conventions and resolutions
Classification construction rules
Port State control MOU guidelines

It should also be kept in mind that there are a number of actors that have an impact on
safety. The primary ones are:

e Flag and Port State control (Maritime Directorate)
e International Maritime Organization (IMO)

53
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e Classification Societies
e Insurance companies
e Charterer, cargo owner

3.l.1 The Structure of Control

Seen from a national point of view, the regulation of safety is based on a set of
international rules that is adopted by the legislative assembly (Parliament) (see Figure 3.1).
The concrete rules and regulations are written or translated by the responsible government
branch (Foreign and International Trade Department). The role of the Maritime
Administration is to ensure that regulations are followed by the shipowners through
proper control and certification. This is what is termed Flag State control (FSC). The
figure also shows that the Classification Society has a role in the certification process,
although this is primarily related to the insurance of the vessel, cargo and third-party
interests.
The control of safety in shipping is complex for a number of reasons:

e International, regional and national laws and regulations.
e Control is exercised by a number of agencies.
e Control affects the various life-cycles of the vessel.

PARLIAMENT

(STORTINGET) (MO

INTERNATIONAL RULES &
LAWS CONVENTIONS EUROPEAN
COMMISSION
DIRECTIVES
FOREIGN &
INDUSTRY
DEPARTMENT
NATIONAL
RULES
MARITIME CLASSIFICATION
ADMINISTRATION SOCIETY

ENFORCEMENT
BUILDING
RULES
ENFORCEMENT
SHIPOWNER

Figure 3.1. Regulation of maritime safety.
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Figure 3.3. Safety subject to regulation and competition.

A simple outline of the number of actors and interactions is shown in Figure 3.2.
It should also be kept in mind that shipping as an internationally oriented business
is highly competitive and is also influenced by dramatic economic cycles. Seen from the
shipowner’s perspective, the safety standard is a result of the cross-pressure between
control and commercial competition (see Figure 3.3).
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3.2 SCANDINAVIAN STAR FIRE ACCIDENT

The various aspects of safety control will be outlined in greater detail in the following
sections. In order to illustrate the role of regulation in safety, the discussion will illustrate
its relevance by commenting on the findings of the Scandinavian Star investigation (NOU,
1991). The key facts are summarized below.

SCANDINAVIAN STAR FIRE ACCIDENT

Abstract

The passenger ferry Scandinavian Star had just entered service on the route between
Oslo and Fredrikshavn. During the night of 7 April 1990 at least two fires were set
aboard the vessel on its first trip from Oslo to Frederikshavn. The first fire was put out
before any damage was done. The second fire, however, escalated and resulted in a fully
developed fire which killed 158 of the 482 persons onboard.

Summary of circumstances

The vessel had recently been taken over by new owners. The transition from one-day
cruises in the Caribbean to ferry service in Scandinavia required considerable
reconstruction and new facilities. This work was mainly executed by the crew in the
weeks before the vessel entered into service. The repairs had not been finished when
the vessel left on the first trip from Oslo. A consequence of this was that the crew
was unfamiliar with the ship and had not been given emergency training. The
emergency plan was adopted from the previous operator. It was, however, based on
different operational conditions, i.e. twice as many crew members. In addition the crew,
who were mostly Portuguese, to a large extent did not understand Scandinavian or
English. The emergency equipment and systems were not up to date: a lack of fire
doors, sprinkler system and lifeboats not maintained, deficiencies in alarm system and
poor technical arrangement of escape ways.

Event description summary

Two fires were ignited, most likely by a pyromaniac. The first fire was put out by the
crew immediately. The second fire, however, escalated quickly and filled the corridors
of the different deck levels with poisonous smoke only a few minutes after the ignition.
The smoke consisted of carbon monoxide and hydrogen cyanide and killed the exposed
individuals within a few minutes. Both the active and passive fire protection failed to a
considerable degree. Critical fire doors were not locked and resulted in an air draft that
speeded up the spread of the fire. The fire alarm was deficient and forced the badly
trained crew to alert the passengers by going through the cabin sections.
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Basic causal factor summary

The main objective of investing in Scandinavian Star was for the shipping company
to save tax on the profit of another ship sale. This required that the Scandinavian Star
be put into service by 1 April. At this time, however, she was not yet ready and prepared
for service. The Master had not carried out the required emergency drill and the critical
emergency plans had not been prepared. The fire-fighting and detection systems were
poorly maintained and failed. The material in the cabins and corridors had a high heat
value and released poisonous gas when ignited.

3.3 INTERNATIONAL MARITIME ORGANIZATION (IMO)

The main principle in the regulation of shipping are harmonized national rules based on
international conventions and resolutions given by the IMO. This is an organization under
the United Nations system. Its prime function is to establish rules based on participation
by the member states. IMO has a complex set of committees that draft and revise
regulations which are adopted by the General Assembly. A new regulation has to be
ratified by a minimum number of states before it enters into force. IMO has no power to
enforce the international safety regulations. This is the task of the member states in their
role as so-called Flag States.

3.3.1 SOLAS

The main objective of the SOLAS Convention (Safety of Life at Sea) is to specify
minimum standards for the construction, equipment and operation of ships (SOLAS,
2001). The present version of the SOLAS Convention was adopted in 1974 and was
later revised and supplemented with so-called Protocols. It entered into force in 1980.
SOLAS-74 has 12 articles and 12 chapters with the following specific requirements:

I. General provisions

II.
1. Construction — Subdivision and stability, machinery and electrical installations
2. Construction — Fire protection, detection and fire extinction

III. Life-saving appliances and arrangements
IV. Radiotelegraphy and radiotelephony
V. Safety of navigation
VI. Carriage of grain
VII. Carriage of dangerous goods
VIII. Nuclear ships
IX. Management for the safe operation of ships (ISM Code)
X. Safety measures for high speed craft
XI. Special measures to enhance safety
XII. Additional safety measures for bulk carriers.
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The convention has been amended a number of times since its adoption in order to be
in accordance with the development of new technology and new safety knowledge. The
regulation is to a large degree prescriptive by specifying solutions in minute technical
detail. Performance criteria are only applied to a limited degree. This has two main
drawbacks: technical solutions specified in SOLAS may become obsolete even before it
enters into force, and the lack of focus on performance criteria does not stimulate the
designer to find or invent better solutions.

The SOLAS-74 Convention has been ratified by most nations. In order to become
effective, the convention has to be translated into the official national language and be
formally adopted by the government branch. The implementation of SOLAS-74 by the
Norwegian Flag State is given in:

e Regulation of 15 June 1987 No. 506 on inspection for issuing of certificates for
passenger and cargo vessels and barges, etc.

e Regulation of 15 September 1992 No. 695 on building of passenger and cargo vessels
and barges.

SCANDINAVIAN STAR FIRE

The surveys performed by Lloyd’s Register and the Nautical Inspector of the Bahamas
were evidently unable to detect a number of faults and non-conformities:

Workshop and stores located on the car deck

Missing fire door on deck 6

Missing alarm klaxons

Sprinkler heads on car deck blocked with rust

Partly inadequate sound level of alarms

The emergency signposts was incorrectly located and not in a Scandinavian
language

Scandinavian Star was built in 1971 and did therefore comply with SOLAS 1960.
This meant that the vessel did not have state-of-the-art fire equipment such as:

Sprinkler system in all accommodation areas

Fire alarm system with both heat and smoke detectors

Automatic closing of fire doors and use of smoke-proof doors

Fire-resistant (non-combustible) material in interior panels and maximum value on
generation of toxic gases

Separate control of ventilation in each accommodation section

A uniform and more functional design for signs showing evacuation routes

e A requirement to undertake an evacuation analysis in the design phase
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3.3.2 International Convention on Load Lines, 1966

It has long been recognized that limitations on the draught to which a ship may be loaded
make a significant contribution to her safety. These limits are given in the form of a
freeboard, which, besides external weather-tightness and watertight integrity, constitute
the main requirement of the Convention.

The first International Convention on Load Lines (ILLC, 2002), adopted in 1930, was
based on the principle of reserve buoyancy. It was also recognized then that the freeboard
should ensure adequate stability and avoid excessive stress on the ship’s hull as a result of
overloading.

The regulations take into account the potential hazards present in different
geographical zones and different yearly seasons. The technical annex contains several
additional safety requirements concerning doors, freeing ports, hatchways and other
items. The Convention includes Annex I with the following four chapters:

I. General
II. Conditions of assignment of freeboard
III. Freeboards
IV. Special requirements for ships assigned timer freeboards

Annex II covers zones, arcas and seasonal periods, and Annex III certificates,
including the International Load Line Certificate. The ILLC Convention is adopted by
Norway through Regulation of 15 September 1992 No. 695 on building of passenger and
cargo vessels and barges.

SCANDINAVIAN STAR FIRE

The vessel had to comply with the requirements of the ILLC 1966.
The Commission did not find any factor relating to the freeboard that had any
bearing on the disaster.

3.3.3 STCW Convention

The International Convention on Standards of Training, Certification and Watchkeeping
for Seafarers (STCW) was the first to establish basic requirements on training,
certification and watchkeeping for seafarers at an international level. The technical
provisions of the Convention are given in an Annex containing six chapters:

1. General provisions.

2. Master-deck department: This chapter outlines basic principles to be observed in
keeping a navigational watch. It also lays down mandatory minimum requirements
for the certification of masters, chief mates and officers in charge of navigational
watches on ships of 200 grt or more.
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3. Engine Department: Outlines basic principles to be observed in keeping an
engineering watch. It includes mandatory minimum requirements for certification of
officers of ships with main propulsion machinery of 3000 kW.

4. Radio Department.

Special requirements for tankers.

6. Proficiency in survival craft.

e

The 1995 amendments represented a major revision of the 1978 Convention (STCW,
1996). The original Convention had been criticized on many counts. It referred to vague
phrases such as ‘to the satisfaction of the Administration’, which admitted quite different
interpretations of minimum manning standards. Others criticized that the Convention was
never uniformly applied and did not impose strict obligations on the Flag States regarding
its implementation.

SCANDINAVIAN STAR FIRE

It was established by the Commission that the crew of 90 persons was sufficient to meet
the safety requirements, even by Scandinavian practice. However, their competence was
not adequate:

e Many of the deck officers lacked safety training or had not attended courses for a
long time.

e The requirement that 48 crew members should be certified as lifeboat-men (verified
competence to handle lifeboats and liferafts) was not met.

e Some of the Portuguese crew members did not speak or understand English or a
Scandinavian language.

3.3.4 MARPOL

Both SOLAS and ICCL have an indirect effect on preventing pollution from ships.
However, there was a dramatic development of specialized tankers after the Second
World War in terms of ship size and complexity of operation. The International
Convention for the Prevention of Pollution from Ships (MARPOL) seeks to address the
environmental aspects related to design and operation of these ships more directly
(MARPOL, 2002).

The Convention prohibits the deliberate discharge of oil or oily mixtures for all
seagoing vessels, except tankers less than 150 gross tons and other ships less than 500 gross
tons, in areas denoted ‘prohibited zones’. In general these zones extend at least 50 n. miles
from the coastal areas, although zones of 100 miles and more were established in areas
which included the Mediterranean and Adriatic Seas, the Gulf and Red Sea, the coasts of
Australia and Madagascar, and some others.
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MARPOL introduces a number of measures:

e Segregated ballast tanks (SBT): ballast tanks only used for ballast as cargo oil is
prohibited. Reduces cleaning problem.

e Protective location of SBT: SBT arranged in bottom or sides to protect cargo tanks

against impact or penetration.

Draft and trim requirements: to ensure safe operation in ballast condition.

Tank size limitation to limit potential oil outflow.

Subdivision and stability in damaged condition.

Crude oil washing (COW).

Inert gas system (IGS) for empty cargo tanks.

Slop tanks for containing slop, sludge and washings.

The implementation of MARPOL is based on a complex scheme where ship size
and whether it is an existing or a new building determine which requirements apply. An
interesting outline of the tankship technology has developed, and the present
environmental challenges are given in NAS (1991).

SCANDINAVIAN STAR FIRE

The vessel had to comply with the requirements of MARPOL 73.
The Commission did not find any factor relating to pollution prevention that had
any bearing on the disaster.

3.3.5 The ISM Code

The introduction of the International Management Code for Safe Operation and Pollution
Prevention (ISM, 2002) represented a dramatic departure in regulatory thinking by the
IMO. It acknowledges that detailed prescriptive rules for design and manning have serious
limitations. Inspired by principles from quality management and internal control, the ISM
Code will stimulate safety consciousness and a systematic approach in every part of the
organization both ashore and onboard.

The ISM Code itself is a fairly short document of about 9 pages. The main intention
with ISM is to induce the shipping companies to create a safety management system
that works. The Code does not prescribe in detail how the company should undertake this,
but just states some basic principles and controls that should be applied. The philosophy
behind ISM is commitment from the top management, verification of positive attitudes
and competence, clear placement of responsibility and quality control of work processes.

The Code states the following objectives for the adoption of a management system:

1. To provide for safe practices in ship operation and a safe working environment;
2. To establish safeguards against all identified risks; and
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3. To continuously improve the safety management skills of personnel ashore and
aboard, including preparing for emergencies related both to safety and environmental
protection.

The Code has 13 chapters, which are listed in Table 3.1. When addressing the effect of
ISM on safety, there are two key aspects: the material content of the regulation, and what
is an acceptable compliance with the Code. In order to implement ISM correctly, certain
elements are required:

e Documentation of how the ISM Code will be implemented.
e External verification and certification.

e Reporting (logging) of the safety management processes.

e Internal (company) verification.

Apart from this, the Guidelines on Implementation of ISM (ISM, 2002) is fairly vague
on how to verify that a safety management system (SMS) conforms with the Code. It

Table 3.1. Organization of the ISM Code elements

Management function Chapter  ISM element
Objective, policy 1.2.2 Provide safe practices, establish safeguards and
continuously improve skills
2 Safety and environmental protection policy
Requirements 1.2.3 Compliance with rules and regulations

Other IMO Conventions: SOLAS, STCW,
MARPOL, COLREG, Load lines, etc.
1.3 Functional requirements: policy, instructions,
authority, communication, accident reporting,
emergency preparedness, audits

Controls Company responsibilities and authority
Designated persons

Resources and personnel

Development of plans for shipboard operations
Emergency preparedness

Maintenance of the ship and equipment

—
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Safety management system Documentation

Implementation of controls Master’s responsibility and authority

Monitoring of the system Reports and analysis of non-conformities,
accidents and hazardous occurrences

12 Company verification, review and evaluation

The periodic system review 13 Certification, verification and control
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admits that certain criteria for assessment are necessary, but also warns against the
emergence of prescriptive requirements and solutions prepared by external consultants.
The obvious philosophy behind this attitude is that the SMS should be an integral
part of the management thinking of the company. In that sense the SMS should
reflect the objectives of the Code but otherwise be implemented in such a way that it is
viewed as an element of the culture, organization and decision-making processes of
the company.

The ISM Code specifies certain requirements for the safety management system (SMS)
of the operating company. In order for the SMS to work, certain distinct functions have to
be in place. The core of the SMS is made up of certain controls which are defined in terms
of (see ISM, 2002):

Responsibility and authority.

Provision of resources and support.

Procedures for checking of competence and operational readiness, training, and
shipboard operations.

e Establishing minimum standards for the maintenance system.

Another key feature of the ISM concept is the definition of a monitoring function,
which is based on audits and reporting of events. The audit will ensure that errors and
shortcoming in the SMS are corrected and that the system is updated in view of new
requirements and experience gained. The auditing and event reporting will also address
operational errors and failures directly and thereby lead to corrective action in terms of
modified systems and improved procedures.

Chapter 13 states that the company should have a certificate of approval which
documents that the SMS is in accordance with the intentions and specific requirements
of the ISM Code. It should be kept in mind that ISM has a relation to existing or
traditional regulatory approaches for design, equipment, training and emergency
preparedness. The Code should be understood in the context of existing safety
regulations that have already been mentioned: SOLAS, ILLC, MARPOL, COLREG
and STCW. ISM does not address any of the specific requirements in these
conventions, but just assumes that the management system should ensure that they
are met.

The ISM Code will be discussed further in Chapter 15 on safety management.

SCANDINAVIAN STAR FIRE

The ISM Code first took effect for passenger vessels in the summer of 1998. Therefore,
it is only possible here to discuss the relevance of the ISM Code in light of the
management shortcomings that were associated with the disaster:

e Lack of safety policy, cross-pressure from management (chapter 2)
e No overall management plan for verifying safety functions (chapter 12)
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e No designated person to coordinate the safety work (chapter 4)

e Hazard identification and risk assessment: establish safeguards (chapter 1.2.2.2) and
identify critical systems (chapter 10.3)

e A number of faults were not detected or corrected; not complying with rules and
regulations (chapter 1.2.3 and chapter 10)

e Incomplete emergency plans and no training or drills (chapter 8)

e Lack of leadership by the Master in the emergency situation (chapter 8)

e Lack of competence in fire-fighting and supervision of evacuation (chapter 8)

3.4 FLAG STATE CONTROL

As already pointed out, the set of internationally accepted safety rules and regulations
are not enforced by the IMO but by the so-called Flag States. The national maritime
administration is acting as Flag State on behalf of the country in question. Based on plans,
technical documentation and inspections, a ship is subject to registration and awarded the
necessary safety-related certificates.

3.4.1 The Seaworthiness Act

Each country has to give a legal basis for exercising this role as Flag State. In Norway
the competence of the Maritime Administration is laid down in the Seaworthiness Act
(Falkanger et al., 1998). The law regulates shipping activity in relation to the public sphere
and also defines the role of the national Maritime Administration (in Norway, the
Maritime Directorate). The key functions specified by the law are:

Safety control activity in general

The competence of the Maritime Directorate
Investigation of accidents (Sea Court)
Inspection and detention (withholding a vessel)
Certificates

Safety and occupational health-related activities onboard
Equipment standard

Cargo condition and safety

Manning and working hours

Control of passenger vessels

Responsibility of Master and Owner

Section 2 of the Seaworthiness Act defines seaworthiness as follows:

A ship is considered unseaworthy when, because of defects in hull, equipment,
machinery or crewing or due to overloading or deficient loading or other grounds, it is
in such a condition, that in consideration of the vessel’s trade, the risk to human life
associated with going to sea exceeds what is customary.
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The law basically applies to vessels greater than 50 gross register tons, but the
Administration (Flag State) may decide that other vessels also have to be built in
accordance with the rules under the law.

The jurisdiction of this law is in principle limited to Norwegian vessels. The maritime
administration acts in this manner as Flag State. However, international law has
developed during the last decades and today accepts that a nation may exercise some
control and, if necessary, detain a foreign vessel viewed as a risk to human life (passenger
transport) and coastal environment (oil pollution). The maritime administration in that
sense acts as a Port State. We will return to this role later.

Shipping activity in Norway or more precisely Norwegian national register vessels
(NOR) are subject to both private and public law. The international register in Norway
(NIS) is regulated through a separate act. Some of the key laws are (Sjofartsdirektoratet,
1988):

1. The Maritime Code (Sjoloven av 24. juni 1994 nr. 39).

2. The Seaworthiness Act (Sjedyktighetsloven av 9. juni 1903 nr. 7).

3. The Seaman’s Act (Sjemannsloven av 30. Mai 1975 nr. 18).

4. Norwegian International Register Act (NIS-loven av 12. juni 1987 nr. 48).

3.4.2 Delegation of Flag State Control

Some Flag States accept foreign vessels and have become what is commonly termed
international or offshore registers. The standard of some of these registers has been
questioned and they have been branded as Flags of Convenience (FOC). They are suspected
to offer registration to foreign owners mainly for economic reasons and are viewed as
having a lenient enforcement of safety regulations. Another characteristic is the lack of or
minimal maritime administration. A common practice is to delegate the control to an
independent certifying authority, primarily classification societies and even consultants.

SCANDINAVIAN STAR FIRE

The ship was surveyed by Lloyd’s Register on behalf of the Bahamas in the first days of
January a few months before the accident. The inspector spent half a day onboard on
this occasion. It was later found that the vessel had a number of faults or defects that
were not detected during the survey. The concrete items were discussed under the
SOLAS section in this chapter. Based on the survey of LR, a new SOLAS Passenger
Ship Safety Certificate was issued. The Nautical Inspector of the Bahamas had no
remarks to the survey made by LR. The Flag State did not survey the vessel after the
modification of the interior and start-up of the new service.

3.4.3 Effectiveness of Flag State Control

Flag State control (FSC) has for years been a key principle in the safety control
of shipping. Based on internationally accepted rules, the safety is to be ensured by
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the maritime authority of the nation of registration of the vessel. It has, however, become
evident that different Flag States have varying competence and motivation to under-
take their role. This was clearly demonstrated in a small survey of the SAFECO I
project (Kristiansen and Olofsson, 1997). Table 3.2 shows the loss rate for some selected
Flag States. It is clear that the annual loss rate may vary by a factor of more than 10.
This great variation can even be observed among European Flag States, as shown
in Figure 3.4.

3.4.4 The Flag State Audit Project

The Seafarers International Research Centre (SIRC) at Cardiff University has
recently undertaken an assessment of the performance of the main Flag States

Table 3.2. Total loss rate by flag for vessels greater than 100 grt

Flag Fleet size Loss rate per 1000
1993 shipyears 1994-95

Denmark 599 3.1
France 769 1.2
Germany 1234 1.3
Netherlands 1006 0.84
Norway 1691 1.3
United Kingdom 1532 2.7
North Europe selected 6831 1.8%
Cyprus 1591 5.3
Greece 1929 1.8
Italy 1548 1.7
Malta 1037 5.5
Portugal 307 —
Spain 2111 3.0
Mediterranean selected 8523 3.2%
Japan 9950 1.3
Korea (South) 2085 4.2
Philippines 1469 2.3
Singapore 1129 0.4
USA 5646 2.4
Bahamas 1121 2.6
Liberia 1611 1.9
Panama 5564 39
Worldwide 80655 2.4

“Weighted estimation on the basis of the selected countries.
Source: World Fleet Statistics and Casualty Return, Lloyd’s Register, London.
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Figure 3.4. Loss rate of European fleet segments, 1994-95: loss rate per 1000 ship-years.
(Med. — Mediterranean countries, North — Northern and Central Europe.)

(Alderton and Winchester, 2001). Some shipowners prefer to register their fleet under a flag
other than the national one. This has been a practice for years but has gained renewed
importance during the present trend toward globalization and deregulation of industry
and trade. Some of these flags lack both motivation and competence to enforce the
international safety standards set by IMO. These flags have been termed Flags of
Convenience (FOC). However, today it seems too simple to distinguish between national
flags and FOCs. The International Transport Workers’ Federation therefore commis-
sioned a study of the performance of the various flags operating today.

The first step in the study was to define a set of criteria for ranking flags. It was decided
to create an index (FLASCI) based on a weighted ranking of following factors:

The nature of the maritime administration
Administrative capacity

Maritime law

Seafarers’ safety and welfare

Trade union law

Corruption

Corporate practice

Nk D=

The relative weighting and detailed factors assessed are summarized in Table 3.3. Data
were retrieved from a literature search, and review of Internet sources and other available
information on the Flag States such as Port State control statistics. The FLASCI scores
are summarized in Table 3.4.

The Flag States got scores of between 19 and 84 and inspection of the findings
suggested that the Flag States might be grouped into five categories, as shown in Table 3.4.
The study clearly shows that flags show greater variation in performance than has
generally been accepted. Some of the main findings were:

e Some of the so-called second registers perform as well as the best national registers:
Norway (NIS), Denmark (DIS), Germany (GIS) and France (Kerguelen Islands).
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Table 3.3. Flag State Conformance Index (FLASCI)

Flag State fleet 15%

FS administrative capacity
30%

FS maritime law 20%

Miscellaneous maritime 5%

Trade union law 10%

Corruption 10%

Corporate practice 10%

Port State control rates
Casualty rates
Pollution incidence
Own-citizen labour force
participation
Death records
Crew records of service
Health screening procedures
and records
Accessibility of
consular services
Enforcement of IMO and
ILO Conventions
Ratification of IMO and ILO
Conventions
Provisions of maritime
legal code
Publication of relevant
law reports
Maritime welfare support and
maritime charities
Maritime interest groups

Legal rights for migrant labour

Independent trade unions

Mediation/arbitration
procedures

Probity of public officials

Misapplication of public
funds

Regulation of financial
institutions

Regulation of non-resident

companies

Own-citizen beneficial
ownership
Abandonment of crews
Appearance in
crew complaints DB
Casualty investigation capacity
Statistics of ships, owners and
labour force
Certification of seafarers
Involvement intraining
and education

Specialist law practitioners
Location of registry
‘Ownership’ of registry

Government ministries with
maritime remit

Stock exchange maritime
listings

State-owned shipping

Provision for trade union
recognition

Enforcement of trade union
recognition procedures

Integrity of political
institutions and legal
process

Corporate integrity

Regulation of accounting
standards

Legal definition of corporate
public responsibility

Source: Alderton and Winchester (2001).

o A few of the established FOCs are performing relatively well: Bermuda (63). Other
FOCs such as Bahamas (43) and Liberia (43) are ranked lower but are still better than

the worst performing.

e There seems to be a clear correlation between low performance and short operation as
flag (new entrants). Port State control of these flags shows a quite high detention rate

as shown in Table 3.5.
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Table 3.4. Ranking of selected Flag States

Category Selected flags (score) Score range

Traditional maritime nations NOR (84), UK (80), DIS (77), NIS (77), 84-72

Centrally operated second Netherlands (76), GIS (75), Kerguelen
registers Islands (72)

Semi-autonomous second Hong Kong (64), Bermuda (63), Latvia (60), 64-58
registers Cayman Islands (62), Estonia (58)

Established open registers Cyprus (50), Malta (49), Russia (48), 50-41
(seeking EU membership) Bahamas (43), Liberia (43), Panama (41)

National registers

New open registers Marshall Islands (36), Ukraine (36), 36-35

Honduras (35), Lebanon (35)

New entrants to the open St. Vincent and Grenadines (30), Bolivia (30), 30-19

register markets Belize (27), Equatorial Guinea (24),

Cambodia (19)

Source: Alderton and Winchester (2001).

Table 3.5. Detention rate for ‘new entrant’ flags

Belize Bolivia Cambodia Equatorial Guinea
Asia—Pacific MOU 24.7% No data  30% 11.1%
(average 7%)
Paris MOU (average 9%) 31.4% 70% 24.8% 14.3%
Blacklisted Blacklisted
USCG (average 5%) 50.6% No data  Too few inspections  28.6%
Targeted Targeted

Source: Alderton and Winchester (2001).

The last point can be explained by the apparent dynamics in the ‘market’ of Flag States.
FOCs will, after some time when they are more established, be under pressure to improve
their performances. As they eventually do this, it will open a market for new flags that
will offer a more lenient safety regime. The SIRC study also showed that the fleets of the
new entrants have a much higher growth rate than the average rate for the world fleet.

The SIRC study also analysed the working conditions on board and it was confirmed
to be a less attractive climate on new entrant flag vessels. This is discussed in Chapter 12
on occupational safety.

3.5 PORT STATE CONTROL
3.5.1 UNCLOS

The basis for international shipping is the principle of freedom of the seas. The
international legal basis is defined in the United Nations Convention on the Law of the Sea
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or UNCLOS (AMLG, 2004). The principle has the following key elements:

e Ships may sail without restriction in all waters on innocent passage (Article 17).

e The country of registration (Flag State) has the sole jurisdiction over the ship
(Article 91).

e Other countries have limited jurisdiction even in own territorial sea.

The coastal state has at the outset the following rights:

e The outer limit of the territorial sea is 12 nm from the coast (baseline) within which it
has full jurisdiction.
e The exclusive economic zone stretches out to 200 nm:
— Very limited control jurisdiction.
— Certain rights to take measures to preserve the marine environment.
— However, the control should be exercised in accordance with international practice
or non-discrimination against foreign vessels (Article 227).

The above means that the coastal states have to exercise their rights with respect to
pollution hazards with delicacy. This becomes even more complicated when a state has
both a substantial international trading fleet and a threatened coast. A good example is
one of the initiatives of Spain and France in the aftermath of the Prestige accident. In an
EU communication the following is stated:

... INVITES Member States to adopt measures, in compliance with international law
of the sea, which would permit coastal States to control and possibly to limit, in a non-
discriminatory way, the traffic of vessels carrying dangerous and polluting goods, within
200 miles of their coastline. ..

This position has been strongly opposed by INTERTANKO, which stresses that
any measure in this area must adhere to international law and more specifically UNCLOS.

3.5.2 MOUPSC

The basic principle is that under the international safety conventions a certificate issued
by Flag State A is equivalent to a certificate issued by state B. However, a Port State may
challenge a certificate if there are indications that the condition of the foreign vessel is not
in accordance with the particulars of the certificate.

The legal basis for Port State control (PSC) in Europe is found in the so-called Paris
MOU (MOU, 2004), the ‘Memorandum of Understanding on Port State Control’ signed
in 1982 by 19 European states and Canada.

The introduction of PSC was initially heavily opposed by shipping interests who feared
that it would have a negative impact on the principle of equal market access and free
competition. But in the end all involved parties acknowledged the shortcomings of Flag
State control and the necessity of giving Port States authority to control shipping in their
own waters.
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The MOU has been given legal basis in national and international law, for instance
in Norway by Regulation of 1 July 1996, No. 774, regarding control of foreign vessels, and
similarly in Europe by Council Directive 95/21/EC of 19 June 1995 (Directives of the
European Commission have status as law).

The objective for each Port State is to control 25 per cent of the foreign flag ships
calling at their ports on an annual basis. An inspection may result in:

e Deficiency: a non-conformity, technical failure or lack of function. A deadline for
correction will be given.

e Detention: a serious deficiency or multitude of deficiencies that must be corrected
before the vessel is allowed to leave the port.

e Banning: ships having a multitude of detentions or lacking an ISM certificate may be
banned from European waters.

Since the Paris MOU was established, a number of similar MOUs have been set up in
other parts of the world. More information is available on the EQUASIS homepage
(EQUASIS, 2004).

The findings and actions of Paris MOU are published in yearbooks (MOU, 2004).
A summary of the number of inspections and relative frequency of deficiencies and
detentions is shown in Figure 3.5.

Table 3.6 gives a summary of the relative deficiency rate for specific inspection areas.
The following areas have a relative high frequency:

e Life-saving appliances
e Safety in general
e Safety of navigation

The Flag States show quite different performance in terms of deficiencies and
detentions. The worst performing states are shown in Figure 3.6. Both ‘classical’
FOCs and new entrants have a quite high detention rate: Honduras, Belize and
St. Vincent & Grenadines.

SCANDINAVIAN STAR FIRE

It became clear as a result of the accident investigation that neither the Danish nor the
Norwegian Maritime Administration had been active in any way in connection with
the start-up of the line between Oslo and Fredrikshavn. In fact it has been speculated
whether the administrations were aware of the existence of the vessel at all. It has also
been put forward as a theory that the administrations were reluctant to exercise their
Port State control authority for fear of reprisals towards own-flag ships abroad.

The vessel was subject to Port State control in the USA in January but the
Commission report does not refer any findings.
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Figure 3.5. Port State control findings by Paris MOU. (Source: MOU, 2004.)




Table 3.6. Deficiency rate in % for inspection areas

No. of Def. in % of Ratio of def. to Ratio of def. to
deficiencies total number inspections x 100 indiv. ships x 100
2000 2001 2002 2000 2001 2002 2000 2001 2002 2000 2001 2002
Ship’s certificates and 3465 3581 3369 5.1 5.2 488 18.8 19.2 17.04  30.8 30.7 28.50
documents
Training certification and 1179 1302 5522 1.7 1.9 7.99 6.4 7.0 27.94 10.5 11.2 46.71
watchkeeping for seafarers
Crew and Accommodation 1963 2113 1853 2.9 3.1 2.68 10.7 11.3 9.37 17.5 18.1 15.67
(ILO 147)
Food and catering (ILO 147) 1031 876 664 1.5 1.3 0.96 5.6 4.7 3.36 9.2 7.5 5.62
Working space (ILO 147) 678 703 602 1.0 1.0 0.87 3.7 3.8 3.05 6.0 6.0 5.09
Life-saving appliances 10942 10516 9009 162 153 13.04 59.5 56.3 45.58 973 90.2 76.20
Fire safety measures 8789 8547 8158 13.0 124 11.81 478 45.8 41.27  78.1 73.3 69.00
Accident prevention (ILO 147) 1506 1586 1429 2.2 2.3 2.07 8.2 8.5 7.23 13.4 13.6 12.09
Safety in general 9243 8951 9306 13.7 13.0 1347 502 479 47.08 822 76.8 78.71
Alarm, signals 330 326 301 0.5 0.5 0.44 1.8 1.7 1.52 2.9 2.8 2.55
Carrtage of cargo and 836 1323 1028 1.2 1.9 1.49 4.5 7.1 5.20 7.4 11.3 8.69
dangerous goods
Load lines 3816 3906 3507 5.6 5.7 5.08  20.7 20.9 17.74 339 33.5 29.66
Mooring arrangements 878 1109 1060 1.3 1.6 1.53 4.8 59 5.36 7.8 9.5 8.97
(ILO 147)
Propulsion and aux. machin- 3671 3713 3606 5.4 5.4 522 20.0 19.9 1824 326 31.8 30.50
ery
Safety of navigation 8055 8315 6769 119 12.1 9.80 438 44.5 3425  71.6 71.3 57.25
Radio communication 2638 2703 2421 39 39 3.50 143 14.5 12.25 235 23.2 20.48
MARPOL, annex I 4875 5116 4421 7.2 7.4 6.40 26.5 27.4 22.37 433 439 37.39
Oil tankers, chemical tankers 212 151 202 0.3 0.2 0.29 1.2 0.8 1.02 1.9 1.3 1.71
and gas carriers
MARPOL, annex II 71 43 64 0.1 0.1 0.09 0.4 0.2 0.32 0.6 0.4 0.54
SOLAS-related operational 1132 1262 1353 1.7 1.8 1.96 6.2 6.8 6.85 10.1 10.8 11.44

deficiencies
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(continued)

Table 3.6. Continued

No. of Def. in % of Ratio of def. to Ratio of def. to
deficiencies total number inspections x 100 indiv. Ships x 100

2000 2001 2002 2000 2001 2002 2000 2001 2002 2000 2001 2002

MARPOL-related operational deficiencies 618 456 341 09 0.7 049 34 2.45 1.73 5.5 3.9 2.88

MARPOL, annex III 31 13 21 0.0 0.0 0.03 02 0.1 0.11 0.3 0.1 0.18

MARPOL, annex V 742 758 701 1.1 1.1 1.01 4.0 4.1 3.55 6.6 6.5 5.93

ISM 929 1239 3210 14 1.8 4.65 5.0 6.6 16.24 8.3 10.6  27.15

Bulk carriers, additional safety 9 50 51 0.0 0.1 0.07 0.0 0.3 026 0.1 0.4 0.43
measures

Other def. clearly hazardous to 44 33 4 0.1 0.1 0.07 0.2 0.2 024 04 0.3 0.41
safety

Other def. not clearly 52 65 63 0.1 0.1 0.09 0.3 0.3 032 0.5 0.6 0.53
hazardous

Total 67735 68756 69079

Source: MOU (2004).
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Figure 3.6. Detention rate in % for Flag States above the average rate. (Source: MOU, 2004)

3.6 CLASSIFICATION SOCIETIES

Classification Societies are independent bodies which set standards for design,
maintenance and repair of ships. The Classification building rules cover:

Hull strength and design
Materials

Main and auxiliary machinery
Electrical installations
Control systems

Safety equipment

A vessel is given a class certificate on the basis of drawings, engineering
documentation, inspections during building and tests. A classed vessel will be surveyed
on a regular basis and given recommendations for necessary maintenance and repair in
order to keep its class.

The class is the basis for negotiating insurance of the vessel. The class in this sense is a
kind of quality check for the insurance company. The Classification Society has otherwise
no official role relative to international and national regulation. This is, however, not quite
correct, as national regulation (Regulation of 15 September 1992, No. 695, on building of
passenger and cargo vessels and barges) lists the following accepted Class Institutions:

Det Norske Veritas (DNV)

Lloyd’s Register of Shipping (LRS)
Bureau Veritas (BV)

Germanischer Lloyd (GL)

American Bureau of Shipping (ABS)

RAREE A
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There are about 40 class institutions in all and an owner is, in principle, free to select
a class among those institutions. As the owner has to pay for the class and associated
services, it may become a matter of trade-off between safety and cost:

Class institutions offer different standards, control regimes and tariffs.
They compete on price.

Some are not serious in enforcing control and follow-up maintenance.
Owners may ‘jump between institutions’ to avoid costly maintenance.
Change of class means that an outstanding survey is delayed for 3 months.

Port State control clearly documents that the performance of the classification societies
differs quite substantially (Figure 3.7). The best classes have a detention rate in the order
of 1% whereas the worst are as high as 35%. The most notorious ones are: Register
of Albania (RS), International Register of Shipping — USA (IS), International Naval
Surveys Bureau — Greece (INSB) and Bulgarski Koraben Registar (BKR). Against this
background, certain Flag States are contemplating banning vessels classed in specific
classification societies.

The serious class institutions are organized in IACS (International Association of
Classification Societies). The members cooperate in order to attain a harmonized standard
for the serious institutions. Finally, it should be pointed out that the serious institutions
maintain a high professional standard and contribute in many ways to the advancement of
the safety standard.

As already pointed out, the Classification Society may also undertake control tasks
on behalf of a Flag State administration. Presently they also undertake auditing tasks and
assignment of ISM Certificates.

SCANDINAVIAN STAR FIRE

As already discussed in relation to Flag State control and SOLAS, there were some
shortcomings of the control that also were relevant for the class survey:

e A number of technical faults and missing components.
e No survey was undertaken immediately before the start-up of the operation
in Scandinavia.

3.6.1 The Maritime Code (Sjgloven)

The Maritime Code (MC) covers the legal aspects of shipping and ship operation as a
commercial activity. The law can be summarized by the following keywords:

e Registration of vessel
e Partnerships
e The Master of the vessel
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Figure 3.7. Detention rate of classification societies (MOU, 2004).

Liability, and limitation of liability
Contracts of affreightment, bill of lading
Carriage of passengers

Oil pollution and environmental liability
Liability for collisions

Salvage

Marine insurance

Maritime inquiries

One of the controversial aspects of the Scandinavian Star accident was the unclear
ownership and the lack of involvement from Scandinavian maritime administrations.

SCANDINAVIAN STAR FIRE

The ship was owned and operated by a number of companies within the VR DaNo
group which in itself was not a legal entity. The ownership was related to K/S
Scandinavian Star, which chartered the vessel to Project Shipping Ltd on a bare-boat
basis. The manned vessel was further transferred on a time-charter to VR DaNo ApS.
As far as the investigation could establish, all these companies were related to a group
of persons representing a sphere of interests. The identity of the real owner was unclear
at the time of the accident and has yet not been fully established. It has been indicated
that the Danish owner only fronted for other parties, among which some well-known
Scandinavian companies have been mentioned. A more detailed description of the
company and owner structure is given in Figure 3.8.

The vessel had registration on the Bahamas under their Merchant Shipping Act of
1976. That means that neither the Norwegian nor the Danish Flag State administra-
tions were involved in the registration, and therefore had no direct jurisdiction over the
company or the vessel.
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Figure 3.8. Companies in the VR DaNo group.

The Master of a vessel has a special position in comparison to the other crew members.
The MC Chapter states that the Master:

Has the highest authority on board

Is responsible for seaworthiness

Is responsible for seaworthiness in relation to the cargo
Has the power to enter a contract with a salvage tug



3.6 CLASSIFICATION SOCIETIES 79

This philosophy has a historic background based on the fact that in the age of the
sailing ships, the shipowner had no daily control over his vessel and had to rely on the
trust and competence of his representative on board, namely the Master.

In today’s world of modern communication, the Master has the opportunity to report
and confer daily with the manager. Likewise the manager has the complete freedom
to instruct and control his vessel in detail. This means that the role of the Master has
changed significantly. This fact makes his unique authority and responsibility somewhat
outdated.

SCANDINAVIAN STAR FIRE

The Master entered the ship on 23 March, roughly two weeks before the
tragedy. During this short period the vessel was subject to continued modi-
fication work, manning and preparation of the operation. The clear message
from the owner was to get the vessel ready. The Master spent considerable time
on checking safety systems on board, and it must have become clear to him
that the vessel was not operationally ready with respect to vessel, manning or
routines.

There was no indication that the Master took this problem up with the
owner or tried to delay the start of the operation. This would have required
considerable personal and moral strength. Given the determination of the ship-
owner and the fact that the Master had got this commission after a consider-
able period of unemployment, the legal status of the Master becomes less
meaningful.

3.6.2 Liability

Liability in case of sea transport is a large and complex topic. Here we shall only comment
on liability in relation to passengers and environment.

The Norwegian Maritime Code §418 covers the matter of liability in case of personal
injury and death to passengers. Liability will be imposed under circumstances where the
injury is caused by fault or neglect of the carrier. An important requirement, however, is
that the claimant must prove that:

e The harmful event took place during the voyage, and
o Was the result of fault or neglect by the carrier.

In other words, liability stemming from personal injury is objective. Presently §422 limits
the compensation to NOK 1,622,500 per passenger.

During the last 20-30 years the world has witnessed a number of serious ship accidents
with massive spills like Torrey Canyon, Amoco Cadiz and Exxon Valdez. This soon raised
the matter of liability related to environmental harm. The so-called CLC Convention
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(the intervention and liability convention) was approved in 1969. It represented a radical
change in stating that:

e Owners of ships transporting oil as bulk cargo are made strictly liable for oil
pollution, with virtually no exceptions, and
e The amounts could only be limited to sums much larger than the general rules.

This means that, contrary to personal injury, in the case of an environmental accident a
claim can be put forward without proving negligence.

The United States has introduced its own rules through the Oil Pollution Act (EPA,
2004), which gives the plaintiff almost unlimited right to make the shipowner liable.

Activities on board a vessel may also be subject to prosecution under the Norwegian
Criminal Code of 1902. §12 contains rules with respect to personal acts and §48 covers the
provisions for companies. The main principle is that the same laws that apply ashore also
apply on Norwegian vessels.

SCANDINAVIAN STAR FIRE

The owner of Scandinavian Star was made liable and sentenced for fault and neglect
mainly for securing adequate operational readiness. However, the fine was symbolic.
The passengers and relatives of the deceased were compensated as a result of a joint
agreement between the group and SKULD which covered the P & 1 insurance
(protection and indemnity or third-party liability).

It has also been speculated that the shipowner accepted the fine immediately, rather
than entering into legal battles over the ownership. If fraudulent circumstances had
surfaced as a result of a legal process, substantially larger fines might have been the
consequence.
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STATISTICAL RISK MONITORING

A paradox of life: The risk taker may be undeservedly lucky, whereas the
prudent person may be struck by a catastrophe.
(Attributed to J. Reason)

4.] INTRODUCTION

In order to manage risk it is of key importance to be able to monitor the safety level of the
operation. Key risk parameters are accident frequency and expected consequences in terms
of human suffering, environmental damage or economic loss. It is clear that accidents are
the result of complex interactions within the system, in relation to the operators and to the
environment. This means that both the occurrence and outcome of accidents are to some
degree stochastic in nature. It is therefore important that the risk manager has a good
understanding of how statistics can be used in the monitoring of accident phenomena. The
following presentation will highlight some key topics from statistical theory with strong
emphasis on the practical application in risk management.

4.2 STATISTICAL MEASURES

Let us consider a random variable with a known probability density function. The variable
may be characterized with certain statistical measures.

4.2.1 Mean,Weighted Mean

The mean of a random variable is also termed the average or expected value. It may be
viewed as the centre of gravity of the associated distribution. The most straightforward
way to compute the mean accident frequency rate (AFR) is to apply the sample mean for
N observations with value X

X =

=z -

N
>
i=1
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Observe that we use the symbol u for the mean of the true population ( population mean).
Recall that a sample is drawn from the true population and may therefore be seen as
a subset.

The mean may also be based on grouped observations of the random variable and the
weighted mean may then be more relevant:

_ 1 X
X:M;ple

where p; denotes the probability of observing a member of group i with mean X; and M is
the number of groups. Given that a group has N; observations and the total number of
observations is N, we have:

z|=

Di

Example

The number of accidents among crew groups in a shipping company has been investi-
gated. The results are shown in Table 4.E1 in terms of the accident frequency rate (AFR).
The mean AFR computed as the simple mean is:

AFR =1(54 10425415420+ 17)

=15

The average accident frequency rate for the total seagoing workforce in the company is, in
other words, 15 accidents per 200,000 work-hours.

However, this way of computing the mean does not reflect the fact that some of the
largest crew groups have an AFR higher than the estimated mean. It may therefore seem

Table 4.El. Number of work accidents in a company: accident frequency rate (AFR) in terms of number
per 200,000 work-hours

Crew category Master Mates Deck Engineer Engine Catering,
ratings officers ratings hotel
Accident Frequency 5 10 25 15 20 17
Rate (AFR)
Fraction of workforce 5 25 25 20 20 5

(%0)
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more relevant to estimate the weighted mean where the relative magnitude of the groups is
taken into consideration:

AFR :%(0.05 -540.25-10+0.25-25+0.20- 154 0.20 - 204+ 0.05 - 17)

=17

This gives a somewhat higher value for the AFR than the previous estimate.

4.2.2 Median

The median is found by arranging the observations in ascending order and selecting the
middle data point. Let us assume the following sample space of five observations:

S=1{1,3,5,8, 10}

The median is evidently 5, whereas the mean is 5.4. Another way is to define the median
as the value corresponding to 50% probability of exceedance. In general, the mean
is preferred to the median as it expresses the ‘gravity’ point of the sample. However,
a useful property of the median is its ability to ignore outliers. Assume a data set where
one extra observation is added that has a value significantly higher or lower than the
initial observations. This extreme value will not change the median value as much as
the mean.

4.2.3 Dispersion, Variance, Standard Deviation

An immediate question is how well the mean value reflects the observation data. In other
words, how much can an observation be expected to deviate from the mean? This
parameter is called the variance and is computed as the mean of the sum of squares of
deviations. More often we prefer to use the standard deviation that is given by the square
of the variance. The population standard deviation is:

L S

In a practical situation we have only a limited set of observations of the true
population or a sample. As an estimate of the standard deviation we apply the sample
standard deviation given by following a slightly different expression:

= \/ﬁ S (G-
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Recall our example of the observation of the accident frequency rate AFR where the
simple mean was estimated to be 15. The sample standard deviation can be computed as
follows:

5= \/é [(5—15)" + (10 — 15)* + (25 — 15)* + (15 — 15)* + (20 — 15)* + (17 — 15)°]

1

=/254/(6 — 1) =/50.8 = 7.1

The standard deviation for our observations of AFR is 7.1. As a digression it should be
pointed out that there is no obvious reason behind the definition of the variance or
standard deviation other than that by squaring the deviations one avoids deviations with
the opposite sign cancelling each other out in the expression.

4.3 DISCRETE PROBABILITY DISTRIBUTIONS
4.3.1 Definitions

It is useful to make a distinction between discrete and continuous probability models. A
discrete model has a set of discrete outcomes, as for instance the number of dots on each
face of a dice:

Q={X1, X2,.... X¢} ={1,2,3,4,5,6}

A more precise definition is:

0=<pX) <10
p(X1) +p(X2) +p(X3)+--- = 1.0
For a ‘fair’ dice the probability of each outcome will be the same:
p(1) = p(2) = p(3) = p(4) = p(5) = p(6) = %
The probability density function (PDF) for a discrete function takes the graphical form of
a histogram as indicated in Figure 4.1.
The cumulative distribution function (CDF) expresses the probability that the outcome

X is equal to or less than a given value x:

F(x) = P(X < x)
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Figure 4.1. Probability density function of discrete distribution.
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Figure 4.2. Cumulative distribution for discrete distribution.

The format of CDF for a discrete distribution is shown in Figure 4.2. Observe that the
CDF is a monotonous function between 0 and 1.0.

4.3.2 The Binomial Distribution

Let us assume that we are performing a series of n independent experiments where the
outcome is either a success or a failure. The probability of success for each experiment
is p. The number of successes in n experiments is given by a binomial distribution with the
parameters (7, p):

n! -x, _
p0 = P =)= (e )P =0

The expected value and variance of X are given by:

EX)y=p=n-p varX=0>=n-p-(1-p)
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It can also be shown that if X is binomially distributed with the parameters (n, p), and
further that » is large and p is small, one has that X is approximately Poisson distributed:

p(x) = (n"> px (l _p)nfx I me?)(efr1P

x!(n — x)

The expected value is:

Example
Problem

A component is mass- produced and the quality control has determined that 10% of
the output is defective. The control of a shipment of 45 components found that 11 were
defective. The question arises whether this is an appallingly high rate for the shipment.
Does 11 defective components out of 45 or 24.4% indicate a lower quality than initially
established?

Solution

This problem may be answered by computing the probability of getting at least 11 defects
in a total sample of 45 by applying the following sum expression:

Pz =1=30 () ra—pr

The first expression is:

45
_ 45! 11 4511
PX>11)= ; (M) -0.10" (1 = 0.10)

Keep in mind that the success probability (p) is identical with the defect probability in this
case. The probability of at least 11 defects can be looked up in a table for cumulative terms
of the binomial probability distribution with the values (n, x, p) = (45, 11, 0.10) and gives
0.004. The probability of having at least 11 defects is 0.4% or, in other words, a fairly
remote event. One can conclude that the shipment does not meet the quality standard.

4.3.3 The Poisson Distribution

The Poisson distribution is widely applied in reliability and risk analysis. It is especially
useful for describing the number of failures in a given period of time ¢. Like the binomial



4.3 DISCRETE PROBABILITY DISTRIBUTIONS 9l

distribution it is a discrete distribution by only taking on integer values:
1
P{C()} ==©@-1)'e” 4.1)
n!

where C(f) =number of failures in the period 7, and n=1,2,3,....
By assuming a standardized period ¢ and introducing the parameter A:

A =06t

Eq. (4.1) can be given in a simplified form:

X

A
PW:ﬂzij
X

As can be seen from the expression, the Poisson distribution has only one parameter,
namely A. It can further be shown that this parameter expresses both the mean and
the variance:

"
2

A
o A

As can be seen in Figure 4.3, the density distribution is asymmetric for low values
of A (0.5) and becomes more and more symmetric as A increases in value as indicated for

0.5 2.0

0.3
p(X)
025

02

0.15

01

0.05

1 2 3 4 5 6 7 8 9 10 11 12 13 14 1§ x16 17 18 19

Figure 4.3. The Poisson PDF for A=0.5, A\=2.0and A =8..
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the A values 2.0 and 8.0. Apart from changing from asymmetric to symmetric form, the
dispersion increases considerably. The standard deviation for A=0.5 is 0.5"2=0.707
whereas for A = 8.0 it is 8.0'/> = 2.828. This means that for the higher values of A the degree
of variation (or uncertainty) becomes pronounced.

The fact that the Poisson distribution becomes symmetrical for higher values of A
makes it suitable for approximation by other and more computable distributions such as
for instance the normal distribution. This topic will be discussed later.

The cumulative distribution function (CDF) can be computed by the following
expansion:

2 X

Fx)=PX <x)=e +Ae**+%e**+...+£,m
: X

or

o0 X ,—A
F(x):l—z(kxe! )

Both expressions can also be looked up in a Poisson table. It has been found that the
distribution applies for phenomena with following characteristics:

e The events are independent of each other in non-overlapping time intervals.

e The probability of an event is proportional to the length of the period.

e The probability of having more than one event in a small time frame is small compared
to the probability of having one event.

As already pointed out, the Poisson distribution is often applied to estimate the
number of failures or errors for a given period of time. The following assumptions must
be satisfied:

e The individual failures are independent events.
e The probability of occurrence of a single event must be small.
e The opportunity of occurrence (exposure) should be high.

It should also be noted that the binomial distribution may be approximated with the
Poisson if n is large and p is small. The parameter is given by A =np.

Example
Problem

The average number of work-related fatal accidents (deaths) for a fleet of vessels
has been estimated to be 0.5 persons per year for a period of some years. However,
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for the last year the same fleet has reported 3 fatal accidents. The management is
therefore concerned about whether the risk level has increased during the last reported
period.

Solution

The number of fatalities per year is assumed to be Poisson distributed with mean A =0.5.
The probability of having exactly 3 deaths per year is:

P{X=3}= %(0.5)3 e 9% =0.0126

Assuming that the risk level is unchanged, the probability of having 3 fatalities is, in
other words, 1.3%, which indicates that this is a fairly remote event. However, the correct
way of assessing the situation is to estimate the probability of having at least 3 fatalities
per year:

N (e799:0.5¢
P(X >3)= ZP(X> :Z( )

-2 ()
x=0 :

=1-0.6065—0.3033 — 0.0758

M

=0.0144

We see from this result that the probability of having 3 fatal accidents per year is still less
than 1.5%. This may therefore be taken by the management as an indication that the risk
level of the fleet has in fact increased.

A more formal conclusion may be stated as follows:

The null-hypothesis Hy: A=0.5
Significance level: a=5% (the accepted risk for rejecting a true Hy)

P(X > 3) = 0.014, which is less than & = 0.05
The observation is outside the confidence interval and the conclusion is that

H, must be rejected; or in other words, A # 0.5
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The PDF and CDF for a Poisson distribution with A =0.5 are shown graphically and in
the table below.

B Accidents/year PDF CDF
ja 0 0.60653 0.60653
1,00000 . 030507 0,509
0,80000
0,60000 2 0.07582 0.98561
0,40000 3 0.01264 0.99825
0,20000 - 4 0.00158 0.99983
0,00000 - 5 0.00016 0.99999
01234656867 6 0.00001 1.00000
7 0.00000 1.00000

4.3.4 The Uncertainty of the Estimated

In certain situations we are concerned with the uncertainty of the estimated parameter
of the Poisson distribution, A. As we recall, the parameter expresses both the mean and
the variance.

Let us illustrate this by the following example. A port has kept a close look on the
accident record for some years and has established the following time series for the
number of accidents and number of calls (ship visits):

1989 1990 1991 1992 1993 1994
Accidents/year 8 6 7 7 9 11
Calls/year 23,529 27,270 25,925 24,140 25,000 21,430
Accidents/10,000 visits 3.4 2.2 2.7 29 32 5.6

The port management has been concerned about the seemingly high accident frequency
reported for 1994. Again, the question that might be raised is whether this indicates a loss
of control over safety for the port.
The previous safety level may be expressed by means of the average accident rate for
the 5-year period (1989-93):
Mean number of accidents/year: N, =8+4+6+74+74+9=37
Mean number of calls/year: N, =23,529+27,270+ 25,925+ 24,140+ 25,000
=125,864
The meanloss rateis A = N,/N, =237/125,864 =2.94 accidents/10,000 calls.
The 5-year average loss rate for the most recent period (1990-94), which includes the
high value for the last year, is:
Mean number of accidents/year: N, =6+7+74+9+11 =40
Mean number of calls/year: N, = 27,270 + 25,925 4 24, 140 + 25,000 + 21,430
= 123,765
The mean loss rate is A = 40/123, 765 = 3.23 accidents/10, 000 calls.
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In other words, it can be concluded that the 5-year average loss rate has increased from
1993 to 1994. The remaining question, however, is whether this increase is significant
or not. The following statistical knowledge can be applied.

For the sum of k observations of a variable X that are Poisson distributed, we
have that:

Z/» X is also Poisson distributed with the parameter k6

This fact can be applied as follows: The number of accidents in the first period was 37.
By looking up a Poisson distribution table we find the confidence limits for the
parameter . =37:

Assumed significance level: a=0.05
Confidence interval: 260 < X X <51

The corresponding confidence interval for the average accident rate is computed by
division with the accumulated traffic:

26.0 __sl
12,5864~ ~12.5864

= 2.07 < 0 < 4.05 (accidents/10,000 calls)

We recall that the average loss rate for the recent period was 6 =3.23. This value lies
within the confidence limits of the former average value. We can therefore conclude that
the increased accident rate in 1994 is not sufficient to say that the average accident
rate is increased significantly. By applying 5-year average values, one has in fact taken
a conservative position with respect to risk management. This can be demonstrated
by applying the earlier simple Poisson model:

Assume following mean accident rate: A =2.94 =3
The probability of having at least 6 accidents in one year is looked up in a table:
P(X <5)=10.916; P(X>6)=1-0.916 = 0.084
It can be seen that the probability of having at least 6 accidents is 8.4%, which is within

the confidence interval. This approach also shows that we do not have an indication of
an increased risk level in the port.

4.4 CONTINUOUS DISTRIBUTIONS

Another important group of statistical distributions are the so-called continuous
distributions, where the outcome may take any real number in a given range.
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Figure 4.4. Continous PDF.

They are defined as follows:

1. The probability density function (PDF) may take any value between 0 and 1.0 as
illustrated in Figure 4.4.
2. The area under the curve of the PDF is equal to 1.0.

These properties are expressed as follows:

0<pX) <10

/_:p(X)-dle.O

The cumulative distribution F(x) expresses the probability that the random variable X
is less than or equal to a given value x:

X
Fx)=P(X <x)= / f(x) - dx
Conversely the probability of observing a higher value is given by following expression:
PX > x)=1.0—- F(x)

The nature of a cumulative distribution is indicated in Figure 4.5. By definition the
function approaches 1.0 asymptotically.
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Figure 4.5. Cumulative probability distribution.

4.4.1 The Normal Distribution

Certain risk and engineering problems apply the normal or Gaussian distribution. The
variable X is said to be normally distributed with mean u and variance o° and is written
N(it, o). The probability density function is given by:

, 1 2,002
flx) = e~/ (20%)
o2

By introducing the standardized variable:

the PDF takes a simpler form:

1
8 == 212

The further implication of this definition is that variable Z is also normally distributed
with the parameters N(0, 1). The PDF is bell-shaped as shown in Figure 4.6.

Example
Problem

The maintenance of the steering system of a vessel involves testing the voltage in a critical
circuit. The voltmeter is supposed to read 0 volts in a specific circuit if the system is OK.
The reading of the voltmeter can be expressed by z. Past experience has shown that the
readings have a mean value of 0 volts and a standard deviation of 1 volt when the system is
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Figure 4.6. Normal distribution, probability density function.

in an acceptable condition. Find the probability that the reading of the voltmeter will show
a value between 0 and 1.43 volts.

Solution

The problem can be expressed as follows: P(0 < z < 1.43). This represents the area under
the curve from 0 to 1.43.

0.4236

By looking up a table for the normal distribution, one may read the value of the area
under the curve from zero to a given value z. The table below indicates the layout. The
first two digits are found in the left-hand column (1.4), and the third digit is found by
scanning across the top row (0.03). The value of the area is found in the crossing of the
row and column.

z 0.0 0.01 ... 0.03
0.0
0.1

1.4 0.4236
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4.4.2 Poisson Approximation

As discussed earlier, the number of accidental events in a given time period may be
described by the Poisson distribution. However, it was also pointed out that this
distribution becomes increasingly symmetrical for greater values of the parameter A.
This fact can be utilized in computations. An approach might be to substitute the Poisson
with the normal distribution.

Let us take following situation. A shipping company has experienced 20 serious
occupational accidents on average per year for the last ten years. For the last year,
however, 29 serious accidents were reported. The question again is whether this indicates
a higher risk level. Let us assume that the annual number of serious accidents is Poisson
distributed with A =20. The probability of having at least 29 observations (X) is given by
looking up a table:

P(X>29)=1—P(X <28) =1 —0.966 = 0.034

It can, however, be shown that the Poisson distribution is increasingly well approxi-
mated by the normal distribution for increasing values of A:

P(X_ * < z) — G(2)

Vv
The mean is given by: L=A
and the standard deviation by: o=

Let us apply this approximation to the example above:

—1—$(1.9) =1 —0.9713 = 0.029

We see that this approximation gives a somewhat smaller value but still outside the
confidence interval corresponding to a significance level of o« =0.05.

4.4.3 Estimating the Mean of a Normal Distribution

Given n observations drawn from a normal distribution with unknown mean u and
unknown standard deviation o, we have a distribution of uncertainty for the true mean
given by the Student-¢ distribution:

w=tn—1)G/vn+X
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or

= t(n — 1)(%) +X

where t(n — 1) is the Student-t distribution with (n — 1) degrees of freedom, s is the sample
standard deviation and & is the unbiased single point estimate of the true standard
deviation. The Student-r distribution is symmetric and unimodal about zero. The
distribution is somewhat flatter than the N distribution. For larger values of n (n > 30)
the expression can be approximated by:

Ky —
u ~ Normal(0, 1)<7 + X
vn—1

~ Normal (Y, jﬁ)

4.4.4 Monitoring Accident and Loss Numbers

The annual figures for losses and serious accidents for Norwegian vessels are reported
regularly. Table 4.1 shows a set of data for a 10-year period (1983-92). The number of
total losses varied between 6 and 24 with a mean value of 15.4. The loss number has in
other words varied by a factor of 4 within this period, and this is reflected by a high value
for the standard deviation (6.3). See the plot in Figure 4.7.

Table 4.1. Losses and serious accidents, 1983-92

Year Total losses Serious accidents Fleet size
(No.) (No.) (No.)
1983 22 211 4782
1984 10 195 4762
1985 13 190 4643
1986 12 205 4444
1987 24 156 4364
1988 23 196 4600
1989 19 169 4750
1990 15 189 4839
1991 6 177 5000
1992 10 186 4545
Mean 15.4 187.4 4672.9

St. dev. 6.3 16.5 191.7
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Figure 4.7. Annual number of total losses.

One may then question what is the uncertainty related to the estimated mean loss rate
on the basis of the given data. In accordance with the model outlined in the previous
paragraph, we have:

w=+tn— 1)<JI:__1) +X =4410- 1)(\/160'3__1> +154=249)-2.1+154

Looking up a table for the Student-¢ distribution with 9 degrees of freedom and CDF
value F(¢)=0.95 gives r=1.833. This gives the following maximum and minimum values
for the mean:

Mmax = 1.833-2.1 4154 =19.2; Umin = —1.833-2.14+ 154 =11.6
The 90% confidence interval for u (0.05-0.95) is therefore:
uw=11.6—19.2 (losses/year)

This shows that the uncertainty related to the mean loss number is considerable and that
one should be cautious about drawing any conclusion about changes in risk level from
single observations of loss numbers.

Observing the trend for losses in Figure 4.7, it might be tempting to postulate some
kind of cyclical character for the period. The period started with a high value in 1983, then
showed reduced frequency until 1987-88 when there was another peak, before the number
again started to decrease. However, one should keep in mind that the absolute number
of annual losses is fairly small and therefore does not give a firm basis for any such
conclusion about trends. This is supported by the serious accident data shown in
Figure 4.8. We see that the cyclical tendency is less pronounced for the annual accident
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Figure 4.8. Serious accidents and total losses, 1983-92.

figures. The data are to a certain degree giving an opposite message as we have a minimum
in 1987 and secondly a downward trend for the whole period.

The average number of serious accidents and losses is 203 per year. These numbers
been adjusted for variation in exposed fleet size.
In the same manner as for losses, we may check the uncertainty related to the mean
accident number:

w==+tn— 1)(\/%_&—|—7=:l:z(10—1)(\/%)4—203::&1(9)-6.0—#203

Applying the Student-z distribution with 9 degrees of freedom and CDF value F(z) =0.95,
we had already found 7= 1.833. This gives the following maximum and minimum values:

Mmax = 1.833-6.0 +203 = 214; Mmin = 1.833-6.0 +203 =192
The 90% confidence interval for u (0.05-0.995) is:
u = 192—-214 accidents and losses/year

It is evident that the relative uncertainty for the annual accident numbers is considerably
smaller.

4.4.5 Analysis of Time Series

In the discussion of the time series data in the previous section, the matter of trends
or cycles was commented on briefly. We will look further into that problem here. The
data for losses and serious accidents are shown in a line diagram in Figure 4.9. Although
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Figure 49. Losses and serious accidents.

the curve for annual figures shows some fluctuation, there is an indication of a weak
downward trend.

One way to clarify possible trends is to apply so-called moving averages. A two-period
moving average is computed as follows:

Yzz =Y+ Y,-1)/2

The general expression for the n-period moving averages is:
Yiy=(Y,+ Y1 +...+ Y nu)/N

The curve for the two-period moving averages is shown for the accident data in
Figure 4.9. 1t is clear that this technique removes some of the ‘noise’ and makes the trend
more visible.

However, in order to get a firmer idea of the presence of a trend, application of
regression analysis might be a better approach. A linear regression model expresses the
stochastic variable Y as a function of X:

Y=B+p -X+e
where:
Bo intercept parameter

B1 = slope parameter
& = random error
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The random error ¢ represents the difference between the true value of Y and the value
given by the regression model. The basis for estimation of the model parameters is the
following expression:

?Zbo-i-bl-X

The parameters by and b; are estimated by the so-called least squares method which
minimizes the sum of squares of difference (SSD) of the estimated value of Y and the
measured value, or the residual SSD:

- 2
SSD(res) = Z (Y— Ym)
It can be proved that the parameters are given by:

b _Z(Xm_X/)(Ym_Y)
1=

Z(Xm - X/)2

bp=Y—-b-X

A simpler way to compute this parameters is to apply the Solver function in the
Microsoft Excel spreadsheet to find values for by and b, that minimize the expression for
SSD(res). By applying the least squares method, the following linecar model is estimated
for the total number of losses and serious accidents per year:

Nrgsa= 2158 +2.87 (1983—YEAR)

Some of the computations are shown in Table 4.2. By introducing the linear model,
the standard deviation relative to the regression line was reduced somewhat in relation to
the original value:

Owotal = 18.1  was reduced to  opes = 15.9

But the values also show that a considerable part of the variation is not accounted for by
the linear model. Another way of expressing the goodness of fit of the model is to take the
fraction between SS described by the model and the total SS:

p_ X(Y=T7) _ SS(regr)
Y (Y, —Y)*  SS(total)

This so-called coefficient of determination is for the present case:
R*=680.9/2959.6 = 0.230 = 23%

which confirms our first assessment of the correlation.
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Table 4.2. Regression analysis by least squares method

Year All accidents Regression SS(res) SS(regr) SS(total)
(No.)
1983 238 215.8 489.1 167.1 1228.1
1984 209 212.9 17.8 101.1 34.1
1985 202 210.1 68.6 51.6 1.2
1986 207 207.2 0.1 18.6 16.6
1987 170 204.3 1199.3 2.1 1101.9
1988 216 201.4 210.1 2.1 170.6
1989 191 198.6 60.6 18.6 146.3
1990 211 195.7 225.5 51.6 61.4
1991 195 192.8 6.6 101.1 56.1
1992 191 190.0 0.9 167.1 143.4
Mean 202.9 SS 2278.6 680.9 2959.6
St. dev. 18.1 St. dev. 159 8.7 18.1

Table 4.3. Analysis of variance computations

Source Sum of squares Degrees of  Mean square

freedom
Due to regression b1 Y (X - X)(Y,—7Y) 1 MS(regr)/1 = SSD(regr)/1
Residual S(Yy—7Y,) N-2 MS(res) = SSD(res)/(N — 2)
Total corrected for mean > (Y — Y N-—1

A third approach would be to test the significance of the slope b, in the regression
model. One may test whether the coefficient is equal to zero or in other words that the
model does not explain the variation in accident rate:

H()I ﬂl =0
against the alternative: H;: B #0

This test can be accomplished by applying following F (Fisher) statistic based on the mean
sum of squares (MS):

MS(regr)

Fop=—"="7
e = MS(res)

We have the following analysis of variance calculation sheet (Table 4.3).
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Table 4.4. ANOVA case

Source Sum of squares Degrees of freedom Mean square
Due to regression 680.9 1 680.9
Residual 2278.6 10—-2=28 284.8

Total corrected for mean 2959.6 10-1=9

The actual computations for the present case can partly be based on the SSD in Table 4.3
and are summarized in Table 4.4. F,. is computed as follows:

Feale= 680.9/(2278.6/8) = 2.39

The test criteria for F,. are taken from a F tabulation for a specified significance
level o and (v, v,) degrees of freedom. Looking up the table, we have:

Assuming: a=0.05
We get: Frap(0.05,1,8) = 5.32 > Fege = 2.39

It can be concluded that F.,. is within the confidence range consistent with the Hj
hypothesis. The linear model should in other words be rejected as the b coefficient is not
significantly different from zero. We should therefore stick to the simple ‘constant level’
model:

Nipgsa = 202.9 (accidents and losses/year)

4.5 CONSEQUENCE ESTIMATION
4.5.1 Distribution Characteristics

The most often used risk parameters are the accident frequency and the measure of
consequence. In this chapter we shall focus on the second parameter which has certain
important characteristics:

e The consequences of an accident may take different forms such as human injury and
loss (fatality), environmental pollution, material and economic losses.

e Accident statistics are mainly based on high-frequency events with minor
consequences.

e As risk managers we are more concerned with low-frequency and large-consequence
events.

e Uncritical use of accident statistics may therefore give a misleading picture of the
worst-case scenario.
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Case

The fatality rate in the Norwegian offshore sector in the 1980s was as follows:

35
30
25
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15
10

FATALITIES/YR

1980 | 1981 | 1982
mSeriet| 14 | 8 | 3

The following can be stated about the annual number of fatalities for this period:

Average number: 13.1 fatalities/year
Minimum number: 3 fatalities/year

Maximum number: 30 fatalities/year

However, the tragic fact was that in 1989 we had 119 fatalities in one single accident.
One may then ask whether the statistic figures from the previous period could say anything
about the probability of a catastrophe of this magnitude. The immediate answer might
be to say ‘no’, as the mean fatality number was 13.1. Even the largest fatality number
in the period was 30, which was less than 1/3 of the accident in 1989. However, if we
could establish the distributional characteristics of the fatality, the chances might
be brighter.

4.5.2 Fitting a Non-parametric Distribution

Rather than estimating the parameters of a known distribution, one may generate an
empirical distribution directly on the basis of the observed data. Let us take data for
the economic loss as a result of ship accidents as a case to demonstrate the approach
(Table 4.5).

A non-parametric or empirical distribution is established as follows:

1. Select ranges for the loss variable (column 1).

2. Estimate average point value for each range (column 2).

3. List the number of observations in each range N; (column 3). The sum of observations
is given below (XN).
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Table 4.5. Economic loss in accidents

1 2 3 4 5
Range of X Point value: X Observations Accumulated CDF
(loss in 1000 NOK) N N
1-100 20 48 48 0.32432
100-200 120 35 83 0.56081
200-500 300 24 107 0.72297
500-1000 600 16 123 0.83108
10002000 1200 10 133 0.89865
2000-5000 3000 7 140 0.94595
5000-10,000 6000 4 144 0.97297
10,000-20,000 12000 2 146 0.98649
20,000-50,000 30000 1 147 0.99324

Sum 147

Sum + 1 148

4. Compute the accumulated number as follows:

5. Compute the ‘artificial’ CDF value in following manner:

ANiy1 = AN; + Nijy

F(x) = AN /(X N+1)

The ‘trick’ of adding 1 to EN reflects the fact that CDF approaches the value 1.0

asymptotically.

The result is shown in the right-most column. The distribution is plotted in Figure 4.10
with a logarithmic scale for the abscissa. It can be concluded by observation that the curve
fits the data reasonably well.

4.5.3 The Log-Normal Distribution

Certain consequence parameters, such as the number of lives lost or the size of an oil spill,
seem to follow a very skewed distributions. Stated simply it means that:

e Accidents with minor or lesser consequences represent the majority of the total number

of events.

e However, a limited number of accidents lead to great or catastrophic consequences.
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Figure 4.10. Economic loss per accident.

The log-normal (LN) distribution has properties that makes it suitable for describing
consequence phenomena. If the random variable In X is normally distributed, N(uq,01),
then the variable X is said to be log-normally distributed, LN(u, o). The PDF can be
expressed as follows:

flx) = 11 o—((nx—p)?207)

2moy X

where

2
w
wo=In| —2
| [wzﬂﬂ}

02+M2
o] = 11'142
"

The expected value and variance are given by:

EX) = emitai/2)

Var X = X717 — 1)

Example

It has been pointed out that the log-normal distribution gives a good representation of
variables that extend from zero to + infinity. Another observation is that it models well
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variables that are a product of other stochastic variables. The figure below shows the PDF
and the CDF for the normally distributed variable In X, given by N(10, 2).
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The corresponding CDF for X, which is log-normally distributed, is shown in the diagram
below. It is evident that distribution models a variable that may take large values.
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4.54 Fitting a Parametric Distribution to Observed Data

Vose (2000) has given some basic rules for deciding whether to apply a theoretical
distribution when we are going to model a stochastic variable. Some key points are:

e Does the theoretical range of the variable match that of the fitted distribution?
e Does the distribution reflect the characteristics of the observed variable?

In order to illustrate the practical approach, we will use a set of data for cargo oil outflow
as a result of ship accident (see Table 4.6).

It has been proposed that oil outflow volume may be described by a log-normal
distribution because:

e The distribution range is positive numbers.
e It is highly skewed.
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Table 4.6. Oil outflow distribution based on 22 ship accidents

Outflow size (tons)

No. of observations

10-100
100-500
500-1000
1000-5000
5000-10,000
10,000-50,000

— — — 0 00 \O

Table 4.7. Excel datasheet: Estimation of log-normal distribution

Range: X X Observations Observed Observed Estimated Estimated Squared
PDF CDF CDF PDF diff PDF

10-100 20 9 0.3913 0.3913 0.41628 0.41628 0.0006

100-500 200 8 0.3478 0.7391 0.69874 0.28246 0.0016

500-1000 600 2 0.0870 0.8261 0.80789 0.10915 0.0003

1000-5000 2000 1 0.0435 0.8696 0.89490 0.08701 0.0006

5000-10,000 6000 1 0.0435 0.9130 0.94546 0.05056 0.0011

10,000-50,000 20000 1 0.0435 0.9565 0.97644 0.03098 0.0004

0.0047

Mean 4803.3 Sum 22

St. dev. 7771.3  Sum+1 23

o 3.66

(e8] 3.14

e The outflow may be seen as a product of a number of failures: accident, load condition

and penetration of hull barrier.

In the following paragraph we will give a stepwise description of the approach applied.
The numerical computations were done with Excel and are summarized in Table 4.7.

The approach is as follows:

1. List the ranges for observed outflow amount in tonnes.
2. Select subjectively a point value X within each range.

3. List the number of observations N for each range.

4. The observed PDF value is computed as follows:

The total number of observations:
PDF value:

YN=22
f(x)=N/(EN+1)
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5. The observed cumulative value:
Fi(x) = fi(x) + fi-1(x), where fo(x) =0

The theoretical distribution function is estimated by means of the Solver function in

the Excel spreadsheet:

e Recall that the variable X is LN(u, o) distributed if In(X) is N(uq, o1) distributed.

e The first step is to select a set of arbitrary values for p; and o;.

e These values are entered into the function that is found under the Excel function
menu. The function returns the CDF value F(x).

6. The estimated PDF values are simply computed by applying the following formula:
Ji(x) = Fi(x) — Fiei(x)

7. The theoretical distribution is obtained by first computing the sum of squared
deviations between observed and estimated CDF values. These are shown in the
right-most column.

8. The final step is to apply the Solver function, which is a search algorithm:

e Minimize: sum of squares of deviations of PDF
e By selecting optimum values for y; and o

9. The solution found by Solver was:

p1 =3.66 and o =3.14

The theoretical distribution function is plotted in Figure 4.11.

1,2000 ;
¢ Obsened ‘
ﬂ: —— Estimated |

0,8000 |

1,0000

0,6000 |

0,4000 ¢

0,2000

0,0000 T 1
1 10 100 1000 10000 100000

Figure 4.11. Oil outflow from ship accidents given by a log-normal distribution.
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4.5.5 Estimating a Worst-Case Scenario

As pointed out earlier, the risk manager is not primarily concerned about the ‘average’
accident but rather the worst-case scenario. With the previous case in mind, the problem
may be stated as follows: What is the risk of having a ship accident leading to an oil
outflow of at least 100,000 tons?

Let us assume that the frequency of accidents leading to oil spill has been studied for
a certain operation and estimated to be:

0 = 6 accidents/year
The probability of having a spill greater than 100,000 tons is:
P(S > 100,000) = 1 — F(S < 100,000)
Using the CDF in Figure 4.11 we get F(S < 100,000) =0.9937, or
1—-F(S < 100,000) = 0.00626

The return period is defined as the average time between events of a certain magnitude,
and may be written:

1 1

T = =
R 7 0a - P(S > 100,000) 64 -[1 — F(S < 100,000)]

which gives the following estimate:
Tr = 1/(6 - 0.00626) = 26.6 years

It may, however, be questioned whether this estimate is sufficiently precise.

Another way of stating the risk of this catastrophic scenario is to ask what is the
probability of having this event in any given year? This may be answered in the
following way:

1. Taking a conservative view: What is the maximum number of accidents in one year?

Assuming a Poisson distribution and a CDF value F(N4) =0.95, we obtain, by looking
up a table:

Na= 10 (Exact value: F(10) = 1 — 0.0413 = 0.9587)
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2. The next question is: What is the probability that one out of these 10 accidents will
lead to a spill greater than 100,000 tons? This can be seen as a binomial situation:

p() = { P —py

n!
xl(n — x)!}

10!
() = {]'—9'} -0.00626" - (1 — 0.00626)° = 0.059

The risk of the catastrophic scenario on an annual basis is 6%. In other words this
is a situation that is fairly probable or at least far from being improbable! This
conclusion may therefore lead to an improvement in the operation.

3. The last point was not quite correct as there is a remote probability that even more
than one accident may lead to a spill of at least 100,000 tons. The probability that all
10 accidents give a catastrophic spill can be written:

10!
p(10)=1— {m}o.oozé) (1 =0.0026)" =1 —0.9387 = 0.061
The result is almost identical for the simple reason that having more than one
catastrophic spill is a very remote outcome.

Given the probability of 0.06 for this disaster scenario, we may estimate the
return period:

Tr=1/(0.06) = 16.7 years

It can be concluded that this estimate gives a much lower return period than the first one
(26 years).

4.5.6 Extreme Value Estimation

In many situations the risk manager is, as already pointed out, more concerned with the
worst-case situation rather than the average loss number. It may then be more feasible to
focus on the extreme values in each observation period rather than using the whole set
of data.

Table 4.8 reports the most serious single accident measured by the number of fatalities
for the offshore sector in the years 1973-80. It can be observed that the variation is quite
large and is best illustrated by the last two years where the number went from 1 fatality to
123 fatalities as a result of the Alexander L. Kielland loss.

It is possible to estimate a so-called extreme value distribution on the basis of such a
sample set. The approach is basically the same as described in the preceding section with a
few modifications.
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Table 4.8. Maximum number of fatalities per accident: the Norwegian offshore sector, 1973-80

Accident Year Fatalities: X
Helicopter emergency landing 1973 4
Diving bell 1974 2
Alpha capsule 1975 3
Deep Sea Driller 1976 6
Helicopter crash 1977 12
Helicopter crash 1978 18
Unspecified 1979 1
Alexander L. Kielland capsize 1980 123

Table 4.9. Excel sheet: estimating extreme value distribution

Observed  Observed  Estimated  Estimated  Sum of squared

Fatalities: X Rank: N CDF PDF PDF CDF deviations
1 1 0.1111 0.1111 0.1341 0.1341 0.0005
2 2 0.2222 0.1111 0.1194 0.2535 0.0010
3 3 0.3333 0.1111 0.0896 0.3430 0.0001
4 4 0.4444 0.1111 0.0699 0.4129 0.0010
6 5 0.5556 0.1111 0.1028 0.5157 0.0016
12 6 0.6667 0.1111 0.1697 0.6855 0.0004
18 7 0.7778 0.1111 0.0857 0.7711 0.0000
123 8 0.8889 0.1111 0.2046 0.9757 0.0075
N+1 9 Sum: 0.0121
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Figure 4.12. Maximum number of fatalities per offshore accident.
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The first step is to order the observation by increasing loss magnitude given by the
fatality number. As we only have single observations for each year, the probability
distribution is approximated by ordering the observations with the same value f{x)=0.11.
This figure is obtained by dividing 1 by (N 4 1) =9 where N is the number of observations.
In this case also it was decided to apply the log-normal distribution, and the model was
fitted to the data with Excel’s Solver as described in an earlier section (see Table 4.9).

The result is plotted in Figure 4.12. It can be seen that the model estimates the fatality
number pretty well with the exception of the largest one. It is clear that even this model
underestimates the probability of this event. This is, however, not unexpected bearing in
mind that the available data cover a fairly short period.

The fact that the Alexander L. Kielland number (123 fatalities) lies below the model
curve may give same weight to the suspicion that the safety control deteriorated somewhat
during the 1970s.
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5

DECISIONS IN OPERATION

Experience is a good teacher, but can sometimes be very expensive.
( Norwegian proverb)

5.1 INTRODUCTION

As a part of the management and operation of the company, certain preventive and
consequence-reducing measures are proposed for implementation. In this chapter we
will outline how such measures or controls can be assessed with due consideration of
uncertainty factors. As already discussed, accident data are subject to different forms
of uncertainty: measurement problems, limited data, external effects, and unknown
mechanisms in processes and accident development.

Many of the examples given are related to occupational safety and manpower training.

5.2 WORK ACCIDENT MEASUREMENT
5.2.1 Accident Frequency Rate

The frequency of work accidents is given in terms of AFR, which is a measure related to a
standardized exposure (S):

DI
AFR = ———
EMP - AH o
where:
DI = number of injuries or work accidents per year
EMP = number of employees
AH = average annual hours work per employee

= 40 -50=2000 (hours/year)
S = 200,000 worker-hours/year

This means that the accident frequency is scaled relative to 200,000 worker-hours per
year. It is therefore necessary to include the actual worker-hours which are expressed by

19
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the term (EMP - AH). The scaling factor is based on a standardized company with the
following operation:

S = 100 employees - 40 hours/week - 50 weeks/year
= 200,000 worker-hours

It should be mentioned that other scaling factors are also used, such as 100,000 and
1 million work-hours. It should also be kept in mind that the term lost time incidence
(LTI) rate is used instead of AFR.

Figure 5.1 shows how the LTI rate dropped in Texaco during an improvement
programme on work safety (Wills et al., 1996). The LTI parameter can also be applied
to measure the effect of specific safety measures. Schlumberger Anadrill (Aitken, 1996)
correlated the accident frequency against the number of risk reports handed in per
employee as shown in Figure 5.2. Better incidence reporting seems to contribute to
fewer accidents.

Example

A company has reported the following accident figures for two departments:

Department A B
EMP =employees 6 30
DI =number of injuries/year 40 250

LTI

N WA OO N

1993 ' 1994 1995
Year

Figure 5.1. Lost time incidence rate (LTI) at Texaco Inc. during a three-year improvement plan: LTI per
100,000 work-hours. (Adapted from Wills et al., 1996.)
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Figure 5.2. Lost time incidence rate versus number of risk reports per employee, Schlumberger Anadrill.
(Adapted from Aitken, 1996.)

The following values for the accident frequency rate can be computed:

6
AFRp = — 2 200,000 = 12
B=9250.20007 "

It can be concluded that department B has a lower injury frequency:

(15 —12)100/15 = 20% lower

5.2.2 Accident Severity Rate

The accident severity rate (ASR) measures the consequence of a work injury in terms of
number of lost work-days on the same basis as for the frequency:

LWD
ASR = EMP - AH S
where LWD =accumulated lost work-days per year for 200,000 worker-hours.

Like the frequency rate, the severity rate may also be used to monitor the development
of the safety conditions in an operation. Aitken (1996) compared the number of lost
work-days against the number of days spent on safety training. As shown in Figure 5.3,
the lost work-days went down dramatically during a four-year period when the number of
days spent on training was increased significantly.
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Figure 5.3. Lost work-days per employee versus number of days spent on safety training per employee,
Schlumberger Anadrill. (Adapted from Aitken, 1996.)

Example

A company with 25 employees has reported 105 lost work-days for the recent year. The
accident severity rate is:

105
ASR = m200,000 =420

5.2.3 Frequency-Severity Indicator

In risk analysis we are often confronted with the matter of selecting a single measure
in order to rank different alternatives from a safety point of view. For so-called
concept-related risk (the risk of ships), we often use the following measure:

R=p-C

where p is the probability of an accident and C is the expected outcome. An alternative
measure for work-related accidents is the so-called frequency-severity indicator:

AFR - ASR
FSL=V—To00

This criterion has something in common with the one above apart from the square sign.
A rational argument for squaring the expression is the fact that our risk aversion is not
linear with the numerical severity of an accident. An accident taking 20 lives is not
necessarily twice as serious as one leading to 10 fatalities.
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Example

A shipping manager has analysed the safety performance of the crew members he is
handling for two periods. The result was as follows:

Period 1991-95 1996-2000
AFR 13.5 10.2
ASR 205 220

The question is whether the risk level has gone down or not. The following computations
can be made:

In other words, it can be concluded that the worker risk level has gone down during the
10-year period.

5.3 SAFETY COMPETENCE: CORRELATION ANALYSIS

An important aspect of any safety programme is to continuously assess attitudes and
competence among the crew or employees. There are different sources that may be used
for such an assessment:

e Examination scores
e Inspection and evaluation of work behaviour
e Questionnaire study
o Assessment of personnel by their supervisors

In order to cross-check this kind of information, one may perform correlations on the
data from such studies. Let us take the following situation: a company has invested in
a safety awareness and training programme and has later done an evaluation of the
competence of the workforce. This leaves us with two sets of data:

1. Training program examination score (Score).
2. Safety rating by supervisor (Rating).

The assessment data on the competence for the crew of a vessel are shown in Table 5.1.
Both sets were based on a ranking scale from 1 (low) to 10 (high). It can be seen that
the mean Score is 7.5, which is somewhat higher than the mean Rating value of 7.1.
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Table 5.1. Assessment of safety programme

Crew member Rating (X) Score (Y)
1 4 5
2 9 8
3 7 9
4 9 8
5 3 4
6 7 8
7 8 8
8 5 7
9 10 8
10 6 5
11 8 9
12 8 7
13 6 7
14 9 10
15 8 10
Mean 7.1 7.5
St. dev. 2.0 1.8

The standard deviation for the exam scores (1.8) is slightly smaller than for the ratings
(2.0). One possible interpretation of these observations might be that:

e The exam scores are overestimating the safety competence.
e The rating approach is better at differentiating the competence among the individual
crew members.

The results are also plotted in a scatter diagram as shown in Figure 5.4. Although we
can see a certain relation between score and rating, there is also considerable scatter of
the data.

A more precise measure of the relationship between the two assessment parameters is
the correlation coefficient:

Sxy
R =
Xy S¢-Sy
where:

1
Syy=5 (Xi= XY= 1)

1 2
Sy=5) (Xi—X)

1 2
SY_NZ(Y’_ Y)
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Figure 5.4. Scatter diagram: score versus rating.

Numerical computations by means of Excel gives:
Sy = 2.00; Sy =177, Syy =2.53
which gives:
Ryy =0.717

The fact that the correlation coefficient may take values from —1 to +1 indicates that
we have a fairly good relationship between exam scores and supervisor ratings. The safety
management might therefore decide to use the examination method only, as this is more
efficient and time-saving. However, some effort should be directed towards improvement
of the examination programme in order to improve the differentiation between the
candidates.

5.4 TESTING OF A DISTRIBUTION MODEL

The previous chapter spent considerable effort on the estimation of distribution models for
empirical safety data. Here we shall look a little closer at how to test whether a potential
model is appropriate for the data set at hand.

Let us look at following case given by ReVelle and Stephenson (1995). A company
has kept records on the number of lost-time accidents (LTA) per week for a period of
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Table 5.2. Number of lost-time accidents per week

LTA/Week Observed weeks X-N
X N

0 45 0

1 29 29

2 17 34

3 9 27

4

5

6

Sum: 100 90
Mean: 0.9

Table 5.3. Testing of the Poisson distribution: sum of squared deviations

LTA /week Poisson PDF Poisson PDF Expected Observed (O — E)’/E
X corrected weeks weeks

0 0.4066 0.4066 40.66 45 0.4639

1 0.3659 0.3659 36.59 29 1.5749

2 0.1647 0.1647 16.47 17 0.0173

3 0.0494 0.0628 6.28 9 1.1767

4 0.0111

5 0.0020 Sum: 3.2328

6 0.0003

Part sum 0.0628

100 weeks. Table 5.2 shows that the number of accidents per week has varied between
0 and 3 with dominance on the lower values. The mean number was 0.9 accidents per
week. This indicates that the Poisson distribution might be appropriate to describe the
frequency of LTA.

In order to test the feasibility of the Poisson distribution we will compare
what this model would give with observed values. Table 5.3 summarizes the
computations.

The first step is to compute the PDF for A =0.9. Statistical experience says that any
value should not be lower than 0.05, and this requires that the distribution is truncated
by grouping the values from X=3 to 6 together, which adds up to 0.0628 (see the
shaded area in the table).

The next step is to compute the estimated number of weeks on the basis of a 100 weeks
observation period.
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It can now be proved that the sum of the relative difference between number of
observed weeks (O) and estimated weeks (E) is chi-square distributed:

(O-E)
thtalc = ZT
N

The distribution applies for positive values and has the parameter v, which denotes the
number of degrees of freedom and is given by:

v=(N-1)—-1

where N is the number of observations and the second —1 is the consequence of
introducing an estimate for A in the computations.

If our hypothesis that the number of weeks is given by the Poisson distribution
is true (H,), the calculated value of the chi-square criterion should be less than
the critical value. We are then able to test the assumption of a Poisson distribution as
follows:

from Table 5.3: x2,. = 3.2328

degrees of freedom: v=(4—-1)-1=2

assuming significance level: @ =0.95

tabulated value (from handbook): x3 95 = 5.99

It can be concluded that the Poisson distribution is valid as the calculated value (3.23) is
less than the tabulated value.

5.5 CHOOSING AMONG ALTERNATIVE TRAINING PROGRAMS

The chi-square test can also be useful for testing other models. Let us take the following
case described by ReVelle and Stephenson (1995). A company has tried out training
programmes of different duration: 1, 3, 5 and 10 days. The attending crew members were
subject to a rating by their supervisors 6 months after the training session. The supervisor
used the following ranking: excellent, good or poor.

The result of the assessment is shown in the upper part of Table 5.4. Observation of
the data may support the suspicion that there is no clear relationship between course
duration and rating. It is interesting to note the low number of ‘excellent’ ratings for the
participants in the 10-day program.

Against this background, it may be interesting to test the following null-hypothesis:

Hy = No correlation between Duration and Rating
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Table 5.4. Analysis of training effectiveness

Excellent Good Poor Sum
(a) Observed rating
1 day 6 12 0 18
3 days 12 25 6 43
5 days 14 31 12 57
10 days 2 23 7 32
Sum 34 91 25 150
(b) Estimated rating
1 day 4.08 10.92 3 18
3 days 9.75 26.09 7.17 43
5 days 12.92 34.58 9.50 57
10 days 7.25 19.41 5.33 32
Sum 34 91 25 150
(c) Relatively squared difference
1 day 0.9035 0.1068 3.0000 4.0103
3 days 0.5209 0.0453 0.1899 0.7561
5 days 0.0903 0.3706 0.6579 1.1188
10 days 3.8048 0.6626 0.5208 4.9883
10.8736

Given this hypothesis, the distribution of the number of crew members would follow this

computational rule:

Cell{Row;, Column;} =

Sum(Row;) - Sum(Column))

Sum(Rows & Columns)

which expresses the assumption of independence by the fact that the number in each cell is
only determined by the column and row sums. Applying this rule to each cell in the table,

we get the expected result shown in the middle part of Table 5.4.

Based on the upper and middle parts of the table, we are now in a position to calculate
the chi-square value as outlined in the previous chapter:

(O —E)
Xzalc = Z E
N

The result of for each cell is shown in the lower part of Table 5.4 and the sum is:

X = 10.8736
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The number of degrees of freedom is given by following formula:

v = (Number of rows — 1)(Number of columns — 1)
=@4-D3-1
=6

Assuming a significance level «=0.99, we find the following tabulated value:
X%,0.99 =16.8.

It can be concluded that the ‘no relationship” hypothesis holds as the calculated value is
less than the tabulated value. This means that the variation in ratings is not more than
would be expected under the null-hypothesis H,. Or in other words, it is not possible to
explain the variation in rating by the course duration.

It should, however, be pointed out that this conclusion is based on a very high
value for the significance level: « =0.99. This reflects our concern of not rejecting a true
H,. If we decided to be more open to the alternative hypothesis that there is a relation-
ship between course duration and rating, we might have set the significance level
somewhat lower:

a =095
Xeoos = 12.6

This result did not, however, change our conclusion as the tabulated value still is higher
than the one calculated.
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TRAFFIC-BASED MODELS

Shipwreching on land is worse than at sea — the sea at least has a strand.
(Johan Falkberget, Norwegian author)

6.1 INTRODUCTION

Earlier, it has been shown how to estimate the probability of an accident based on
historical accident numbers. The simplest and most intuitively correct manner is to base
accident frequency estimates on exposure criteria such as vessel-years (i.e. number of
vessels at risk per year). However, such a statistical approach may only describe the mean
risk of a large number of ships and not reflect variation in technical standards,
environmental conditions and traffic density. In certain instances the analysis of risk will
be undertaken for specific fleets or for certain waters or fairways. This demands another
method than the statistical approach based on fleet-year exposure. In this chapter it will be
shown how the probability of an impact-type accident can be estimated for a specified
seaway. By an impact-type accident we mean collision, grounding, stranding or allision
(above-water object impact).

6.2 BASIC THEORY

It has earlier been shown that the expected number of ship accidents per unit of time in a
specified fairway may be estimated by the following equation:

C=\L-N
where:

C = Expected number of accidents in seaway per time-unit
A Number of accidents per vessel-passage of seaway
N Number of passages per time unit

A voyage may for computational reasons be defined as the passing of a sequence
of fairway sections. As a simplification, it is further assumed that the navigational and
topological characteristics are relatively constant within each section of the fairway.

133
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Consequently, the traffic density and other environmental conditions can be assumed to
be relatively unchanged within each section. Previously it was shown that phenomena with
a small chance of occurring have an expected frequency (events per unit of time) that is
equal to the probability of realization. This assumption holds, for instance, for the Poisson
model. The expected number of impact accidents within the mth fairway section can then
be expressed as follows:

Cp =Xy -N=PC), N
where:

C,, = Expected number of impact accidents per time-unit within the mth fairway
section
P(C),, = Probability of impact accident when passing the mith fairway section

By referring to the potential accident type with index u, the expected number of
accidents of type u within section m of the fairway may be expressed as:

Cm.u = )Lm.u N = P(C)m,u -N

Hence the estimated total number of accidents per time-unit for the whole voyage, Cr,
may be expressed as follows:

Cr=3" ki N = 33 P(O),,, - N ©.1)

m u
where:

P(C),,,, = Probability of impact accident type u per passage of fairway section m
N,, = Number of passing ships per time unit

The expected accident frequency is in other words calculated by summing over all
fairway sections and all accident types. How the fairway is split up into sections will to a
certain degree be a subjective matter, but should as already mentioned take the traffic and
topography into consideration. It will obviously be a compromise between computational
efficiency and a need for homogeneous conditions within each section. A very simplified
fairway representation is shown in Figure 6.1 and consists of the following three sections:

A. Fairway with traffic in the same and head-on direction.

B. Crossing traffic in each direction.

C. Fairway with an obstacle (shoal) and traffic in both the same and the head-on
directions.
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Section  Section Section

Figure 6.1. Selection of sections for a general traffic fairway.

Table 6.1. Potential accident situations

Section Potential accident situations

A . Collision with ships on the same course
. Head-on collision

. Stranding
. Collision with crossing traffic

. Collision with ships on the same course
Head-on collision

. Stranding

. Grounding on shoal in fairway

This generates a total of eight different accident situations as shown in Table 6.1. The
different impact accidents will now be treated in detail in the following sections. Modelling
of each accident type will require different approaches.

6.3 A GENERAL MODEL OF IMPACT ACCIDENTS

The models that will be proposed for estimation of impact accident frequency are all based
on following premises:

1. The vessel has an opportunity to be put at risk.
2. The vessel will be subject to an incident that puts it at risk.
3. The vessel is unable to handle the incident and will thereby have an accident.

The first requirement means that the vessel is underway or sailing. The second
requirement is that for some unspecified reason the vessel has lost control and thereby is
subject to an incident. Thirdly, the incident may lead to an accident in the case where the
situation is not corrected in due time (see Figure 6.2). The most relevant parameter for the
first condition is the duration of the operation or voyage. The second condition can be
expressed by a probability of having an incident, whereas the third condition is given by a
conditional probability of having an accident given to be in an incident situation.
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OPPORTUNITY INCIDENT ACCIDENT

Figure 6.2. Conceptual impact accident model.

The probability of an impact accident can on the basis of this model be expressed by
the product of two probabilities that reflect the transitions from normal operation state
(opportunity) to the accident state:

P(4) = P(C) - P(I|C) (6.2)
where:

P(A) = Probability of an impact accident per passage
P(C) = Probability of losing vessel control per passage
P(I|/C) = Conditional probability of having an accident given loss of vessel control
(incident)

The probability of losing control, P(A), is assumed to have a constant value that is
independent of time and reflects the overall operational standard of the vessel or group of
vessels. The conditional probability of having an impact accident after losing control is
in reality a function of the vessel’s ability to handle emergencies. Rather than trying
to estimate this directly, one may either compute the number of accidents relative to the
number of incidents, or assess the probability on the basis of the traffic or fairway
condition. It is fairly evident that the risk of an accident is greater the more dense the traffic
or narrow a fairway. In the following sections, different approaches will be shown for
estimating the conditional probability of having an impact accident P(/|C).

The equation will for convenience be written as follows:

P,=P.- P, (6.3)

where the indexes denote accident (a), loss of control (¢) and impact (i).

6.4 GROUNDING AND STRANDING MODELS

A ship moving in a restricted secaway without any other traffic is subject to stranding and
grounding hazards. The coastal zones, shoals, rocks and islands are basically stationary
objects relative to the vessel. The estimation of the probability that an incident will lead to
an accident will be based on certain assumptions of how the vessel moves in the critical
phase. As the first step we will model this aspect and subsequently look at the probability
of losing vessel control.
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6.4.1 Grounding

The grounding scenario is based on a straight fairway section as shown in Figure 6.3.
Assume that control of a ship is lost owing to failure in the navigation system due to
either technical or human factors or both. The ship’s lateral position within the fairway
width is assumed to be random at the time when control is lost. The distance of the fairway
section is denoted D, and let us further assume that the vessel is positioned randomly
anywhere along this track (longitudinally). In the critical (incident) phase it is a
simplification, assuming that the vessel continues on an unchanged straight course. The
situation is shown in Figure 6.3.

The probability that the uncontrolled vessel hits the obstacle is then exclusively
dependent on the dimensions of the fairway and the beam of the ship:

p=""" (6.4)

where:

W = Average width of fairway
d = Cross-section of obstacle, e.g. shoal, rock, island, etc.
B = Breadth of vessel

This fairly simple model is based on the assumption that the vessel may have any
transverse position in the seaway and that the breadth of the critical corridor is given by
the term ¢;= B+d as indicated in Figure 6.4. The probability is thereby given by the
ratio between these two terms.

In a seaway with a number of obstacles the conditional probability of an impact is
given by the union of the cross-section of the obstacles:

P,»:I/LV-[B—l—(d]UdzU...Udk)]

Figure 6.3. Modelling of a grounding accident.
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Figure 6.4. Characteristic parameters of the grounding situation.

or simply by assuming no overlap between the obstacles:

1
P;= W |:B + ; dk:| (6.5)

In a fairway with numerous shoals and other hindrances the number of such obstacles may
also be expressed in the following manner:

K=p-D-W

where p = obstacle density (obstacles/area-unit).
By replacing the sum expression in Eq. (6.5) with the number of obstacles, the
following expression is obtained:

1
Pi=I/—V'(B+,0'D'W'd)

B
-~ 45.D-d
W—I—P

If the ship’s beam is considered small relative to the fairway width, we get:
Pi=p-D-d (6.6)

A final comment should be made on how this model may be enhanced in order to
improve its validity. Instead of using the physical barriers of a fairway to specify potential
lateral positions of the ship, a lane may be defined that more realistically describes the
actual maritime traffic (see Figure 6.5). It is also a fact that the traffic density is decreasing
as one approaches the shore. A more realistic model would therefore be to apply a traffic
distribution model to reflect this.
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Figure 6.5. Enhanced grounding scenario.

Case Study
Problem

A new oil refinery is under planning. Oil is going to be transported to and from the
terminal by tankers through a fjord of width 1 km. There is an island in the middle of the
fairway representing a grounding hazard. The width of the island is equal to 100 meters.
The planned capacity of the oil refinery requires 6 shipments for export and 3 shipments
for import daily. The mean beam of these ships is 20 metres. The risk of grounding has to
be quantified in order to compare the risk of oil spill for this and eventually other locations
of the refinery.

W =1 [km] %%éd=100[m]
i B =20[m]

e P P P P P

Solution

Estimate the expected number of groundings on the island per year.

Assumptions:

The probability of losing navigational control P. is equal to 1.4-107* per passage of
the fairway. The ship’s lateral position within the width of the fairway is uniformly
distributed. Importing and exporting vessels are respectively leaving and entering the port
in ballast condition.

Analysis

The number of ships passing the fairway each year is:

N, =2-(6+ 3) (passages/day) - 365 (days/year) = 6570 (passages/year)
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The impact diameter is:
d; =20 (m) 4+ 100 (m) = 120 (m)
The conditional probability of grounding after loss of navigational control is:

_d 120 (m)
=% = 1000 (m) 0120

The probability of grounding per passage of the fairway is:
P,=P. Pi=14-107".0.120=1.68 - 107

Based on the assumptions and the given probability data, a grounding on the island within
one year is equal to 1.68-107°. The average time between groundings is given by the
reciprocal value:

T =10°/1.68 = 59,524 years

In other words, not a very likely event.

Comment

The probability of other impact accidents such as strandings and collisions should also
be estimated in order to assess the total risk of impact accidents for this fairway. The
total accident frequency should be compared for alternative locations. The conditional
probability of an oil spill given an impact accident must also be estimated in order to
have the complete risk picture. Whether grounding leads to an oil spill is dependent on
a number of factors such as ship speed, cargo containment system (hull design) and
weather conditions.

6.4.2 Stranding

Recalling the straight line fairway scenario in the previous section, there is also a risk of
stranding. The term stranding is used for the impact with the shoreline in contrast to the
impact with individual shoals and islands in the fairway. A random position for the vessel
in the seaway is again assumed and as an average value the centre location as shown in
Figure 6.6.

The model will be based on the assumption that in the case of loss of control the vessel
may continue on any course ahead, e.g. a course within a span of 180°. As can be seen from
the figure, the critical angle leading to stranding at both sides is equal to «. It is fair to
assume that the length of the fairway D is considerably greater than the width W, or:

(5) -
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Figure 6.6. Stranding model.

The conditional probability of stranding is given by the ratio of the critical angle to the
total angle (expressed for one lateral side):

P _L_arctan((D/Z)/(W/Z))
w2 /2

By replacing the arctan term by the following series expansion, we get:

P‘_n/2+2,1(—1)"~(W/D)2"71/(2n—1)_2 T W 2w’
= /2 =7 5‘5%%3 ‘(3)

The two first components in the series may be used as an approximation for the whole
series expression. The equation then takes the following simplified form:

2w
Prl—=.— 6.7
AR (6.7)
6.4.3 A Comment on the Stranding Model

The estimates from the model rest to a large degree on the relative distance of the fairway
section that is studied. Let us take a fairway 10nm long and of width 0.5nm. The
conditional stranding probability is:

2 0.
7 10

On the other hand one may assume that the maximum time that the vessel will
continue without control is 10 minutes. With a speed of 15 knots, this corresponds to a
distance of 2.5 nm. It would therefore seem more correct to model two sections, each of a
distance of 5nm. The average distance sailed within a section of 5 nm is one half or 2.5 nm.
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The estimate of the probability of stranding in the first section but not stranding in the
other section is:

2 0.5
T 5
Py=1-P =0936

P, =P - P, =0.064-0.936 = 0.060 = 6%

This confirms that the assumption about average time to regain vessel control and
thereby selection of fairway section distance has a vital impact on the estimated
probability. On the other hand, it should not be forgotten that these models are used
primarily for comparing alternatives and that less weight is put on the absolute numbers.

6.5 LOSS OF NAVIGATIONAL CONTROL

In order to calculate the probability of having an impact accident within a fairway, the
probability of losing navigational control P, has to be quantified also. It might be the case
that the value of P, is different for stranding and grounding situations as they represent
different navigation tasks. Hence, the value of P, for stranding and grounding situations
should be estimated separately. We have the following general expression based on Eq. (6.3):

po=-4 (6.8)

The probability of loss of control P, can be estimated on the basis of observation of traffic,
counting of accidents and estimating the geometric probability P; for a specific fairway. In
the following sections it will be shown how this was done in some pioneering studies for
Japanese coastal waters.

6.5.1 JapaneseTraffic Studies (Fuijii, 1982)
Uraga Strait

The Uraga Strait, which is located at the entrance to Tokyo Bay, has several obstacles
which make it necessary for any passing ship to change course several times in order to
avoid stranding. Roughly estimated, the conditional probability of stranding in case of
loss of control could be set to be P;=1.0.

The number of accidents for ships greater than 300 GRT had been counted for the
period from 1966 to 1970 and was in total N,=16. The corresponding number of ship
passages (or movements) in the same period was N,, = 140,000. The loss of control
probability can then be estimated for this fairway:

N. 16 .
Py= e _ —1.1-10
N,, _ 140,000
104
po=fe LI

P; 1.0



6.5 LOSS OF NAVIGATIONAL CONTROL 143

The probability of losing navigational control per passage of the Uraga Strait may
therefore be set to be 1.1-107%.

An interesting fact was that 15 of the ships involved in accidents were sailing under
a foreign flag. However, the foreign flag vessels represented only 50% of the traffic
through the fairway. Consequently there was a significantly higher accident risk for
foreign vessels compared with Japanese.

The Bisanseto fairway

Ozeishima Island is located in a curved part of the Bisanseto fairway. The probability of
impact, given loss of navigational control, P;, for the fairway was estimated to be 0.25 on
the basis of the topological characteristics (Table 6.2). Based on Eq. (6.8), the probability
of loss of navigational control for different vessel size categories was estimated in the same
manner as for the Uraga Strait.

Naruto Strait

Zakace is the headland in the narrowest part of the Naruto Strait. The hindrance due
to Zakace constitutes one-fifth of the fairway width. The geometrical probability of an
impact is therefore estimated to be 0.20. The traffic flow and the number of impact
accidents are presented in Table 6.3.

Akashi Strait

During the construction work on a bridge over the 4 km wide Akashi Strait, a platform
was positioned in the middle of the fairway. There were several ship impacts with the
platform during the 70-month construction period. The impact diameter of the platform
was 0.2 km. The geometrical probability is calculated according to Eq. (6.4):

0.2

Pi=—=0.05
4.0

Table 6.2. Characteristics of the Bisanseto fairway grounding accidents

Tonnage (GRT) N, N, P, pP; P.

<100 21 300,000 0.7-107* 0.25 28.107%
100-500 15 180,000 0.8-1074 0.25 3.3-1074
<500 6 120,000 0.5-107* 0.25 20-107

Table 6.3. Characteristics of the Naruto Strait grounding accidents

Nu Nm Pa Pi P(‘

11 730,000 0.2-107* 0.20 0.8-107*
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Table 6.4. Characteristics of the Akashi Strait impact accidents

Na Nm Pa P,‘ PL.

16 2,430,900 0.07-1074 0.05 1.4-107%

Table 6.4 summarizes the Akashi Strait study findings. The resulting probability of loss
of vessel control was estimated to be 1-107*.

Summary of the Japanese investigations

The investigations presented above show that the probability of losing navigational
control varies from 0.8-107* to 3.3-107* Based on these investigations, the following
mean value is proposed:

P.=2.0-10"* (1/passage)

In certain risk assessment studies it might be necessary to take the effect of sailing
distance into consideration. Assuming that the average distance of the critical part of the
fairway in the previous studies can be set to 10 nm, the loss of control frequency can be
computed as:

pe=P./D=20-107° (1/nm)

6.5.2 Alternative Estimates

In order to qualify the results of the Japanese studies, an alternative approach might
be tried. The failure frequency of the steering system was estimated in an American
investigation (Ewing, 1975) as:

Ass = 0.41 (failures/year)

Assuming 48% of the time at sea, we have 175 sailing days each year and the following
hourly frequency:

Ass = 0.41/(175-24) = 1 - 10~* (failures/hour)

The relative distribution of factors of causes leading to grounding accidents
for Norwegian ships greater than 1599 GRT is shown in Table 6.5 (Kristiansen and
Karlsen, 1980). On the basis of this investigation it could be concluded that 1/50 of the
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Table 6.5. Distribution of primary causal factors in grounding accidents for Norwegian ships greater than
1599 GRT, 1970-78

Causal factor group Causal factor Frequency
abs. Y%
I. External factors G. External conditions influencing navigation 8 1.9
and auxiliary equipment
I.  Less than adequate markers and buoys 27 6.4
P. Reduced visibility 53 12.6
Q. External influences like channel and shallow 79 18.9
water effect.
II. Technical failure A. Failure in ship’s technical systems 24 5.7
C. Serviceability of navigational aids 8 1.9
D. Remote control of steering and propulsion 3 0.7
F. Failure in communication equipment 2 0.5
II1. Navigation factors B. Bridge design and arrangement 1 0.2
F. Error/deficiency in charts or publications 34 8.1
M. Bridge manning and organization 35 8.4
O. Internal communicational failure 5 1.2
X. Inadequate knowledge and experience 4 1.0
IV. Navigation error R. Failure due to navigation and manoeuvring 49 11.7
T. Wrong use of the information from 35 8.4
buoys and markers
S. Failure in operation of equipment 10 2.4
U. Wrong appreciation of traffic information 2 0.5
V. Non-compliance N. Inadequate coverage of watch 24 5.7
V. Special human factors 10 2.4
VI. Other ships H. Fault or deficiency of other ship — —
Y. Navigational error on other ship 6 1.4
Sum 419

Source: Kristiansen and Karlsen (1980).

accidents were caused by failure of the steering machine. Hence, the total failure rate can
be estimated to be:

w=50-1-10"*=5.10"" (failures/hour)

The American study further estimated that only 5% of the failures led to an impact
accident. By assuming that the mean sailing speed is equal to 10 knots, the following
estimate of the accident frequency can be made:

pe=0.05-5-107%/10 = 2.5- 107 (failures/nm)
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Table 6.6. Collision, grounding and impact accidents on the Norwegian coast for the period 1970-78

Fairway segment Distance Traffic Accidents  P,=N,/N,, -107* pu,=P,/D-107°
(nm) Ny (Ifyear) N, (1jyear) (1/passage) (1/nm)

Oslo fjord 92 28,600 16.9 5.9 0.64
Langesund — Tananger 183 20,900 11.8 5.6 0.31
Tananger — Bergen 101 65,600 30.7 4.7 0.46
Bergen — Stadt 125 50,300 28.2 5.7 0.46
Stadt — Kristiansund 114 28,600 23.3 8.1 0.71
Kristiansund — Rervik 155 21,600 24.8 11.5 0.74
Rorvik — Stott 147 8,600 15.8 18.4 1.25
Stett — Harstad 150 19,500 32.3 16.6 1.10
Harstad — Sereysund 175 12,500 26.7 26.7 1.22
Sereysund — Kirkenes 212 7,700 24.1 31.3 1.48
Weighted mean value 129 26,400 — 8.9 0.69
Norwegian coast 1454 263,900 253.2 —

Source: Kristiansen (1980).

This estimate of the frequency for loss of control compares well with the figure based on
the Japanese studies.

The Norwegian study (Kristiansen, 1980) previously referred to also estimated the
impact accident rate per distance unit as shown in Table 6.6. The coast was split into ten
main fairway segments. The estimated accident frequency given in the right-hand column
varied from 0.3-107° to 1.5- 107 accidents per nautical mile, i.e. by a factor of 5. This
variation may be explained by different dominating ship types, fairway characteristics and
environmental factors. It should also be kept in mind that the characteristic distance (D)
does not necessarily reflect the typical traffic pattern, although the majority of vessels are
assumed to sail along the coast.

The mean value of 0.69-107° accidents/nm combined with an assumed geometrical
probability of 25% indicates the following loss of control frequency:

-5
He =P, = % = %‘ = 06(9)72150 =2.8-107° (failures/nm)
Even this estimate compares well with the previous values.

In certain risk studies it will be of interest to estimate the number of impact accidents
within a specified period. We have the following expression for the accident probability
per passage (vessel movement):

or rewritten:
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From the basic definition of the impact accident model we have:
P,=P.-Pi=p.-D-P
This gives the following computational expression for grounding:

B+
Na:Nm'ch'D’<7

2
NaZNp-u-D-<1—;-%V)

and stranding:

6.6 COLLISION

In contrast to grounding and stranding, collision represents an impact between two
moving objects and not only one relative to a stationary hazard. A collision may also vary
in terms of how the vessels are approaching each other: head-on, crossing or overtaking.
These situations will be modelled somewhat differently, although the basic approach is the
same as for groundings in the sense that the critical impact cross-section is taken into
consideration.

6.6.1 Head-on Collisions

A ship is exposed to meeting traffic as outlined in Figure 6.7. The subject ship is exposed
to head-on approaching ships within a section of a fairway with distance D and average
width . The modelling approach assumes the own (subject) vessel, denoted by index 1, is
approaching a traffic flow of vessels denoted by index 2. We also introduce the relative
sailing distance D’ expressing the fact that both groups of vessels are moving.

By = Mean beam of meeting ships (m)
vi = Mean speed of meeting ships (knots)

007 20

V// / / ///

D

Figure 6.7. Modelling of head-on collision accidents.
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B, = Beam of subject ship (m)
v» = Speed of subject ship (knots)

N, Arrival frequency of meeting ships (ships/unit of time)
D’ Relative sailing distance (nm)

The mean number of meeting ships within a square nautical mile of the fairway is
referred to as the density of the oncoming ships. This density is calculated as the number of
ships entering the fairway within a time period relative to an area characterized by the
width of the fairway and the sailed distance of the first meeting ship:

_ le -T _ le
BT DWW

where:

Ds Traffic density of meeting ships (ships/nm?)
T = An arbitrary period of time (hours)

The subject ship (index 2) spends 7> time units to sail the specified section of the
fairway and has a relative speed v to the meeting traffic:

T, =—; V= +n

V2

The subject ship sails the distance D’ relative to the oncoming ships:
D
D=v-Ty=0+n) —
V2

The impact diameter of a collision is equal to the sum of the exposed ship’s beam and the
beam of the meeting ships:

B=B +B

Hence the area, A, where the subject ship is exposed to danger of collisions within the
fairway is equal to:

D
A=B~D’=(B1+Bz)'(V1+V2)'V—
2

The expected number of collisions per passage of the fairway, given that control has been
lost, is given by the product of the exposed area and the traffic density:

D
NiZA‘ps':(Bl+BZ)'(V1+V2)'E'D'ps
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or:

_(Bi+By) (n+n)
n W ViV

N; -D - Ny

If the main parameters of the subject ship are equal to the parameters of the meeting ships,
the expression is greatly simplified:

N=4.-B-D-p,

A Head-on Collision Case
Problem

The number of reported head-on collisions for a specific fairway has in recent years been
about 14 annually, with little variation. Last year, however, there were 20 reported
collisions. Should we assume that this last higher number of collisions is an exception or
not? Find the expected number of head-on collisions per year on the basis of the general
collision model.

L=75 [m]

V = 15 [knof] *

Nm=25 [ships /hour] in each direction

D=25 [km]

Assumptions

e The lateral position of the ships within the fairway is uniformly distributed.
e The probability of losing control P.=2 x 10~ per passage of the fairway.

Analysis
The traffic density of meeting ships is:

N, m 25

_ _ 2 10-7 (<hi 2
=V w15 1852.3000 > 10 (ships/m?)

Je
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The impact probability for oncoming traffic is:
Ni=4-B-D-p,=4-15-25000-3-10""=0.45 (accidents/incident)
The probability of head-on collision for a single vessel in the fairway is:
P,=N;-P,=045.2-107* =910 (accidents/passage)

The expected number of head-on collisions considering that we have the same traffic flow
in each direction is:

Ny=P, -Ny=9-107°.25-(24-365) = 19.7 (ships/year)

This estimate indicates that the last year registration of 20 head-on collisions is not
exceptional.

6.6.2 Overtaking Collision

In overtaking encounters the vessels involved are sailing in the same direction but at
different speeds. The estimation of overtaking collisions is basically identical to head-on
collisions apart from the expression for relative speed. Assuming that the subject vessel
(subscript 2) is exposed to a uniform traffic flow in the same direction (subscript 1) we
have that the number of potential accidents is:

B B —
Niz( 1+ B2) (n Vz).D.le
w Vi -V

Alternatively, we may compute the number of overtaking accidents within a unidirectional
traffic flow with a distribution of speed:

(B + B»)
Ny = lW 2 D. Nme\ f‘( —V1>

where f, and f, denote fractions of the total traffic flow N, with speed v, and v,
respectively. The summation is taken over all combinations of different speeds within
the traffic flow.

An Overtaking Situation

Problem

A straight fairway of distance 25,000 m and width 3000 m has a co-directional traffic of
25 vessels per hour. Mean breadth of vessels is 15 metres. How many overtaking collisions
can be expected on an annual basis?
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Traffic observations have shown that the speed distribution is roughly as follows:

Fraction of traffic (%) 30 50 20
Speed (knots) 12 15 18

Solution

The expected number of encounters is given by:

2B-D- N, ., 1
N; :Tfo ﬁ(vx — Vy) :kz-u

The constant term is:

k=2-15-25,000-25/3,000 = 6.25 - 10°

The summation part in the expression is:

11 11
0.30 - O'SO(E - 1—5> +0.30 - 0'20(5 + 1—8) 1

1
+0.50 - 0.20(3 + E)

=29.10"°

This gives:
N;i=6.25-10°-2.9-107% = 0.018 (encounters/passage)

Assuming a probability of loss of navigational control P,=2-10"*, we get the following
estimate for the overtaking collision frequency:

N,=0.018-2-107*.25.8760 = 0.79 (accidents/year)

Comment

Let us make a comparison with the previous head-on collision case. We found then that
the two opposing traffic flows generated 19.7 accidents per year. Two similar flows would
have generated 0.79-2=1.6 overtaking accidents per year. This means that the ratio
between head-on and overtaking is: 19.7/1.6 = 12, which is a substantial difference.
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6.6.3 Crossing Collision

A collision between crossing vessels is slightly more complex to analyse. This stems from
the fact that the scenario represents two encounter situations. As shown in Figure 6.8, we
have that the subject ship (subscript 2) is exposed to crossing ships within a section of a
fairway of length D and width . Making a distinction between the striking and the struck
vessel, it is immediately clear that both sets of vessels may have either role.

The description of the traffic situation is based on following nomenclature:

B, = Beam of crossing ships (m)
L, = Length of crossing ships (m)
vy = Speed of crossing ships (knots)
B, = Mean beam of subject ship (m)
L, = Mean length of subject ship (m)
vi = Mean speed of subject ship (knots)
N,,1 = Arrival frequency of meeting ships (ship/unit of time)

The mean number of crossing ships within a square nautical mile of the fairway is
referred to as the density of the crossing ship. Analogous to the meeting situation
described in the previous section, the density of the crossing traffic is given by the
following equation:

le'T — le
n-D-w W

Pm =
where T is an arbitrary selected time period. The subject ship (2) takes 7> hours to pass the

section of the fairway where it is exposed to the crossing traffic:

D
T)=—
2

The relative speed between the vessels is given by vector summation (Figure 6.9).

AT TTI AT TS|

Nm!

41

Figure 6.8. Crossing vessels situation.
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\Y
Vi

\Z!

Figure 69. Relative speed of crossing vessels.

Q.
+—>r

A LIS LI SIS SIS

—

Figure 6.10. Exposed area to collision for situation .

The crossing ships sail a distance D in the course of the period that the subject ship is
exposed in the critical fairway section:

D
D]:V1‘T2:V1‘—
)

The following development of the model is split into two owing to the fact that we have
as already mentioned two collision situations:

1. A crossing vessel hit the subject vessel.
2. The subject vessel hit a crossing vessel.

Let us consider the first situation. The impact diameter of a collision is equal to the
sum of the exposed ship’s length and the mean beam of the crossing ships:

O1=(B1+ L)

Hence the area where the subject ship is exposed to the collision hazard (Figure 6.10) is:

Vv
Ay = 01Dy = (B +L2)'D'vi
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The expected number of collisions per passage of the fairway is given by the product of
the exposed area and the traffic density:

P =A41-pyn
le

V|
=B+ L)) -D-— "
(B + L) v v-D
N,

= (B + Ly~
”

The same line of argument can be followed for the second collision situation except
that the roles of striking and struck ship are changed:

Dy =D
O=L+ B
Ay =0r-Dy=(L1+ By)-D

This results in the following expected number of collisions:

le
V1

Pp=A4y-pu=(L1+B)-

The total expected number of side collisions is the sum of the two calculated figurers P;
and Pp:

Pi=Py+ Pp
N, N,
= (Bi+ Lo) - ="+ (Ly + By) - =
V2 Vi
le

= (B + Ly) - vi + (L1 + By) - 2]
Vi =",

Assuming that the subject ship and the crossing ships all have identical characteristics, the
expression is further simplified and visualizes the basic model, which says that the
potential number of encounters is equal to the traffic density times the exposed area:

N,
P,-:T’”‘-z.(BJrL):pm-z-(BJrL)-D (6.9)
A Crossing Encounter Situation
Problem

Two traffic lanes cross each other at 90°. Seven collisions have been recorded on an annual
basis in recent years. The local community is concerned by the considerable amount of oil
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spilled as a result of these accidents. They demand implementation of new safety measures.
The proposal has been challenged by the coast administration, which claims that the safety
level is acceptable. Give an assessment of the situation. For simplicity, identical traffic
volumes and same ship characteristics can be assumed.

Solution

Assess the safety standard of the vessels navigating the seaway by estimating the
probability of loss of control.

Data

Width of fairways: W=D=3km
Ship length: L=75m

Speed: v=15 knots
Traffic: N =5 ships/hour
Ship beam: B=15m
Analysis

Traffic density:
p=N/(v-D)=5/(15-1852-3000) = 6.0 - 10~% (ships/m?)
Impact probability:
Pi=2-D-(L+B)-p=2-3000-(75+15)-6.0-107% = 0.032 (1 /incident)

On the basis of extensive traffic studies it has been shown that the probability of losing
navigational control is P.=5-10"* (per passage).
The probability of impact accident is:

Py=P.-P;=5-107*.0.032=1.6-10"°
The expected number of collisions per year is therefore:

N,=N, -P,=25-(24-365)-1.6-107° =3.5

Assessment

The fact that the fairway in question has twice as many collisions as might be expected,
indicates that there is a problem related to the crossing of traffic. The local community
therefore has a good case in their demand for further investigation of the conditions.
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6.7 A GENERAL COLLISION MODEL

In the previous paragraphs two standardized situations that may lead to a collision have
been analysed, namely meeting and crossing encounters. However, in some fairways it may
be difficult to specify any dominating traffic flows. In such situations it may be more
convenient to assume that all courses have the same likelihood.

6.7.1 Basic Model

Figure 6.11 shows a fairway section with characteristic dimension W and randomly
distributed traffic. We will now estimate the probability that the entering vessel S, will
collide with the vessels (S,) in the fairway.

The entering ship has a speed v,, and will be exposed to the traffic for a period of:

Vm
The probability that any of the S, ships are present in the fairway is given by:
w1

Vg T

Py

where T =annual operational time.
Given that the fairway each year is exposed to N ship movements, the expected number
of impacts between entering vessel (1) and existing traffic is:

N
Ni:Tm'ZPn'Pmn (610)

n=1

where P, expresses the conditional probability per time unit for the event that S, collides
with S,,. This property is given by the geometry and dimensions related to the general
encounter situation depicted in Figure 6.12.

Figure 6.11. Traffic with random courses.
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A

>
X

Figure 6.12. General meeting situation.

A
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Vi X

Figure 6.13. Transformed meeting situation.

The relative speed vy is given by vector addition:
‘-;R = ij + {;n

The general meeting situation may be transformed as shown in Figure 6.13 by aligning
the v,, direction along the x-axis with basis in the origin. The angle of crossing between
vessels is given by 6 and the direction of the relative speed is 6z in the transformed
coordinate system.

The impact diameter (Figure 6.14) is defined as the exposed cross-section normal to the
direction of the relative speed and given by the vector sum:

-

di = dim + dm
The impact diameter is a function of the meeting situation parameters:

im — Aim (QR)

in = i)1(9R79)
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i
Or /8

A 4

Figure 6.14. General crossing scenario.

The probability of an impact may be expressed as the relationship between the impact
diameter and the characteristic width, W, of the fairway analogous to the grounding
model (Eq. 6.4):

_d

P;
w

The entering ship S, is exposed to the encountering ship for a period of:

w
Tn =
VR

Hence the impact probability per unit of time is given by:

P, d;i-Vg

T, w2

As both the vector d; and the vector v, are functions of the meeting situation, the mean
value of the impact probability has to be computed by integration over all meeting angles:

P, 1 ["di-ig
Puyp=—=—- - do 6.11
r=x ] (1D

Owing to symmetry it is sufficient to integrate only from 0 to . We will not show the rest
of the development of the model here.

6.7.2 A Model Approximation

Both the integration of the expression above and the summation over all vessels (M) in
the seaway can be considerably simplified by assuming equal vessel characteristics
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(main dimensions and speed). In that case it can be shown that the number of impacts is
given by:

N,:N.(4-L+2.B) (6.12)
TV T

The expected number of ships in the fairway at any given time is:

w1
Ny=(—-=)-N
vV T

The traffic density is then:

Ny W N 1 N
M _ L 6.13
A 7 ©6.13)
which, inserted in Eq. (6.12), gives the following expression:
4
Ni=p, - W- ;-L+2~B (6.14)

6.7.3 Circular Impact Cross-Section

The integration of the general expression given in Eq. (6.11):

1 ["d;- Vg
Pmn:_' - do
bis /0 w2

can also be considerably simplified by assuming identical, circular cross-sections for the
vessels involved (Figure 6.15):

diy=2-d;

The size of the impact diameter for each ship is still unknown. The following calculation is
performed to calculate the size of the circular impact diameters.

Figure 6.15. Circular impact diameter.
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Further, by also assuming equal velocity for all ships, the following expression can be
developed:

Inserting this expression in Eq. (6.10) we obtain, by summing over all vessels (N):

Wo8-d
vV-T T

N; =

By applying the traffic density expression the expected number of collisions is:

8- d
4

Ni:pn'W'

6.7.4 Other Crossing Angles

We have so far analysed perpendicular crossings and random distributed crossing angles.
It is possible to show that the general expression for an arbitrary crossing angle is given by:

d-w- % v
_ Pl( 2 1 .

pP; — — )
V) sinf tané

where 0 denotes the crossing angle and d is a circular collision diameter (see Figure 6.16).

Assuming identical speed, one gets the following values:

0=30° Pi=d-W-p -127
0=60° Pi=d-W-p -157
0=90° Pi=d-W-p;-2.00

Figure 6.16. Crossing with a relative bearing 6.
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Table 6.7. Comparison of P; for different collision situations

Head-on Crossing Random course Circular
Basic expression 4.D-p,-B 2-D-p,-(B+L) p,-&-L/n+2-B)-D 8W-d;-p,/m
Standardized 4.D-p,-B 14-D-p,,-B 9.6-D-p,-B 48-D-B-p,|w
L=6B=d, D=W
Relative 1 3.5 2.4 3.8

6.7.5 Comparison of Collision Situations

In the previous sections we have shown alternative models for estimating the probability
of having a collision given loss of navigational control. As a general conclusion, it is clear
that the risk of colliding is a function of the traffic density and the distance of the fairway
in question.

The different models can be compared by standardizing some key particulars relating
to vessels and fairway:

Vessels: L = 6B Fairway: D =W

Table 6.7 shows the different models and how they compare by applying the above-
mentioned data. The collision estimates vary by almost a factor 4 (or to be precise, 3.8).
The low value for head-on encounters can be explained by the fact that the exposed cross-
section is at a minimum by 2B. The high value for the random course and circular impact
area can likewise be explained by the large cross-section that is L (or 6B) reflecting
all possible collision angles. The average value of P; is best represented by the random
course model.

One should be careful in drawing any conclusion from this analysis as to the relative
risk of different collision forms. It should be kept in mind that the collision frequency for
a given seaway is also a function of the dominating traffic flow and the complexity of
handling the encounter situation as reflected by P.. The latter will be discussed for
collisions in the next section.

6.8 LOSS OF TRAFFIC CONTROL

The probability of an impact accident has been defined as the product of the likelihood of
losing navigational control, P., multiplied by the likelihood of having an accident given
the loss of control incident, P;:

P,=P.-P;

If the exposed ship has N, passages of the fairway, the expected number of collisions per
unit of time is given by:

N,=P.-P;i-N,
or

N,=P,-N;-N,
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Because both ships in a meeting situation may lose control, the potential number of
collisions is twice as high. By introducing the number of loss of navigational control
situations per nautical mile within a fairway, the total number of collision is given by:

Nazz'lch'D'Pi'Ne

where . =number of loss of control situations per nautical mile, and D =distance of the
fairway.

It may also be of interest to estimate the number of collisions that are generated by an
observed traffic volume. Assume that a specific fairway is navigated by N, ships within
a given period of time. The number of encountering situations is given by the following
expression:

1. A2
1. N2 . P,
The term % is applied as it is computationally irrelevant whether only one or both vessels in
an encountering situation lose control. This expression substitutes the (P;- N,) term in the
previous equation:
Na: % 'MC'D'Pi'Nz

m

6.8.1 US Ports

The random course model has been used to perform a collision analysis for harbours in
United States. Table 6.8 presents some of the results from this investigation. The subject
ships in the analysis were both arriving and departing ships with a displacement greater
than 1000 tons. The investigation covered seven ports for the period 1969 to 1974.

The study collected data on vessel characteristics, traffic (V,,) and number of
collisions (N,). By applying the random course collision model previously described, the
potential number of impacts for each port was estimated (). It is worth noticing that
three of the ports had no reported collisions in the actual period. Based on the total
material, the probability of losing traffic control was estimated to be:

P.=7-10"* (failures/ship-movement)

Table 6.8. Collisions in major US ports, 196974

Port N,, N, P; e

Los Angeles 16,900 1 158.76 0.000525
Long Beach 9,800 0 53.96 0.00
Boston 7,700 0 28.99 0.00
New York 23,400 3 325.51 0.000768
Tampa 8,200 0 41.59 0.00
Mississippi 14,100 1 121.45 0.000686
Galveston 12,300 2 89.69 0.00186
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The mean sailing distance for these ports was 35 nautical miles. Hence the failure
frequency becomes:

pe="7-10"*/35=2.0-107" (failures/nm)

This estimate is identical with our earlier estimate for failures leading to stranding and
grounding.

6.8.2 Japanese Fairways

Extensive theoretical and empirical traffic studies have been performed for some Japanese
fairways (Fujii, 1982). The main characteristics for the fairway and vessels are summarized
in Table 6.9. The mean value for ship length indicates that it was a question about coastal
traffic.

Based on traffic and accident observations, the probability of loss of navigational
control leading to collision was estimated for each fairway. A distinction was made
between head-on and overtaking traffic (see Table 6.10). It should be noted that there was
some variation in failure rates for the fairways. This may easily be explained by possible
differences in environmental conditions and topographic factors. The results indicate
that head-on encounters are more difficult to handle than overtaking encounters. This is
reasonable, taking the time to respond into consideration. Head-on vessels will typically
close a separation of Snm (9km) in 10 minutes, whereas overtaking vessels will still be
4.5nm away after the same duration, assuming a relative speed of 3 knots (i.e. 1/10 of the
relative speed of head-on vessels). As can be seen from the mean estimates, the failure rate
for head-on collisions is twice as high as for overtaking collisions.

Table 6.9. Japanese traffic studies: fairway and vessel characteristics

Fairway D (km) W (km) N, (ships/hour) ¥V (knots) L (m)
Uraga Strait 25 3 25 20 50
Akashi Channel 10 3 50 15 32
Kanmon Sound 15 0.6 38 14 20

Table 6.10. Loss of traffic control in Japanese fairways

Fairway Overtaking traffic Head-on traffic
1L (failures/nm) 1. (failures/nm)
Uraga Strait 1.3-107° 39.107°
Akashi Channel 1.3-107° 2.6-107°
Kanmon Sound 0.86-107° 22-1073

Mean values 1.5-107° 29.107°
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6.8.3 Dover Strait

The probability of collisions in the Dover Strait has also been the subject of extensive
investigations (Lewison, 1978). After the implementation of a traffic separation scheme
(TSS) in Dover, the risk of head-on collision was reduced. However, there has been an
increased stranding frequency which might be explained by the fact that TSS separates the
main traffic flows and thereby presses some of the traffic nearer to the shore. The cross-
channel ferries between England and the Continent also contribute to Dover’s traffic
pattern.

The traffic in Dover has been monitored for extensive periods and the number
of collisions recorded. In order to estimate the collision risk, an encounter or incident
was defined as vessels passing each other within a distance of less than 0.5nm.
That corresponds to our model with random distributed traffic and a circular impact
cross-section (2-0.5=1nm). By analysing radar picture recordings, the number of
meetings or encounters could be counted. The following collision probabilitics were
estimated (P.):

Head-on traffic: 2.7 -1073 collisions/encounter
Overtaking traffic: 1.4- 107> collisions/encounter

Crossing traffic: 1.3- 107 collisions/encounter

The study also indicates that head-on encounters have twice as high a collision risk as
other situations. The likelihood of loss of navigational control is about equal for crossing
and overtaking traffic.

6.8.4 Summary: Control Failure

Based on the investigations that have been examined in the previous section, separate
estimates for the collision failure frequency are proposed in Table 6.11. It is proposed
that the failure frequency is twice as high for head-on traffic as for the other two forms.
But it should also be kept in mind that there is a considerable uncertainty associated
with these estimates and the variation may in fact be greater than the difference proposed.
As mentioned earlier, the failure frequency may vary with fairway, traffic pattern,
environmental conditions and vessel navigation performance.

Table 6.11. Traffic navigation failure

Encounter situation u (failures/nm)
Overtaking vessels 1.5-1073
Crossing traffic 1.5-107°

Head-on traffic 3.0-107°
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69 VISIBILITY

Accident statistics have revealed that a relatively large proportion of impact accidents, and
especially collisions, occur in poor visibility. This is not surprising, considering that
navigation is dependent on radar and other electronic aids and without the support of
direct visual observation of fairway and traffic. It has on the other hand been suggested
that technological developments, for instance the introduction of ARPA, have led to
reduced prudence by the navigator.

As a part of the traffic studies in the Dover Strait, the effect of visibility was also
studied. It was concluded that the visibility factor was quite large and even greater than
the effect of the particular encounter situation itself (Lewison, 1978). A traffic separation
scheme (TSS) was implemented in Dover Strait in 1977. The effect of visibility was studied
before and after implementation of the TSS. Visibility may be defined in various ways, but
in the present investigation three classes were applied: clear, mist/fog and thick/dense, as
specified in Table 6.12.

The number of collisions per encounter before and after the implementation of TSS is
shown in Figure 6.17. There was a certain reduction of collisions in reduced visibility
conditions, but on the other hand an increase in clear weather.

Apart from the before and after effect of TSS, it could be concluded that the relative
collision risk for the different ranges of visibility remained fairly constant. The development

Table 6.12. Visibility range

Clear Mist/fog Thick/dense
Greater than 4km 200 m—4 km Less than 200 m
10000

Collisions per million encounter
situations
g

- B

Clear Fog
Visibility Ranges

B Before M After |

Figure 6.17. Collision accidents before and after implementation of traffic separation distributed on ranges
of visibility.
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Table 6.13. FCRI for the Dover Strait

Visibility (k) Clear Mist/fog Thick/dense
Relative visibility incidence (V1) 0.9457 0.0446 0.0097
Collision probability (Py) 6-107° 60-107° 1800-107°

of the visibility effect model was therefore based on data for the whole study period. The
Fog Collision Risk Index (FCRI) gives the number of collisions per encounter as a function
of the relative incidence of the visibility ranges:

FCRI = (P] VI + P>, - VI, + Py - VI3)

where:

P, = Probability of collision per million encounters
VI, = Fraction of time that the visibility is in the range k
k = Visibility range: 1, Clear; 2, Fog; 3, Dense

The estimated parameters of the model are shown in Table 6.13. The data show the
dramatic effect of reduced visibility on the collision risk. Although the relative frequency
of visibility ‘Thick/dense’ is less than 1%, the probability increases by a factor of 1800.
The resulting value for Dover Strait was:

FCRI = 25.8 - 10 (collisions/encounter within 0.5 nm)

The contribution of ‘Thick/dense’ on this figure is 68% (0.0097-1800=17.5),
e.g. without the presence of this visibility condition the probability had been in the
order of FCRI =8 or one-third of the actual value. It can therefore be concluded that
though marginal visibility is mostly observed, its effect on navigational safety is seldom
dramatic.

The fact that there are limited studies of the effect of visibility for other fairways makes
it tempting to adapt the model in our general models for collision frequency estimation.
What is essential from the model described is the relative effect of visibility ranges on
the collision failure rate. By dividing the P, values by 6, we can visualize the relative
importance:

Pi=1;, P;=10;  P;=300
We can then rewrite the model above as follows for the collision failure frequency:
w=k(l -Vl +10- VL 4300 - V1)

For head-on collisions in Dover the value has earlier been found to be 2.7-10~° which,
inserted in the equation above, and assuming the same visibility frequencies gives:

k=0.63-107
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The model head-on collision in Dover can then be written:
w=0.63-107(1 - VI, + 10 - VI, 4+ 300 - V'I3) (failures/nm)

The physical meaning of the constant k is the failure frequency corresponding to 100%
clear visibility.

ATraffic Separation Case
Problem

A busy harbour is entered through a narrow channel. The channel, however, represents a
significant collision risk. It is suggested to implement a traffic separation scheme (TSS) in
a channel. Assess the effect of the TSS.

Facts

The channel is 2 km wide. The traffic distribution in each direction after traffic separation
is assumed to follow a normal distribution with the peak traffic (mean) 700 m from
the west side bank and variance =62,500 in the south direction and with a peak at
1300 m in the opposite direction and the same variance. The traffic in each direction is
14.4 ships/hour. The mean ship beam is 15m and mean speed 7 m/sec.
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Assumptions

There is no significant crossing traffic. The collision navigation failure rate is equal to
we=2.5-10"* failures/hour.

Experience from other fairways where traffic separation has been implemented shows
that some ships will violate the separation scheme and therefore still represent a risk of
head-on collision. It is assumed that violators (rogues) constitute about 10% of the traffic.

Analysis of present situation

At present the traffic in each direction is uniformly distributed over the whole channel
width. The traffic density is given by:

N, 144 1

_ _ _ 106 (<hi 2
_v-W_36007-2000_0'286 107" (ships/m~)

Ps

The expected number of collisions given loss of control is:

Ni=4-B-D-p;=4-15-25,000-0.286- 107° = 0.43 (1/passage)
The necessary time for a ship to pass the fairway is:

T=D/v=25000/7 = 3571 sec
The probability of losing navigational control within the fairway is:
P.=2.5-10"*.(3571/3600) = 2.48 - 10~* (failures/passage)

The probability of collisions is:

P,=P;-P.=043.248-10"* = 1.06 - 10~ (collisions/passage)

As we have the same traffic flow in each direction, the annual number of collisions is
estimated to be:

N,=P, N, =1.06-10"%.14.4.24.365=13.4 (collisions per year)

Analysis of the effect of TSS

Presently the traffic has a uniform distribution across the width of the fairway. This
means that a ship in the course of a period T meets N,,- T ships or N,,- T/ W ships per unit
of the channel width. If traffic separation is introduced, the traffic will have another
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distribution function across the channel. The non-dimensional expressions for the traffic
flow are:

1 —1/2-(x=700/250)
X)=———F—-¢€ :
S = Sy A w
1 —1/2- (x—1300/250)°
X)=——.¢ . -
Srort) = 5y

Owing to symmetry it is only necessary to analyse one direction. Let us look at the
violating ships going in the south direction. These ships occupy roughly the section from
700 m to 1000 m. By integrating the function above for this range we get:

1000
Fy = froutn(x) - dx = 0.236
700

The violating flow is:
Ny =N, -F, =144 - 0.236/3600 = 9.4 - 10~* ships/sec
The traffic density of the violating flow is:
p=9.4-10"*/(7-300) = 4.5- 1077 ships/m>
The probability of encounter is:
Pi=4B-D-p,=4-15-25,000-4.5-10"7 = 0.27 (1/passage)

The non-violating traffic in the critical section can be estimated as above:

1000
F, = filorth(x) -dx = 0.264
700

The exposed traffic flow is:
Nr=14.4.0.264 - 8760 = 33,302 ships/year
The expected number of head-on collisions due to violating vessels is:

Ny=P;-P.- N, =0.27-2.48 -107* . 33,302 = 5.23 collisions/year
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Owing to symmetry the actual number of collisions will be twice as high, namely

4.5 collisions/year.
This shows that the effect of introducing TSS is quite dramatic. The frequency of

head-on collisions is reduced by a factor of 3:

13.4/4.5 =3
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7

DAMAGE ESTIMATION

If there is a possibility of several things going wrong, the one that will cause
the most damage will be the one to go wrong
(“Murphy’s Third Corollary”)

71 INTRODUCTION

In the previous chapter methodologies for estimating the probability of having an impact
accident were described for various types of accidents. The possible resulting damage of
the impact accident is, however, still not identified. This chapter describes qualitatively the
likely accident characteristics and also the techniques for quantifying the likely damage
caused by the accidents.

There are a number of factors that affect the damage extent in a collision:

Structural characteristics of vessels involved.
The mass of the vessels involved.

Speed and relative course.

Location of damage.

Deformation mechanisms.

BRIl e

In the same manner, damage as a result of grounding will be governed by:

. Speed and mass of the vessel.

. Sea floor characteristics.

. Frictional forces of hull against sea floor.

. Initiation of local damage (denting, rupture, etc.).
. Bottom-—vessel interaction (lifting of vessel).

. Deformation mechanisms.

AN D AW N~

7.2 SURVEY OF DAMAGE DATA
7.2.1 Centre of Damage

The Ship Hydrodynamics Laboratory in Otaniemi did their first studies of accident
damage in the 1970s. Kostilainen (1971) made a survey of tanker accidents in the Baltic

173
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area for the period 1960-69. Subsequently a larger study covering tankers, general and
bulk carriers was undertaken by Kostilainen and Hyvérinen (1976).

In Figure 7.1 the distribution of the longitudinal centre of the damage for grounding
accidents is shown on the basis of the two studies mentioned previously. It is not surprising
that the foreship is most exposed, and it can be seen that 80% of the damage is located
from the bow and 60% of the length aft. In the same manner the damage centre is shown
for collisions in Figure 7.2. It is important to keep in mind that collision involves at least
two vessels and that the striking vessel will be subject to bow damage. This explains the
fact that almost 50% of damage cases are located in the bow area (90-100% of L). If one
excludes the striking ship cases, it can be stated that the struck ship is most exposed at
both ends and less in the midship area.
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Aft Centre of damage in % of length Fore

Figure 7.1. Distribution of longitudinal centre of grounding damage, 174 accidents in the Baltic area,
1960—69. (Sources: Kostilainen, 1971; Kostilainen and Hyvarinen, 1976.)
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Figure 7.2. Distribution of longitudinal centre of collision damage, 125 accidents in the Baltic area. (Source:
Kostilainen, 1971; Kostilainen and Hyvirinen, 1976.)
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Alexandrov (1970) did a similar study in connection with an analysis of the
effectiveness of life-saving systems. It was based on a greater database that had been
prepared by an IMO Working Group and consisted of 485 collisions and 159 grounding
reports (IMO, 1993). The striking vessels were also excluded in this study. The distribution
is shown in Figure 7.3. It can be concluded that 74% of the vessels were hit between the
bow and 60% of the length aft. This compares well with the previously cited studies.

Finally, the mean values for all accidents were taken together for 10% sections in order
to cancel out some of the randomness in the material. The result is shown in Figure 7.4.
Seen in perspective, these studies give a mixed picture of the probable damage location.
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Figure 7.3. Distribution of longitudinal centre of collision and grounding damage. Section length given in
5% of Lp. (Source: Alexandroyv, 1970.)
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Figure 7.4. Distribution of longitudinal centre of impact damage. Section length given in 10% of L.
(Source: adapted from data of Alexandrov, 1970.)
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This may explain why IMO has chosen simpler models in their regulation for damage
and spill estimation for tankers (IMO, 1996). As shown in Figure 7.5, a constant
distribution for collision is assumed, which means that all locations have the same
probability. For grounding the probability has a maximum at the fore end and decreases
moving aft.

7.2.2 Length of Damage

The studies from Baltic waters (Kostilainen, 1971; Kostilainen and Hyvérinen, 1976)
referred to earlier also analysed the length of the damage as shown in Figure 7.6.
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Figure 7.5. Simplified probability density functions (PDF) for damage location. (Source: IMO, 1996.)
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Figure 7.6. Histogram of longitudinal extent of impact damage, impact accidents in the Baltic area,
1960-69. (Sources: Kostilainen, 1971; Kostilainen and Hyvirinen, 1976.)



72 SURVEY OF DAMAGE DATA 177

The longitudinal extent of collision damage was fairly limited and within the range of 20 m.
In contrast, a grounding damage length might be much longer as seen from the figure.
This might be explained by the fact that grounding damage develops in the longitudinal
direction whereas many collisions involve being struck in the transverse direction.

Alexandrov (1970) also studied damage length and the results are shown in Figure 7.7.
He found that the length followed more or less the same distribution apart from a few
observations of extreme damage for groundings. This is in clear contrast to the previous
survey result. The mean damage length was 7.2m and 6.4 m for collision and grounding
respectively.

The MARPOL spill risk model (IMO, 1996) applies more simplified distributions
shown in Figure 7.8 as estimates for the damage length. However, it confirms that collision
damage is shorter than grounding damage in extent.
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Figure 7.7. Histogram of longitudinal extent of impact damage. (Source: Alexandroy, 1970.)
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7.2.3 Damage Penetration

The extent of penetration has also been analysed in a number of studies. We will here
restrict ourselves to refer the recommended design criteria given by IMO (1996) for the
estimation of tanker cargo spillage (see Figure 7.9). It can be seen that the probability of
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having a sideways penetration greater than 10% of the ship breadth is fairly low and 75%
of the cases have less than 5% penetration. The side of the hull is somewhat more exposed
and the cumulative probability of having a damage less than 75% of the ship’s depth
is 75%. The mean location is 67% of the depth above the keel. This further means that
damage will be restricted to an area above the waterline and be fairly limited.

The estimation of vertical and lateral extent of grounding damage for tankers has
also been analysed by IMO (1996) and is outlined by probability density functions in
Figure 7.10. It can be shown that 78% of the groundings have a vertical penetration less
than 10% of the depth. The lateral extent of the damage is obviously greater than for
collisions as the bottom area is most exposed. The mean transverse extension is 50% of the
ship’s breadth. The transverse location follows a uniform distribution which means that all
locations have the same probability.
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Figure 7.10. Vertical and transverse penetration of grounding damage for tankers. (Source: IMO, 1996.)
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7.3 ESTIMATION OF IMPACT ENERGY
7.3.1 Energy Transformation

A critical factor in the modelling of contact damage is the associated impact energy.
General considerations of the loss of kinetic energy and how this energy is transferred to
plastic deformation of the ship’s hull are the basic task of this section. Before the details
of grounding and collision accidents are presented, some general parameters for the
calculation of impact damage are outlined.

The energy transformation of an impact is dependent on some characteristics of the
accident. If the impact forces act through the mass centre of the ship, a central impact
occurs. Then the impact does not result in rotation of the ship. If the impact forces do not
act through the mass centre of the ship, the impact is described as an eccentric impact.
Then some of the kinetic energy in the ship’s initial impact direction is transformed to
rotation energy of the ship’s hull.

The loss of kinetic energy is absorbed in the ship’s hull construction. The basic
absorption processes of the loss of kinetic energy are:

e Global vibrations
e Local vibrations

e Elastic deformation
e Plastic deformation

In this kind of study the events are generally divided into high-impact energy accidents
and low-impact energy accidents. Low-impact energy accidents are accidents where the
hull stays intact. Hence, the loss of kinetic energy is absorbed by the membrane strength of
the hull. The damage caused by such accidents is minor in relation to high-impact energy
accidents. Low-energy impact accidents are not, therefore, discussed further in this
chapter. In high-energy impact accidents the loss of kinetic energy is mostly absorbed by
plastic deformations of the hull, bulkheads and decks. The membrane strength of the hull
has inconsiderable effects. The loss of kinetic energy in a given direction is given by:

7 1, > 2 1 2
AEg=5-mp -V, —5 My -V,

where:
AEyx = Loss of kinetic energy
m = Total mass (mass of ship + added mass)
v = Impact velocity
b = Immediately before impact
a = Immediately after impact

The lost kinetic energy is mostly transformed to plastic deformations. These
deformations are concentrated in the location of the impact and the impact resistance
of the ship’s hull.
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7.3.2 EnergyTransfer in Collision

The collision extent is characterized by several parameters. The main parameters affecting
the damage extent are:

Structural characteristic of struck ship.

Structural characteristic of striking ship.

Mass of struck ship at the time of collision.

Mass of striking ship at the time of collision.

Speed of struck ship at the time of collision.

Speed of striking ship at the time of collision.
Relative course between the striking and struck ship.
Location of damage relative to ship’s length.

In order to quantify the loss of kinetic energy in a collision, a close to right-angled
collision where the struck ship is hit at about the centre is considered (Figure 7.11). In this
collision situation it may be assumed for simplicity that any yaw movement of the struck
ship is not taken into consideration. Minorsky (1959) has proposed that the speed of the
striking ship perpendicular to the struck ship’s centreline is expressed as follows based on
the principles of conservation of momentum:

my-vy-sina=(m; +(14+Cp)-mp)-v

where:
my = The striking ship’s mass
vi = The striking ship’s speed
m»> = The struck ship’s mass
C;, = Added mass coefficient of the struck ship

= Joint speed perpendicular to struck ship after collision

<
|

Striking ship

V2

m2 >

Struck ship

Vi

Figure 7.11. Collision scenario.
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If we assume that the ship only loses kinetic energy in a right angle to the struck ship,
the loss in kinetic energy can be estimated by:

AEc =1 -my (v -sin @) =1 (my + 1+ Cp) - mo) -V

The common speed of the two ships after the collision, v, is at a right angle to the struck
ship and can be found by the equation of motion. Inserted into the equation above, the
loss of kinetic energy is given by:

m? - (v; - sin &)’
my + my(1 + C)

E[ = 5 -mip - (V1 . sina)2—%~

The resulting expression is as follows:

my - my(1 4 Cy)

E = .
I= 20my + ma(1 + Cp)

(v - sina)’ (7.1

In this equation, only the added mass of the struck ship is considered. In a collision there
are two ships involved. Hence, the impact energy will be distributed on these ships. The
transferred energy is dependent on the total mass and in a central impact the following
energy is transferred to the struck ship:

1
Er=E - | —— 7.2
o= E (1 — /mz) (1.2)

where E,» =energy transferred to struck ship and E;=1ost kinetic energy.

When the ship is retarded, both the mass of the ship and some of the surrounding
water of the ship is retarded. Hence the loss of kinetic energy is not only related to the
mass of the ship but also to the virtual added mass. The added mass is a function of
magnitude, duration and the direction of the retardation. This aspect is discussed by
Minorsky (1959), who proposed the following value for the struck ship:

C,=04

Zhang (1999) has made a reassessment of the added mass on the basis of recent
investigations and proposes the following values given in Table 7.1.

Table 7.1. Added mass coefficient

Motion mode Added mass coefficient (C),)

Range Proposed
Surge 0.02-0.07 0.05
Sway 0.4-1.3 0.85

Yaw 0.21 0.21
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7.3.3 Estimation of Collision Energy

Zhang (1999) has in his Ph.D. thesis given an extensive analysis of collision energy
and associated hull damage. He has developed numerical models with a complexity
beyond the scope of our discussion here, but it might be interesting to assess the feasibility
of simplified models with reference to his data. Let us take a look at a case involving a
collision between two similar container ships with a displacement of 25,500 tonnes and
speed 4.5 m/s. Zhang (1999) studied the effect on loss of kinetic energy for different meeting
angles and impact points along the length of the hull of the struck vessel. Figure 7.12 gives
a summary of the computational results. For collision angles in the range from 60° to 120°
the energy loss has a maximum when hitting the midship section. The maximum energy
loss might be in the order of 60% of the total kinetic energy. For collision angles of 120°
and higher, one approaches a head-on collision that gives the highest energy loss. For a
collision angle of 150° a maximum energy loss is also found for impacts at the bow and
represents in this case nearly 80% of the kinetic energy.

A Numerical Example

Problem

We have a collision situation for two similar supply ships with a displacement of
4000 tonnes and speed 4.5m/s. The striking ship hits the other at midship and an angle of
90°. How much energy is absorbed by the struck vessel?

Solution

With the given collision configuration the struck ship will be subject to sway motion and
we can then assume an added mass coefficient of 0.85.
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Figure 7.12. Energy loss in collision between two similar container ships. Displacement, 25,500 tonnes;
speed, 4.5 m/s; friction coefficient, 0.6; collision angle, 30° to 150°. (Source: adapted from Zhang, 1999)
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By applying Eq. (7.1) we get the following estimate for lost kinetic energy:

4000 x 4000 x (1 + 0.85)
= 2(4000 x 4000 x (1 + 0.85))

=38.9MJ

E; x (4.5 x $in 90°)°

Numerical simulation by Zhang (1999) gave 35.3 MJ, which represents a difference of only
10%. (See also Figure 7.12.) The result should also be seen in the light of the uncertainty
related to the effect of added mass.

As pointed out earlier, the model of Minorsky (1959) was based on the simplification of
just taking the impact normal to the longitudinal axis of the struck ship into consideration.
It is therefore at risk of underestimating the impact energy. In the following section we will
adjust Minorsky’s model somewhat for three basic collision scenarios, namely hitting the
midship section at angles of 60°, 90° and 120°.

As a case study we use a collision between two container ships each with a
displacement of 25,206 tonnes and speed 4.5m/s. Zhang (1999) has made extensive
numerical calculations on the case and will be used as a reference. The computations are
summarized in Table 7.2.

First we look at the normal impact (¢ = 90°). The impact energy on to the struck vessel is
computed straightforwardly. The second element is the sway motion of the striking vessel
due to the fact that the struck vessel is moving normal to the striking vessel during the
impact. The struck vessel therefore, so to speak, attacks the bow of the striking vessel. The
force takes the friction into consideration. The sway component to the struck vessel is,
however, almost twice as large as the yaw component. The total energy lost is 241 MJ, which
compares well with the more exact numerical estimate of Zhang (1999) which is 223 MJ.

The second case is the crossing with an angle of 60°. The relative impact speed of
the striking vessel is slightly reduced due to the fact that the struck ship has a motion
component in the same direction. The yaw component is computed by first computing the
component acting normal to the side of the struck vessel and then decomposing the part
acting normal to the striking ship. The estimate is exactly the same as the result of Zhang
(1999). The lost kinetic energy is only 36% compared to the normal impact.

At a crossing angle of 120° the relative speed is much greater for the sway component
due to the opposing motion directions. Combined with the yaw component, the lost
kinetic energy is 375 MJ or 56% higher than for normal impact angle.

7.3.4 Collapsed Material

The pioneering work on the analysis of impact damage was done by Minorsky (1959).
Based on the analysis of 26 full-scale collision cases, he proposed the following relation
between absorbed energy and damaged hull material:

E =472 -Ve+32.8 (7.3)
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Table 7.2. Estimation of lost kinetic energy in collision between two similar container ships of 25,206
tonnes displacement and speed 4.5 m/s: comparison with Zhang (1999, Table 2.7)

Situation Computation of lost kinetic energy

Sway: C;,=0.6 Yaw: C,=0.21 Friction coefficient: ©=0.6

Angle: o =90° Sway of struck vessel:

25,206 - 25,206 - (1 4 0.6)
= 2(25,206 + 25,206 - (1 + 0.6))
Yaw of striking vessel:

25,206 - 25,206 - (1 4+ 0.21)
= 2(25,206 + 25,206 - (1 + 0.21))
Total: E;=157+84=241MJ Zhang: E;=223MJ

- (4.5-5in90°)* = 157MJ

1

-(4.5-5in90°)* - 0.6 = 84 MJ

1

Angle: o =60° Sway of struck vessel:

25,206 - 25,206 - (1 + 0.6)
= 2(25,206 + 25,206 - (1 + 0.6))
Yaw of striking vessel:

25,206 - 25,206 - (1 +0.21)
- 2(25,206 + 25,206 - (1 4+ 0.21))
Total: E;=39+47=86MJ Zhang: E;=86MJ

' (4.5 —4.5-c0s60°)> = 39M]J

, - (4.5 -sin 60° - sin 60°)* - 0.6 = 47 MJ

Angle: a=120° Sway of struck vessel:

25,206 - 25,206 - (1 + 0.6)
= 2(25,206 + 25,206 - (1 + 0.6))
Yaw of striking vessel:

25,206 - 25,206 - (1 +0.21)
- 2(25,206 + 25,206 - (1 4+ 0.21))
Total: E;=354+21=375MJ Zhang: E;=338 MJ

(454 4.5 sin 120°)? = 354 M1J

1

- (4.5 -sin 120° - sin 120°)% - 0.6 = 21 MJ

I

where E;=absorbed collision impact energy (MJ) and V= collapsed material volume of
the hull (m?).

This equation is only valid for high-impact energy accidents (over 50 MJ). The model is
not applicable for bow crushing. Depending on which part of the hull is hit and the impact
energy, the hull is subject to plastic tension, crushing and folding, and tearing.

Zhang (1999) has analysed the relation between absorbed energy and penetration on the
basis of an elaborate numerical model. His estimate are summarized in Table 7.3. Applying
regression analysis on these data, the following expression for the penetration was found:

L, =267 nE —197- 1@%) +1.66 (7.4)
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Table 7.3. Absorbed energy as a function of penetration for selected struck ships

L, (m) Struck vessel
Ro-Ro Ro-Ro Ferry Ferry Tanker Tanker
15,800t 27,000t 16,073 t, 16,073 t, 100" tdw 293" tdw

Om/s 4m/s

2 8 10 8 7 37 70

3.5 20 25 20 14 70 150

5 35 45 40 23 108 275

8 50

Source: Zhang (1999).

Case Study
Problem

Will a segregated ballast tanker (SBT) withstand penetration of the inner cargo tank after
collision with a container vessel? The container vessel is at reduced speed whereas the
tanker is at standstill.

Data

Container vessel: 186 m length, 25,000t mass, 4.5m/s
SBT tanker: 40,000t dw, 50,000t mass
Breadth of segregated ballast tanks: 5.5m

Assumption

The tank vessel is hit at midship with a 90°crossing angle.

Analysis

The tanker is only subject to sway motion.

Estimation of impact energy (see Table 7.2):

25,000 - 50,000 - (1 + 0.6)

B (4.5 - 5in90)2 = 193 MJ
2(25.000 + 50,000 - (1 £ 0.6y +> - sim90)

1

The energy absorbed by the SBT tanker is given by Eq. (7.2):

1
1 4+ 25,000/50,000

E,2:193~< > = 129M]J]

Estimation of penetration depth is based on Eq. (7.4):

L,=2.67-In129 —1.97-In50 + 1.66 = 6.9m
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Conclusion

The estimated penetration depth of 6.9m indicates that the inner cargo tank will be
penetrated even at the reduced speed of 4.5m/s (8.7 knots) as the breadth of the tank is
only 5.5m.

74 STRANDING AND GROUNDING
74.1 Absorbed Energy

The estimation of absorbed energy during grounding is more straightforward compared
to the collision scenario due to the fact that all kinetic energy is associated with a single
vessel. Absorbed energy is given by the following expression:

Er=im-(1+Cy)- V2 (7.5)

74.2 The Grounding Scenario

Generally we make a distinction between drift and powered grounding. Drift grounding
seldom immediately results in high-energy impacts. The wave action may, however, break
down the hull over time. Powered groundings are related to considerably larger impact
velocities and consequently have a higher likelihood of extensive damage.

The general description of a stranding or grounding scenario (Figure 7.13) may be
described as:

Lifting the ship against gravity forces.

Frictional forces generated by rubbing of the hull against the ground.
Forces involved in the plastic deformation of hull girders.

Forces involved in the fracture of bottom plating and structural material.

If the gravity forces are large relative to the impact forces, the ship will not be lifted
and the bottom will be plastically deformed. The length of the damage has to be past the
collision bulkhead in order to reach the cargo tank section. If the impact forces are large

Ay
e

AT

| .,,,,,w

Figure 7.13. Grounding scenario.
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relative to the gravity force, the ship is lifted and starts to move over it. The membrane
forces may, however, keep the hull intact for some time. As the obstruction moves towards
midship the penetration forces will increase. If the membrane forces are large relative to
impact forces, the ship may rest or ride over the ground with an intact bottom structure. A
more likely scenario, however, is that the impact forces exceed the membrane forces of the
hull and the bottom is ruptured. This rupture may occur below the cargo tanks and may
result in a cargo spill if the rupture extends to the double bottom.
The stopping distance for the ship hitting a flat bottom is given by (NRC, 1991):

X, =V \/g 1+G)-A (ft) (1.6)

-TPF -sina - (1 - cosa + sin @)

where:
V' = Ship’s velocity (knots)
A = Ship’s displacement (tons)
g = Acceleration of gravity (ft/s?)
C), = Hydrodynamic added mass coefficient
a = Inclination of sea floor (degrees)

TPF = Tons per foot immersion
n Coefficient of friction (1.2 rocky to 0.4 sand bottom)

This is based on an idealized scenario where the ship stops with the bottom parallel to the
seabed and the energy transfer does not include reorientation of the ship.

Example
Problem

A single-hull tanker runs aground with a speed of 11.5 knots. The sea floor is rocky.
Estimate the length of the bottom damage.

Data

Vessel data: Length pp: 304m =997 ft
Breadth: 52.4m=172ft
Displacement: 237,000 tons
Water plane area: A, =997 x 172 x 0.85 = 145,761 ft*
TPF = 145,761 x 12/420 =4165 t/ft
Added mass: 5%

Sea floor: The sea floor is reasonably even (no
protrusions)
Assumed friction coefficient: 0.8 (intermediate)
Elevation 1°
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Analysis
The non-dimensional stop length is given by Eq. (7.6):

=132t =40m

s (1+ 0.05) - 237,000
T 32.2-4165-sin1°- (0.8 - cos 1° + sin 1°)

Assessment

The relative stopping distance is 132 ft or 13% of the ship’s length. This estimate is very
sensitive to both to the inclination of the sea floor and the friction coefficient. Both factors
may be associated with considerable uncertainty.

74.3 Grounding Damage

Zhang (1999) has proposed the following approach for estimating the extent of damage
as a result of a grounding. The collapsed hull material is given by:

VC - LD ' BD : teqv (m3)

and the absorbed energy is estimated as:

t 0.6
E,=3.21-<;—q“> o Ve

D
where:

Lp = Length of bottom damage area

Bp = Breadth of damaged area

teqv = Equivalent bottom plate thickness

o = Average flow stress =320 MPa

The equivalent plate thickness takes the contribution of longitudinal stiffeners into
consideration. Let us now return to the previous example and estimate the extent of
damage during grounding.

Example
Problem

Estimate the length of grounding damage for the single-hull tanker.

Assumptions

Added mass in surge motion: 5%
Bottom plate thickness: 28.5mm (Zhang, 1999)
Thickness corrected for longitudinal stiffeners: 56.5 mm
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Analysis
The grounding impact energy is given by Eq. (7.5):

E;=4-237,000- (1 +0.05) - 5.97 = 4331 MJ

The expected breadth of the damaged area is 17.5% of the breadth based on the
distribution given in Figure 7.10, which gives:

Bp =52.4x%x0.175=9.1m

We get the following expression for damaged material:

56.5 ;

Finally we get the following expression for absorbed energy:

B a3t =301 (395)" 300 1, 0514 = 1,2 25.0
= - 9100 prmaim b

The resulting damage is Lp =173 m. Zhang (1999) points out that the actual length was
180 m for a similar vessel involved in a grounding under similar conditions.

Assessment

It is clear that the damage length for grounding on a rock is larger than the stop length on
an even and almost flat sea floor. The latter was previously estimated to be 40 m. It is also
clear that this estimate is dependent on the assumed breadth of the damaged area, which
in this case was based purely on statistical data.

Minorsky’s equation cannot be used for grounding accidents because the ship’s bottom
structure has other damage resistance characteristics than the side ship. A second reason
is that the hull deformation in a grounding accident is distributed over a larger part of
the hull. An analogous method has, however, been developed by Vaughan (1978). This
equation takes the fractured area into account:

E;r=352-Ve+126- 4, (M)
where:
E; = Absorbed grounding impact energy (tonnes - knots?)

Ve = Collapsed volume of the hull (m?, mm)
A, = Cross-sectional area of indenter (m, mm)
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For a single-bottom ship the value of A, is equal to the product of the bottom plating
thickness and the breadth of the indenter. Let us test this model on the previous case.
The absorbed energy is given by:

E;=1.237,000- (1 +0.05) - 457 = 22.4 - 10° tonnes - knots®
and related to the damage resistance:
E;=352-Lp-9.1-56.54+126-9.1-56.5

By combining the expressions we get Lp=123m. This is considerably lower than the
previous estimate and casts doubt on the credibility of the model.

7.5 HIGH-SPEED CRAFT (HSC) DAMAGE

The vulnerability of high-speed vehicles has been increasingly focused after a number of
serious accidents. It has become apparent that these vessels may be subject to greater
damage than is designed for in the IMO HSC Code. The Code is merely assuming damage
lengths based on statistics from slow-speed vessels. The Code therefore does not take the
higher speed or hull material properties into consideration. Alternative damage models are
discussed in a paper by McGee et al. (1999). They refer also to two simplified models.
The first one is given by Gallagher (1997), who proposed the following expression for the
damage length of HSC after grounding:

A2
Lp =
P T 25E
where:

S = Damaged length (m)
A = Displacement (tonnes)
V' = Speed (m/s)
E = Young’s modulus (steel 150 to aluminium 75)
t = Plate thickness (mm)

The model is based on the assumption that the vessel has a speed reduction during
the accident of 10-15%. The indenting part of the sea floor has a breadth of 0.3 m. It is
clear from the expression that the nominator stands for the kinetic energy whereas the
denominator represents hull resistance against damage.

Example
Problem

A high-speed craft is grounding with a speed of 45 knots. Estimate the damage length of
the aluminium hull.
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Data

Displacement of the HSC: 190 tonnes
Speed: 45 knots =23.2m/s
Bottom plate thickness: 10 mm

Solution

Damage length:

190 - 23.22

=35.75.10  o+Om

Lp

Assessment

The result indicates that the whole bottom length is opened as the length of the vessel
is only 45m. A more advanced numerical model by McGee et al. (1999) gave a damage
length of 40.3 m, indicating that the simplified model may be seen as conservative.

7.6 DAMAGE CONSEQUENCES

An impact accident and the associated puncture of the hull will lead to water ingress and
possibly also outflow of oil cargo and bunkers. This will, in the next phase, lead to loss of
buoyancy and stability, and ultimately sinking and capsize. It is beyond the scope of this
book to analyse the hydrostatic aspects of an impact accident. We will, however, in the
following paragraphs look at the spill consequences of a hull penetration (Figure 7.14).

7.6.1 Spill Volume

The maximum oil spill potential is equal to the volume of oil in the penetrated cargo tanks.
This volume is generally 98% of the nominal tank volume. Given damage of the side of the

| Impact Probability |

Impact Location

Damage Height

Damage Length

| Damage Penetration I

Hull Volume Punctured

Cargo Volume
Punctured

| Volume Spilled |

Figure 7.14. General tanker spill analysis.
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Figure 7.15. Hydrostatic equilibrium.

hull resulting from a collision, it can be assumed that all the oil in the penetrated tanks is
released. A bottom damage does, however, introduce another mechanism. As the oil flows
through the bottom of the penetrated tank, the pressure at the tank bottom is reduced
until a hydrostatic equilibrium pressure is reached. At this stage further oil release is
possible only if the draught of the ship is changed.

The spilled volume in the equilibrium state (Figure 7.15) relative to the tank capacity
can be expressed as:

Pu

c

Iy
Vi=1- e (%0)

where:

=
|

= Height of water column (~ draught T)
Height of cargo column

pw = Water density (seawater = 1.025t/m?)
= Cargo density (oil ~ 0.86t/m”)

=
o
Il

i)
Q
|

If the penetration is through the double bottom, the initial pressure in the cargo tank and
the height of the double bottom has to be considered. The cargo volume spilled is:

. (Iow : (hw - hdb) -g—100- Ap)
Pe - hc -8

Ve=1 (%)

where:
hg, = Height of double bottom

g Acceleration of gravity =9.81 m/s’
Ap = Tank overpressure due to inert gas (= 0.05 bar)

By applying the expression to a double-hull tanker design it is found that the spilled
cargo volume is in the order of 20% for each penetrated tank section in the case of bottom
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damage. Tide, waves and mixing of seawater in the remaining cargo oil will over time
increase the total spilled volume.

7.7 BOSTON HARBOUR COLLISION RISK STUDY

To illustrate a simplified approach to spill risk estimation, we will show part of a risk study
for Boston harbour (Barlow and Lambert, 1979). Liquefied natural gas (LNG) tankers are
delivering gas to a harbour at Boston. Figure 7.16 shows that the ship has to pass through
a narrow fairway close to densely built-up areas. This, seen in association with the fact
that the cargo of a 80,000 m? LNG tanker corresponds to 30 nuclear Hiroshima bombs,
brought up the need for establishing safety measures for the operation. The objective
of this study was to reduce the risk of collision accidents in the harbour area. For this
purpose the fairway was divided into four sections.
The main accident phenomena that may lead to release of cargo were:

e Sabotage

Natural disaster

Ship-related accidents such as fire
Ship collisions

Struck by plane

Stranding or grounding

As the objective of the investigation was to assess safety measures to reduce risk of
collisions, only this accident type was studied. 72 different causes were identified that could
contribute to a spill accident. The top section of the fault tree is shown in Figure 7.17.

Figure 7.16. Simplified description of Boston harbour fairway.
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The collision scenario was further modelled as shown in Figure 7.18. This approach
was applied for each of the four segments of the route leading into the harbour. A cargo
spill is dependent on the realization of four different conditions, namely:

A ship enters the safe area of the LNG tanker.

The two vessels are on collision course.

The LNG tanker is the struck vessel.

The striking vessel is greater than 1000 tons and has a critical velocity and
collision angle.

Ll S

Ttems 1 through 3 can be estimated by the methods outlined in Chapter 6, whereas item 4
can be based on the methods shown in the present chapter.

7.8 RISK ASSESSMENT FOR A PRODUCTION AND STORAGE TANKER

For any type of operation related to petroleum production on the Norwegian continental
shelf a risk assessment has to be performed. In the final case in this chapter a description
will be given of the analysis of the collision risk for a production and storage tanker (PS).
The assessment (Dahle, 1988, 1992) involves estimation of:

e Probability of collision
e Collision energy
e Loss of safety function

The assessment is summarized in the form of an event tree where the probability of losing
critical, safety functions is computed. The Norwegian petroleum Directorate (NPD) gave
a limiting value of 10™* on an annual basis.

Release due to ship
collision within Section 1

1
Release due to ship
collision within Section
when LNG Tanker is
struck ship

A

[ I | I

LNG Tanker LNG Tanker and Striking Vessel of 1000 Potential striking
is struck potential striking tons or greater exceeds vessel violates
ship in vessel on collision critical VELOCITY and the LNG Tanker's
collision course within Section ANGLE at impact safe area

@

JAN

<o

JAN

Figure 7.18. Release due to ship collision branch. (Source: Barlow and Lambert, [979)
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Case Study
Problem

The following example is a part of an actual analysis called ‘Risk Assessment of
Production and Storage Tankers’. The analysis consists of a traffic modelling part and a
damage modelling part in addition to calculations of the effect of implementation of an
evasive manoeuvre for the PS in a collision situation. In this presentation the damage
modelling part is presented without consideration of an evasive manoeuvre. Based on the
results from the traffic modelling, the damage modelling is performed.

Solution

Estimate the collision damage for the production ship (PS). A consequence of a collision
with the PS may be a spill of oil from some of its tank sections. Oil may ignite and cause
further accident escalation by putting shelter areas, escapeways and structure at risk. The
likelihood of these scenarios has to be estimated.

NEARBY VESSEL
Stand by
Fishing
E Seismic
§ Marine operations
£
=
PRODUCTION SHIP (PS),
14
i
- ] VISITING VESSEL
&-" s 3 Shuttle tanker
-~ e Supply vessel
T
o -----»
PASSING VESSEL
Vessels in unrelated operation

Based on the traffic above, collision probabilities for each traffic segment can be
estimated (Table 7.E1l).

Based on the computations above, the total probability (random course situations and
drifting situations) of collision is estimated to 84.5-107*.



861

Table 7.EI
Vessel type Annual collision Total time Conditional probability of impact speed given
probability P, within zone a collision situation P;
per year (hrs)
Random Drifting Random Drifting
Low High Low High
Visiting  Supply 15107 6.2-107* 55 0.04 0.01 0.1 0
Shuttle tankers ~ 30-107*  3.1-107* 110
Nearby 26-107%  9.9.107° 1055 0.04 0.01 0.04 0.01
Passing  Non-tankers 27-100%  1.6-107° 108 0.15 0.70 0.04 0.01

Tanker 29.107°  2.1-107° 11

NOILVIWILST IDVINVA £ ¥ILdVHD
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Assumptions

For simplicity only two speed ranges are used in the study. Velocities between 3 and
6 knots are considered as low speed while 6 to 15.5 knots is considered as high speed.

The displacement of the PS is 100,000 t. There are large differences in the size of the
shuttle tankers and passing ships. It is assumed that 50% of both the shuttle tankers and
the passing tankers are in ballast condition and the displacement set to 70,000 t while the
other half are fully loaded with displacement of 150,000 t. 95% of the passing non-tankers
are small vessels of 5000t while the rest of the passing non-tankers are assumed to be
merchant vessels with mean displacement 40,000 t.

The added mass coefficient for the striking ship is 0.1 while for the production ship
it is 0.7. The probability of having a central collision impact is 0.5 and that of a non-
central impact (45°-70°) is 0.25; both situations will lead to hull penetration.

Impact energy

There are two basic collision scenarios. The striking ship may lose propulsion power and
drift towards the PS or the striking ship can lose navigational control and continue on a
random course. The two collision types have quite different characteristics with respect to
impact energy and impact geometry. The bow of the PS is heading against the waves. The
wind forces are the dominating load on the drifting vessel. As the angle between the wind
and waves is relatively small, a central impact is not likely to occur. Consequently the
drifting ship may hit the relatively strong bow of the PS and slide along its side. In this case
the impact energy will be low due to the small collision angle and low impact speed. Hence
the damage will most likely be minor and local. The drifting collisions are therefore not
analysed further.

The probability of having a powered collision is calculated in Table 7.E2.

A ship sailing on a random course will more likely strike the PS in a central impact
given the alternative meeting angles. In addition the impact speed will be higher and there-
fore cause more damage then the drifting vessels. Based on Eq. (7.1) and the assumed added
mass coefficients, the fraction of the kinetic energy transferred in plastic deformation of the
PS’s structure is calculated for all the ships and for both speed categories. The energy
transferred to the production ship (Table 7.E3) is calculated by Eq. (7.2).

Structural damage

Based on the collision geometry and the necessary crushed hull volume, the probability of
penetrating the hull and cargo tanks is estimated by using Minorsky’s equation (7.3) as
shown in Table 7.E4. It is assumed that in a central impact about 8.5m? crushed material
is necessary to penetrate a cargo tank. Hence the minimum force is 430 MJ. It is further
assumed that the energy to penetrate the hull is 40 MJ. This is a crude assumption as the
value is outside the valid range for Minorsky’s equation. For a non-central impact the
energy necessary is 140 MJ.

It can be seen from Table 7.E4 that high-speed impacts only result in cargo tank
penetration. Based on these results, an event tree is developed as shown below. It is



Table 7.E2
Vessel type Col. 1 Col. 2 Col. 3 Col. 4 Col. 5 Col. 6
Fraction Impact  Energy Speed Collision Collision
within speed (MJ), fraction of  frequency probability
group equation (7.1)  time within  (P,-Col. 1)  (Col. 5-Col. 4)
zone
Visiting Supply 1 Low 11 0.04 15-107* 0.6-107*
High 44 0.01 0.15-107*
Shuttle tanker 70,000t 0.5 Low 154 0.02 30-107* 0.6-107*
High 616 0.005 0.15-107*
150,000t 0.5 Low 330 0.02 0.6-107*
High 1320 0.005 0.15-107*
Nearby 1 Low 11 0.04 26-107* 1.04-107*
High 44 0.01 0.26-107*
Passing Small 5000t 0.95 Low 11 0.12 27-1074 0.32-107*
High 44 0.56 1.51-107*
Merchant 40,000 t 0.05 Low 68 0.03 0.08-107*
High 272 0.14 0.38-107*
Tanker 70,000 t 0.5 Low 154 0.075 29-107° 0.02-107*
High 616 0.035 0.01-107*
Tanker 150,000 t 0.5 Low 330 0.075 0.02-107*
High 1320 0.035 0.01-107*
59.107*

00T
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Table 7.E3. Impact energy transferred to PS in powered collision

Vessel type Col. 1 Col. 2 Col. 3 Col. 4 Col. 5
M gpip (1) Impact Kin. energy Transferred Collision energy
speed (MJ) energy (MJ)

Visiting Supply 5000 Low 11 0.97 11
High 44 43
Shuttle tanker Ballast 700,000 Low 154 0.71 109
High 616 437
Loaded 150,000 Low 330 0.53 175
High 1320 700
Nearby 5000 Low 11 0.97 11
High 44 43
Passing Small 5000 Low 11 0.97 11
High 44 43
Merchant 40,000 Low 68 0.81 55
High 272 220
Tanker 70,000 Low 154 0.71 109
High 616 437
Tanker 150,000 Low 330 0.53 171
High 1320 700
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Table 7E4
Vessel type Impact  No. of penetrations P(no P(penetration P(penetration
speed penetration) (outside shell)) of cargo tank)
Central Non-central
(P=0.5) (P=0.25)
Visiting Supply Low 0 0 0.6-107* 0 0
High 1 0 0.075-107*  0.075-107* 0
Shuttle tanker ~ Ballast ~ Low 1 0 0.3-107* 0.3-107* 0
High 2 0 0 0.075-107* 0.075-107*
Loaded  Low 1 1 0.15-107* 0.45-107* 0
High 2 0 0 0.075-10~* 0.075-107*
Nearby Low 0 0 1.04-1074 0 0
High 1 0 0.13-107* 0.13-107* 0
Passing Small Low 0 0 032107 0 0
High 1 1 0.75-107* 0.75-107* 0
Merchant Low 1 0 0.04-107* 0.04-107* 0
High 1 1 0.09-107* 0.29-107* 0
Tanker Ballast  Low 1 0 0.01-107* 0.01-107* 0
High 2 0 0 0.005-10~* 0.005-107*
Loaded  Low 1 1 0.005-107*  0.015-107* 0
High 2 0 0 0.005-10~* 0.005-107*
Sum 3.51-1074 222-107% 0.16-107*
Fraction 0.60 0.38 0.02

20T
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assumed that there is no loss of safety functions unless spilled oil is ignited. However, if the
spilled oil from at least one cargo tank is ignited, the shelter areas and escapeways are

assumed to be lost. If the engine room and one cargo tank is penetrated the PS will sink,
or in other words there will be loss of all safety functions.

Conclusion

The initial collision probability was 84-107*. This value gives a return period of
approximately 100 years. Of these collisions, 88% are due to random navigation. By
eliminating the collisions with insignificant impact energy the risk is reduced by a factor
of 10 to a collision probability of 5.9-10%.

The Norwegian Petroleum Directorate (NPD) has a maximum accepted value for
loss of safety functions equal to 10~* Neither of the three safety functions has a

probability greater than this target. Hence the PS meets the requirement with respect to
collisions.

Collision with vessel at medium or high speed
5910

No Yes
4“—— 06 | 04 —»

Penetration of hull

0.98| 0.02
Penetration of hulf and one
0.05| 0.95 cargo oil tank
Fire on water
0.99] 0.0t 0.99| 0.01
Penetration of hull and two
0.05| 0.95 cargo oil tanks
Fire on water
0.6] 04 0.6/ 04 0.6f 0.4 0.6] 0.4 0.6 04
Penetration of hull and one
cargo oil tank and engine
room
< < ~ ~ hand - - =3 e © © ©
elelele|a|la|lolo|e|a|2]|®
- 2} < [} & < & S ~ @ ~ Q
ol o] of 1] of 1] 1 1 1] 1] 1 | 4.6510° |Shelter area
0 0 0 1 0 1 1 1 1 1 1 1 4.6510°° Escapeways
0 0 1 0 1 0 1 0 1 1 1 1.9410° | Structure
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Table 7.4. Elements in MARPOL

Regulation Description
Segregated ballast tanks (SBT) Cargo cannot be carried in ballast tanks
Protective location of SBT SBT are located in ship’s side and bottom
Draft and trim requirements Draft amidships of not less than 2.0-0.02- L and
trim by stern not greater than 0.015- L
Tank size limitations Maximum tank length 10m-0.2- L depending on location.

Maximum volume may vary up to 22,500 m? for side
tanks and 50,000 m® for centre tanks

Hypothetical outflow of oil Maximum hypothetical oil outflow after an assumed
damage with specified extents
Subdivision and stability Subdivision is performed to never give a heel larger than

25° and a final water line above any opening as a
consequence of an assumed damage

Crude oil washing (COW) Cargo tanks are cleaned with oil as washing medium
Inert gas system (IGS) Lack of oxygen in cargo tanks
Slop tanks Discharged oil is stored

79 RULES AND REGULATIONS

A number of regulations influence the design and operation of a ship. These requirements
can roughly be categorized in international, domestic and classification society
regulations. This section gives a brief presentation of the international requirements for
tankers. The conventions relevant for this chapter are:

e The International Convention on Load Lines (ILLC)
e The International Convention for the Safety of Life at Sea (SOLAS)
e The International Convention for the Prevention of Pollution from Ships (MARPOL)

Both ILLC and SOLAS indirectly influence the ability of the vessel to withstand spill
of oil cargo. The ILLC gives standards for the maximum draft and hence limits the cargo
capacity for a given ship size. SOLAS has a broader objective: to ensure the safety of
the ship itself, its crew, passengers, cargo and indirectly the environment. SOLAS covers
a broad range of measures such as subdivisions, stability requirements, construction
principles, safety equipment, fire protection equipment and navigational equipment.

MARPOL gives specific requirements for tankers relating to design, equipment
and procedures for cargo handling. MARPOL is therefore directly addressing pollution
prevention. Some of the key measures are summarized in Table 7.4 (NRC, 1991).
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8

RISK ANALYSIS TECHNIQUES

The number of rational hypotheses that can explain any given phenomenon
is infinite.
( Persig’s Postulate)

8. INTRODUCTION

The objective of this chapter is to establish a set of tools and techniques that we need to
utilize in the process of carrying out a risk analysis and assessment. In order to understand
the application, importance and role of these techniques in the context of risk analysis, it is
of crucial importance to first gain an understanding of the basic concepts of risk analysis,
as well as the underlying components of risk. The first part of this chapter therefore gives
a brief introduction to risk analysis and assessment, a concept that is treated in much more
detail in later chapters. The second part of the chapter gives some useful basic theory
related to system description and structures. Finally, the third and main part of this
chapter deals directly with risk assessment techniques. The following five techniques are
studied:

Preliminary Hazard Analysis (PHA)

Hazard and Operability Studies (HAZOP)

Failure Mode, Effect and Criticality Analysis (FMECA)
Fault Tree Analysis (FTA)

Event Tree Analysis (ETA)

These techniques are utilized in relation to different aspects of risk analysis. The
Preliminary Hazard Analysis (PHA) methodology is used to identify possible hazards,
i.e. possible events and conditions that may result in any severity. A more extensive hazard
identification method is Hazard and Operability Studies (HAZOP), which searches much
more systematically for system deviations that may have harmful consequences.
The Failure Mode, Effect and Criticality Analysis (FMECA) can be used to identify
equipment/system failures and assess them in terms of causes, effects and criticality.
The application of an FMECA gives enhanced system understanding as well as an
improved basis for quantitative analysis. Fault Tree Analysis (FTA) and Event Tree
Analysis (ETA) are the most commonly used methods in terms of establishing the
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