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Abstract

This research has evaluated the rules, guidelines and regulations related to ship
vibrations. A historical failure data analysis is carried out to identify associated
components, equipment and the areas of defects related to ship vibration problems.
Ship Hull Vibration (SHV) is recognised as a major problem onboard ships and
the propulsion system 1s identified as the major contributor to SHV. The current
status of ship vibrations is reviewed and possible sources which create SHV are
recognised. The major problems identified in this research are associated with risk
modelling under circumstances where high levels of uncertainty exist. Following
the identification of research needs, this PhD thesis has developed several
analytical models for the application of Formal Safety Assessment (FSA). Such
models are subsequently demonstrated by their corresponding case studies with
regard to application of FSA for SHV modelling.

Firstly, 1n this research a generic SHV model is constructed for the purpose of risk
estimation based on the identified hazards. The hazards include the SHV effects

induced by ship design criteria, failure of components, and different vibration
patterns assoclated with the ship propulsion system (propeller system and
machinery) as the major contributors to SHV. Then risk estimation is carried out
utilising Evidential Reasoning (ER) and a fuzzy rule base.

Secondly, ship selection (decision making) is investigated to select the best ship
design based on the risk estimation results of SHV. The risk estimation is carried
out using ER, a fuzzy rule base and continuous fuzzy sets. The best ship design is
selected by taking into account an ER-based utility ranking approach.

Thirdly, combining discrete fuzzy sets and an Analytical Hierarchy Process (AHP)

risk estimation is conducted in terms of four risk parameters to select the major

causes of component failure and then SHV. Possible Risk Control Options (RCOs)
are introduced, based on their effectiveness, to select the best Risk Control Option

(RCO) for minimising the risks of the major causes of SHV. The best RCO was

shown to be minimising causes by design and manufacture.

Finally, a cost benefit assessment is conducted to select the best propulsion

system based on design and manufacture (RCO) allocating the highest weight to
the vibration characteristics criterion. The weight allocation of the critena is
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conduced by using AHP. The cost benefit assessment is conducted by utilising
continuous fuzzy sets and Technique for Order Preference by Similarity to Ideal
Solution (TOPSIS). Then the best propulsion system is selected on an economic
basis. The four subjective novel FSA application methodologies are constructed
from existing theoretical techniques and applied to real situations for the data
collection and validation. The construction of the novel methodologies and the
case study applications are the major contribution to knowledge in this thesis.

It 1s concluded that the methodologies proposed possess significant potential for
the application of FSA for SHV modelling based on the validations of their
corresponding case studies. Although the developed methodologies are presented
on the basis of the specific context in SHV modelling, they can also, with domain-
spectfic knowledge, be tailored to facilitate FSA in other application areas where a
high level of uncertainty in data is involved.
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Chapter 1 — Introduction

SUMMARY
This chapter first introduces the key definitions used in this research. The
research aim and objectives are then defined, followed by the background

analysis. Then the challenges of conducting the research, research methodology
and scope of the thesis are demonstrated. Finally, the structure of the overall PhD

thesis ‘Application of Formal Safety Assessment (FSA) for Ship Hull Vibration
(SHV) Modelling’ is given.

1.1. Definitions for Typical Terms Used in this Research

Accident: An unintended event involving fatality, injury, ship or other property
loss or damage, and/or environmental damage (IMO MSC/Circ.829, 1997; IMO

MSC/Circ.1023, 2002).

Formal Safety Assessment: A structured and systematic methodology, aimed at
enhancing marine safety, including protection of life, health, the marine
environment and property by using a scientific approach (MSA, 1993).

Generic Model: A set of functions which are common to all ships or areas or
properties under consideration (Eleye-Datubo, 2006).

Hazard: A physical situation with a potential for human injury, damage to the
property or environment or some combination of those items (Henley &

Kumamoto, 1992).

Risk: A combination of the probability of occurrence (frequency) of an undesired
event and the degree of its possible consequences (severity) (Wang & Trbojevic,

2007).

Risk Assessment: A comprehensive estimation of the probability and the degree of
possible consequences in a hazardous situation in order to select appropriate

safety measures (Yang, 2006).
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Safety: Freedom from unacceptable risks or personal harm.
Ship Hull Vibration: All the vibration effects associated with ship structures.

Uncertainty: A state of doubt regarding quantitative or qualitative information
describing, prescribing or predicting deterministically and numerically a system,
its behaviour or other characteristics (Zimmermann, 2000).

Vibration: Mechanical oscillations about an equilibrium point.

1.2. Background Analysis

Well designed, maintained and operated ships are capable of safe and cost-
effective operation over their intended life-cycle. However, this 1s never a

certainty and accidents can happen. Historically, marine safety regulations were
introduced as a reaction to major accidents. Following serious accidents such as
‘Herald of Free Enterprise’ in 1987 and ‘Exxon Valdez’ in 1989, the way of
dealing with safety was reviewed and altered. The revolution came with the

introduction of a Formal Safety Assessment (FSA) methodology to the shipping

industry by the International Maritime Organisation (IMO) in the 1990s (Eleye-
Datubo, 2006). The FSA methodology has changed the traditional reactive

manner towards a proactive attitude which is a goal-setting and risk-based safety
regime.

FSA can be implemented as a tool to facilitate the assessment of new regulations
for marine safety and protection of the marine environment, or for making a
comparison between existing and possibly improved regulations, with a view to
achieving a balance between the various technical and operational problems (IMO
MSC/Circ.1023, 2002). Essentially, FSA provides a c;)mprehensive way for the

application of well-known risk assessment techniques. Some organisations use
probabilistic risk assessment techniques whilst others utilise possibilistic risk
assessment techniques due to lack of data and information. The high level of
uncertainty caused by lack of data and information has been a major issue when
conducting risk assessment and this has led to the development of novel risk

assessment techniques.

With the increase in ship size and power requirement to obtain high speed and
manoeuvrability, ship vibration problems have become a great concern. Ship Hull

_____—_______—___________——-—_———-——__‘-
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Vibration (SHV), which is mainly induced by a ship’s propulsion system
(propeller system and machinery), can be named as the worst situation of ship
vibration problems since it leads to large structural failures and crew fatigue. Ship
vibration standards, guidelines and regulations have been produced by different
organisations and most of them are developed on the basis of SHV. Classification
societies such as Lloyds Register (LR) and American Bureau of Shipping (ABS)
have developed their regulations based on standards produced by the International
Organisation for Standardisation (ISO). They highlight the acceptable vibration
levels in different areas of the ship as well as providing practical guidance on
eliminating excessive vibration problems at an early design stage.

The marine risk assessment, conducted on the basis of the FSA methodology, can
be implemented, not only for verification purposes in design and operational
processes of marine systems, but also for decision making from the early stages
(Wang, 2006). Decisions made at the early design stages could have a more
significant impact on the performance of a ship than those at any other stage in its
life-cycle. However, since such a risk assessment is conducted at initial stages, the
uncertainty, due to lack or incompleteness of the data, may be high. The level of

uncertainty may be higher when ship vibration problems are considered if the
organisations which deal with ship vibration problems have a poor organisational
structure. This leads to difficulties in obtaining adequate vibration related data on
ships, systems and components. Thus the data required for quantitative analysis 1s
either unavailable or not in an ideal format.

There have been many major ship accidents and incidents due to harmful
vibrations. Therefore, there is a need for safety improvement in the shipboard
environment. There are no conceptual risk assessment methodologies available for
SHV. Traditional risk assessment techniques, such as Fault Tree Analysis (FTA),
Event Tree Analysis (ETA), Preliminary Hazard Analysis (PHA), Failure Modes,
Effects and Criticality Analysis (FMECA), HAZard and OPerability Study
(HAZOP) and Cost per Unit Risk Reduction (CURR), may not be suitable for
carrying out risk assessment due to high levels of uncertainty. The solution may
have to be achieved by the development of novel risk assessment methodology of
SHV, based on safety principles of FSA, utilising uncertainty treatment methods
such as Evidential Reasoning (ER), Analytic Hierarchy Process (AHP), and
Technique for Order Preference Similarity to Ideal Solution (TOPSIS) together

with a fuzzy logic approach.
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1.3. Research Aim and Objectives

The main aim of this research is to develop a novel conceptual risk assessment
methodology for SHV, based on the safety principles of the FSA framework
under high levels of uncertainty. The development of such a methodology would
enable the organisations associated with ship vibration problems to manage and
control the SHV induced risks thus improving the safety of the shipboard

environment.

In order to achieve the above aim, this PhD thesis will undertake the following
objective tasks:

e Conduct a comprehensive literature review to identify the current status of
SHYV problems to carry out risk assessment of SHV.

e Generate a novel framework to estimate the risk of SHV based on the
identified hazards by using ER and fuzzy rule base.

e Create a novel approach for decision making based on the SHV risk
estimation results by utilising ER, fuzzy rule base and continuous fuzzy sets.

o Develop a novel methodology to select risk control options based on the high
risk areas identified from risk estimation of SHV by employing AHP and
discrete fuzzy sets.

e Construct a novel method for cost benefit assessment and decision making by
using AHP, TOPSIS and continuous fuzzy sets with the consideration of a
reasonable amount of alternatives based on the most effective risk control
option identified.

These objectives will be achieved as the research proceeds from Chapter 2 to
Chapter 6. The achievement of these objectives relies upon the application of the
most widely utilised uncertainty treatment methods such as ER, AHP and TOPSIS.
Combined with fuzzy logic these applications provide a significant contribution to
the development of novel risk assessment methodologies for SHV under the
safety principles of FSA.

1.4. Challenges of Conducting the Research

SHYV failure data is scarce or incomplete; as such the uncertainty associated with
SHV problems may significantly undermine the risk assessment conducted based
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on traditional risk assessment techniques. In order to deal with SHV problems,
novel risk assessment techniques have to be developed and applied. These novel
uncertainty treatment methods should be capable of providing satisfactory resuits.

The first challenge under uncertainty comes when risk estimation is conducted for
the identified hazards. Hazard identification is normally carried out by employing
traditional hazard identification techniques such as PHA and HAZOP studies.
Hazard identification and risk estimation can also be conducted by utilising

techniques like FTA and ETA. However, due to high levels of uncertainty related
to SHV problems, such techniques may be unsuitable; therefore the solution i1s

achieved by developing a novel approach with the combination of fuzzy rule base
and ER.

The second challenge is associated with decision making based on SHV risk

estimation results under a high level of uncertainty. The problem becomes more
complex if interval data has to be taken into account. Interval data increases the
complexity of criteria aggregation which further increases the complexity of the
problem. It should be noted that when the complexity of a problem increases,

uncertainty will be further increased. These problems are solved and decision
making 1s conducted by combining continuous fuzzy sets, fuzzy rule base and ER.

The third challenge under uncertainty arises when risk control options are chosen
for identified areas of high risk estimation. Traditionally, high risk areas are
identified by applying FMECA. Due to high levels of uncertainty of SHV
problems, FMECA may not be effectively used with confidence. Therefore, a
novel approach is developed by combining discrete fuzzy sets and AHP to
produce sufficient risk management information to choose suitable risk control

options.

The fourth challenge is that cost benefit assessment and decision making
techniques such as CURR cannot be implemented due to high levels of

uncertainty. This challenge is overcome by combining AHP, continuous fuzzy
sets and TOPSIS. The cost benefit assessment is conducted through subjective

modelling.

The five steps of the FSA framework (hazard identification, risk estimation, risk
control options selection, cost benefit assessment and decision making} can be

facilitated to deal with SHV problems by developing the above mentioned four
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subjective fuzzy modelling based approaches with a combination of various
uncertainty treatment methods. Expert judgements play a vital role in this
subjective assessment. The uncertainty which comes from the lack of data is
recognised as the major challenge of conducting this research. There is also the
challenge of validating the generic models developed in each technical chapter.
These are all novel models in an area in which no conceptual scientific risk
assessment work has been done so far. However, this challenge is partially met by
applying these models to ocean going ships and carrying out a partial validation.

1.5. Research Methodology and Scope of Thesis

The main research methodology of this thesis i1s based on risk assessment
conducted under the safety principles of FSA. As described in the previous
sections it 1s achieved by using the four core technical chapters of this thesis. The

main methodology is outlined in Sections 1.5.1-1.5.6.
1.5.1. Introduction and Literature Review

In Chapter 1 (current chapter) a general overview of the whole PhD thesis is given
and 1its overall structure is highlighted. In Chapter 2 a comprehensive literature
review 1s conducted. Firstly the available guidelines and regulations related to
ship vibrations are investigated and an analysis of failure data is conducted to
identify problems related to ship vibrations. After recognising the research needs,
a critical review of SHV is carried out and the FSA methodology is introduced.
The available techniques for conducting risk assessment are outlined and a
justification of the proposed research is presented.

1.5.2. Hazardl Identification and Risk Estimation

Initially, possible hazards of SHV are identified in Chapter 2 by carrying out a
critical review of SHV. In Chapter 3 a generic hazard identification model is
developed by combining the most significant hazards identified in Chapter 2 with
the judgements of experts through a brain-storming session. The weights
(importance) of each criterion are also allocated, based on expert judgements. The
generic model of SHV (generic hazard identification model) includes different
vibration patterns, effects of ship design criteria, and failures of components
associated with a ship’s propulsion system (propeller system and machinery)
which are the major contributors to SHV. ‘
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It has to be noted that the generic hazard identification model includes only the
most significant criteria (hazards) associated with SHV problems. The most
significant criteria are obtained based on discussions with the experts in the area.
It would not be practical to have a very large model including too many criteria as
this increases the complexity of the generic model and it may further increase the

uncertainties.

The developed generic hazard identification model is utilised to carry out risk
estimation of SHV. As described in Section 1.4, traditional risk estimation
methods may not be suitable in this research due to the high levels of uncertainty
of SHV problems. A fuzzy rule based quantitative data transformation technique
1s used to transfer quantitative criteria into qualitative criteria. A fuzzy rule base is
further used to develop a novel mapping process to transfer criteria into a
common utility space (same universe). ER 1s a highly recognised uncertainty
treatment method. The algorithm of ER is used to synthesise all the generic
hazards and the ER based Intelligent Decision System (IDS) software is utilised to
produce risk estimation results graphically. The developed novel approach is
validated by carrying out a case study with the application of the developed
generic hazard identification model to an ocean going bulk carrier. Chapter 3
mainly covers the hazard identification and risk estimation steps of FSA

methodology.

1.5.3. Risk Estimation and Decision Making

In Chapter 4 a generic ship dxesign criteria model is developed by taking into
account ship design criteria from the hazard identification model developed in
Chapter 3. All the significant ship design criteria are included in the model and
discussed 1n detail. This model can be utilised in the selection of design options at
the initial stages. As such, a generic ship design criteria model is developed for
decision making purposes based on SHV risk estimation results.

The weights of the generic model are allocated based on expert judgements. In
Chapter 4 the uncertainty arising from interval criteria is also considered. A novel
uncertainty treatment method is developed by using continuous fuzzy sets to
transfer interval quantitative criteria to a qualitative form. The mapping process is
developed by using a fuzzy rule base to transform criteria into a common utility
space similar to Chapter 3. Also qualitative interval criteria are converted into



Application of FSA for SHV Modelling

qualitative criteria with a single value. All the normalised criteria are taken into
account and the ER algorithm is used to obtain SHV risk estimation results. An
ER based utility ranking approach is used to conduct decision making based on
SHYV risk estimation results. The developed novel approach is validated with a
case study, by applying it to five different types of ocean going ships: cargo, oil
tanker, container, survey and passenger. Chapter 4 highlights decision making
based on risk estimation of the FSA methodology.

1.5.4. Risk Control Options Selection Based on Risk Estimation

In Chapter 5 a generic failure events modelling structure is developed by
considering failures of components in the hazard identification model of Chapter
3. This model is based only on failures, as such all the significant failures and
their sources are discussed in detail. In risk studies failure events are usually
considered because they have significant potential in causing ship accidents. Also,
in SHV problems, failures play a major role. Therefore, in this chapter a generic

structure of failure modelling is developed by considering all the significant
failures onboard which lead to SHV. Four risk parameters are taken into account

and risks are estimated in terms of those parameters.

In Chapter 5 high risk areas which create SHV are identified on the basis of SHV
risk estimation results. ER is capable of providing total risk estimation of a system
by synthesising all the inputs. However, ER may have disadvantages when
estimating the high risk areas in this study because there is a need for quantifying
each basic criterion. AHP can deal with such situations by conducting pairwise
comparisons of the associated criteria. Discrete fuzzy sets are capable of
providing a sufficient numerical relationship between the linguistic terms. In this
chapter (Chapter 5) subjective assessments from experts are quantified by using
discrete fuzzy sets. The quantified numerical values are used to conduct pairwise
comparison by using AHP.

The areas identified as having high risk estimation are investigated to identify risk
control options. A novel approach for the selection of risk control options is
developed on the basis of discrete fuzzy sets. The best risk control option is
selected based on effectiveness. The developed novel approach is validated
through a case study which is conducted on a fishing vessel. Chapter 5 shows risk
estimation, risk control options selection and decision making of the FSA

methodology.

___.-—__—_—.——_————-——_—_—-——-_-——
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1.3.5. Cost Benefit Assessment and Decision Making

~ In Chapter 6 a generic model of propulsion system modelling is developed by
considering cost benefit criteria. It is clear that SHV is mainly caused by the
ship’s propulsion system. If a ship has a propulsion system with a good design
and manufacture, it will give low SHV. Also ‘design and manufacture’ is one of
the risk control options in Chapter 5. In any case, the propulsion system has to be
economical; therefore, in this chapter cost benefit criteria include not only the
vibration characteristics but also annual expenses and reliability of the propulsion
system. These are considered as the most significant criteria associated with
propulsion systems selection. The weights of the generic model are allocated by

utilising AHP.

A fuzzy TOPSIS approach is conducted by combining continuous fuzzy sets with
TOPSIS. It is an approach which is well suited for the cost benefit assessment of
multi-tier hierarchies, similar to the one which is considered in Chapter 6. The
fuzzy TOPSIS technique is further developed by identifying weaknesses of the
method. The best propulsion system is selected by allocating the highest priority
to vibration characteristics. The selected propulsion system is applied to an ocean
going ro-ro ship which has severe vibration problems (case study). To further
validate the developed model a sensitivity analysis is conducted. In Chapter 6 the
final steps (cost benefit assessment and decision making) of the FSA framework
are implemented and the application of FSA for SHV modelling is completed.

1.5.6. Discussions and Conclusions

In Chapter 7 discussions and integration of the methodologies developed in this
research are carried out. The limitations arising from this research are highlighted.
In Chapter 8 final conclusions and recommendations are drawn and areas for
further research are identified.

1.6. Structure of PhD Thesis

This thesis is composed of eight chapters. However, Chapters 3, 4, 5 and 6 can be
highlighted as its core. The titles of the eight chapters are summarised in Table 1.1.




Application of FSA for SHV Modelling

Table 1.1: Summary of Chapters in Thesis

Chapter No.
1
2

3

7

Introduction
Literature Review

A Subjective Risk Estimation Approach for Modelling Ship Hull
Vibration |
A Subjective Decision Making Approach for Modelling Ship Design |
Criteria

A Subjective Risk Management Approach for Modelling of Failures
Onboard Ships |
A Subjective Cost Benefit Analysis Approach for Mode_lli;;g Ship
Propulsion Systems

Discussion and Integration of the Developed Methodologies

enl—

Conclusions and Implications

Some publications arising from this research are listed in Appendix 1 of this thesis.

More papers will be submitted to academic journals for consideration of possible

publication soon.

10
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Chapter 2 — Literature Review

SUMMARY

The literature review conducted in this chapter is broad. It includes review of
standards and regulations of ship vibrations, historical failure data analysis,

critical review of Ship Hull Vibration (SHY), introduction of Formal Safety
Assessment (FSA), critical review of marine risk assessment, and justification of
research. Generally, this chapter gives an overview of the current status related to

SHYV problems after conducting failure data analysis and review of standards and
regulations. Then the critical review of traditional and novel risk assessment is

conducted to select the most suitable techniques for conducting risk assessment of
SHV based on safety principles of FSA. That is followed by an introduction of the
FSA methodology and a study of the current status of FSA. Finally, justification of
research is discussed.

2.1. Introduction

Ship vibration problems can be considered a serous issue within the shipping
environment. The International Organisation for Standardisation (ISO) has
developed standards in order to maintain acceptable vibration levels onboard ships.
Classification Societies, such as Lloyds Register (LR), American Bureau of
Shipping (ABS) and Germanischer Lloyd (GL), have produced rules and
regulations regarding ship vibrations for ships classed by them. However, most of
their rules and regulations are based on the ISO standards. SHV can be considered
a major problem onboard ships since it may cause large structural failures and

crew fatigue (MAIB, 1990-2008).

An important change in the marine industry is the application of Formal Safety
Assessment (FSA) since mid 1990s. FSA has changed the traditional reactive
regulatory framework towards a risk-based and goal-setting regime. A risk
assessment is carried out to complete FSA. The application of traditional methods
of risk assessment may prove difficult when faced with new hazards and
uncertainty. Novel approaches and techniques towards risk assessment may be
required 1in order to deal with such problems.

11
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In this chapter the standards and regulations related to ship vibrations are
reviewed and an analysis of historical failure data is conducted. After recognising
SHV as a major problem onboard ships, a critical review of SHV is conducted to
determine the current status of ship vibration problems. Following the discussion
of the current status of ship vibration problems, an introduction to FSA and a
critical review of marine risk assessment are given. Finally, the need for this PhD
research is justified.

2.2. Standards, Guidelines and Regulations Related to Ship
Vibrations

In this section the standards, guidelines and regulations related to vibrations
onboard ships are discussed. The standards are based on either British Standards
(BS) or ISO. The vibration guidelines and regulations for ships, issued by
classification societies such as LR, ABS and GL, are formulated, based on ISO
standards. The classification societies use such regulations for their ship
classification. The UK Maritime and Coastguard Agency (MCA) produces
regulations mainly focusing on health effects due to ship vibration.

2.2.1. ISO 4867 & 1SO 4868

ISO 4867 was developed in 1984 as a code for the measurement and reporting of
shipboard vibration data. It is also known as BS 6632 (ISO 4867, 1984). This
international standard develops uniform procedures for gathering and presenting
data:

a) On hull vibration in single or multiple-shaft sea-going merchant ships.
b) For vibration of propulsion-shaft systems as it affects hull vibration.

Such data is necessary to set up uniformly the vibration characteristics of hull and
propulsion shaft systems and to provide a basis for design predictions,
improvements and comparison against vibration reference levels. The procedures,
where applicable, can also be implemented for inland ships and tug boats. In
special situations, specific investigative studies might be required Where
objectionable vibration is found to exist. ISO 4867 is concerned with:

12
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a) Vibration of the main hull girder and superstructure excited by the propulsion
system at shaft rotational frequency, at propeller blade rate, harmonics of the
blade rate and at frequencies associated with the major components of machinery.
b) Excitation of the propulsion shaft and main machinery system.

ISO 4867 gives general principles of vibration measurement onboard ships to
improve the safety onboard environment. Therefore, in individual cases, items to
be measured may be selected or added to meet the aims of the vibration
measurement of each ship type. Such kind of measurement procedure would be
useful in this study because the risk estimation results obtained from this study
can be considered in conjunction with actual vibration measurements in order to

provide a benchmark.

Local vibration of ships is considered in ISO 4868 (ISO 4867, 1984). It was
published in 1984 as a code for the measurement and reporting of local vibratton
data of ship structures and equipment. It is also known as BS 6633.

2.2.2. ISO 6954 (1984) & 1SO 6954 (2000)

The first version of ISO 6954 (BS 6634) was published in 1984 to highlight
guidelines for the overall evaluation of vibration in merchant ships (ISO 6954,
1984). This International standard states severities of vibration which could be
used as references for the relative evaluation of:

a) Hull and superstructure vibration in normally occupied spaces.
b) Shipboard vibration data, useful for the development and improvement of hull

vibration reference amplitudes.

It is applicable to both turbine and diesel driven merchant ships of length between
perpendiculars 100m or greater. ISO 6954 (1984) is not intended to establish
vibration criteria for acceptance or testing of machinery or equipment. The
applicable frequency range is 1 to 100 Hz.

The second version of ISO 6954 (BS ISO: 2000) was developed in 2000 to
emphasise guidelines for the measurement, reporting and evaluation of vibration
with regard to habitability on passenger and merchant ships (ISO 6954, 2000).
This international standard highlights the guidelines for evaluating the habitability
of different areas on a ship. The habitability is assessed by the overall frequency-

13
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weighted r.m.s. vibration values from 1 Hz to 80 Hz. ISO 6954 (2000) also
contains instrumentation requirements, measurement procedures, analysis
specifications and assessment guidelines for the assessment of ship vibration with
respect to habitability. Vibration data acquired in accordance with this
international standard is also useful for comparison with ship specifications,
comparison with other vessels and further development and improvement of

vibration standards.

This standard recommends that the classification to be applied to the various areas
of a ship be agreed between the interested parties (e.g. ship builder and ship
owner) prior to any assessment of the habitability. Table 2.1 gives guidelines for
the values above which adverse comments are probable, and values below which
adverse comments are not probable. The values are expressed in terms of the
overall frequency-weighted r.m.s. acceleration (mm/s®) and overall frequency-

weighted r.m.s. velocity (mm/s) in the range from 1 Hz to 80 Hz.

Table 2.1: Overall Frequency-Weighted r.m.s. Values from 1 Hz to 80 Hz Given
as Guidelines for the Habitability of Different Areas on a Ship

Area Classification

Passenger Cabins Crew Working
Accommodation

mm/s° | mm/s | mm/s* | mm/s mm/s
286

Values above which adverse 143 4 214 6 3
comments are probable

Values below which adverse 71.5 2 107 3 143 4
comments are not probable - |

Measurements in accordance with ISO 6954 (2000) may be carried out using
different types of measuring and recording equipment, e.g. instruments of
analogue, digital, spectral or time-based type. The measuring instrumentation
shall meet the requirements of ISO 8041 which is the code for human response to
vibration-measuring instrumentation (ISO 8041, 2005). It is acceptable to use
instruments manufactured in accordance with ISO 8041 that have frequency
indications above 80 Hz provided that the filter characteristics comply with ISO

2631-2.

14
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2.2.3. List of Intermational and National Standards Related to Ship

Vibrations

The international standards, such as ISO 4867, ISO 4868, ISO 6954 (1984) and

ISO 6954 (2000), are the most widely used standards in the ship vibration industry.
They have been employed by classification societies such as LR, ABS and GL for

the formulation of their regulations for ship vibration. Table 2.2 lists the possible
international standards which are used by LR, these are also used by other
classification societies and organisations related to ship vibration (LR, 2006).

Table 2.2: International Standards Related to Ship Vibrations

Serial Number
IEC.92-504

[SO.2041:1990
ISO.2372

1SO.2373

[SO.2631-1:1997

[SO.2631-2:1989

[SO.3945

[S0.4548-7:1990

[SO.4866:1990

150.4867:1984

1SO.4868:1984

[SO.6954:1984

e =

o o e

e et e ]

I S —
Name of the Standard

Electrical installations in ships. Special features: control and
instrumentation.

Glossary of terms relating to mechanical vibration and shock.
Mechanical vibration of machines with operating speeds from 10 to |
100 rev/s - Basis for specifying evaluation standards.

Mechanical vibration of certain rotating electrical machinery with
shaft heights between 80 and 400 mm - Measurement and |
evaluation of the vibration severity.

Mechanical vibration and shock - Evaluation of human exposure to
whole-body vibration — Part 1: General requirements. Similar, but
not 1dentical to, BS.6841.

Mechanical vibration and shock - Evaluation of human exposure to
| whole-body vibration — Part 2: Continuous and shock induced-
vibrations in buildings (1 to 80 Hz).

Mechanical vibration of large rotating machines with speed range
from 10 to 200 rev/s - Measurement and evaluation of vibration
severity in situ, |

Methods of test for full-flow lubricafing oil filters for internal
combustion engines - Part 7: Vibration fatigue test.

Mechanical vibration and shock - Vibration of buildings -
Guidelines for the measurement of vibrations and evaluation of
their effects on buildings.

Code for the measurement of and reporting of shipboard vibration
data.

Code for the measurement of local vibration data of ships structures

| and equipment.
Mechanical vibration and shock - guidelines for the overall

M
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‘ I evaluation of vibration in merchant ships.

1S0.6954:2000

I and merchant ships

ISO.7919-1:1996

ISO.7919-2:2001

ISO.7919-3:1996
[ISO.7919-4:1996
[SO.7919-5:1996

[SO.8528-9:1995

' 1SO.8579-2

[SO.10816-1:1995

[50.10816-2:2001

ISO.10816-3:1998

ISO,10816-4:1998
[SO.10816-5:2000

[SO.10816-6:1995

Mechanical vibration - Guidelines for the measurement, reporting
and evaluation of vibration with regard to habitability on passenger

Mechanical vibration of non-reciprocating machines -

Measurements on rotating shafts and evaluation criteria - Part 1:
General guidelines.

Part 2: Land-based steam turbines and generator in excess of 50
MW with normal operating speeds of 1500 RPM, 1800 RPM, 3000 |
RPM, and 3600 RPM.

Part 3: Coupled industrial machines. | |
Part 4: Gas turbine sets.

Part 5: Machine sets in hydraulic power generating and pumping
plants.

Reciprocating internal combustion engine driven alternating current
generating sets - Part 9: Measurement and evaluation of mechanical
vibrations.

Acceptance code for gears - Part 2: Determination of mechanical
vibrations of gears during acceptance testing.

Mechanical vibration - Evaluation of machine vibration by

measurements on non-rotating parts - Part 1: General guidelines.

Part 2: Land-based steam turbines and generator sets in excess of 50
MW with normal operating speeds of 1500 RPM, 1800 RPM, 3000

| RPM, and 3600 RPM.,

Part 3: Industrial machines with nominal power above 15 kW and
nominal speeds between 120 RPM and 15000 RPM when measured

In situ.

Part 4: Gas turbine sets excluding aircraft derivatives.

Part 5: Machine sets in hydraulic power generating and pumping
plants.

Mechanical vibration - Evaluation of machine vibration by
measurements on non-rotating parts - Part 6: Reciprocating

machtnes with power ratings above 100 kW.

Most of the UK national standards (BS) are based on the ISO standards. The UK
national standards are listed in Table 2.3.
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Table 2.3: UK National Standards Related to Ship Vibrations

Serial Number Name of the Standard
BS.3015:1991 Same as 1S0.2041:1990

BS.5000:1980 Specification for rotating machines of particular types or for
particular applications. Part 3. Generators to be driven by

reciprocating internal combustion engines.

BS.6472:1992 Guide to evaluation of human exposure to vibration in buildings (1
Hz to 80 Hz).

BS.6632:1985 Same as IS0O.4867

BS.6633:1985 Same as ISO.4868

BS.6634:1985 Same as [S0.6954

BS.6841:1987 Measurement and evaluation of human exposure to whole-body

- mechanical vibration and repeated shock.

BS.6842:1987 Measurement and evaluation of human exposure to vibration
transmitted to the hand.

BS.7385:1990 Same as 1SO.4866 ]

BS.7698:1993 Same as [SO.8528

BS.7854 Same as 1SO.10816

BS.1S0.7919 Same as ISO.7919

PD.12349:1997 Mechanical vibration - Guide to the health effects of vibration on
the human body.

VDI.2063 Measurement and evaluation of mechanical vibrations of

reciprocating piston engines and compressors.
e e .

These international and national standards are used by classification societies and
other organisations to produce their ship vibration regulations. Standards can be
used either individually or in combination with each other to generate regulations.

2.2.4. Lloyds Register Guidelines and Regulations -

LR is one of the largest classification societies in the world. They have done a
tremendous amount of work in the area of ship vibration and have developed ship
vibration guidance notes for ships classed with LR (LR, 2006). These guidance
notes define the application of proposed criteria for assessing the seventy of

shipboard vibration in the following areas:

e Accommodation and workspaces with regard to habitability.

e Local structural vibration with regard to risk of cracking.
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o Machinery vibration with regard to risk of damage or accelerated wear.
e Hull surface pressure with regard to propeller induced excitation.

The differences between ISO 6954 (1984) and ISO 6954 (2000) guidelines for the
overall evaluation of vibration in merchant ships are also covered. However, these
guidance notes do not cover torsional, axial or lateral vibration of shafting
systems. The rules and regulations of LR are based on ISO and BS and they can
be applied for any ship type. The benchmark has been produced to maintain
acceptable vibration levels in different areas of a ship. Anon (1999) gives a
benchmark for acceptable vibration levels in passenger ships, yachts and high
speed crafts for crew and passenger accommodation comfort.

LR has dealt with shaft vibration problems such as torsional, axial and lateral in
1978 (LR, 1978). Those guidelines show the calculation of torsional natural
frequencies in a shafting system by using the Holzer method. The Holzer method
1s still in use at LR for the calculation of torsional natural frequencies in a shaft
system. LR (1978) also discusses shaft vibration problems due to axial, lateral
vibrations and shaft misalignment.

2.2.5. American Bureau of Shipping Guidelines and Regulations

ABS has produced guidelines of ship vibrations specifically for shipyards, naval
architects and ship owners with practical guidance on the concept design to avoid
excessive ship vibration at an early design stage (ABS, 2006a). These guidance
notes also assist with the Finite Element Analysis (FEA) based vibration analysis
procedure to predict the vibration response and evaluate the design in detail at
design stages. The vibration analysis procedure represents the most current
analysis procedure at ABS. These guidance notes also supply guidelines on the
vibration measurement procedure during sea trials and the acceptance criteria on
vibration limits based on the international standards and practice in ABS.

ABS provides the vibration acceptance criteria covering three areas as a reference
by incorporating the international standards and industry practices. They are as
follows:

e Vibration limits for crew and passengers.
e Vibration limits for local structures.
e Vibration limits for machinery.

M
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ABS has produced special vibration guideline limits for main propulsion
machinery. They are listed in Table 2.4.

Table 2.4: Vibration Guidelines for Main Propulsion Machinery

Propulsion Machinery Limits (r.m.s.)
Thrust bearing and bull gear hub 5 mm/s
Diesel engine at bearing 13 mm/s
Slow and medium speed diesel engine on 18 mm/s
engine top (over 1000 HP)
High speed diesel engine on engine top | 13 mm/s

(less 1000 HP)

The vibration limits are provided in terms of broadband root mean square (r.m.s.)
values with multi-frequency components (normally from 1 to 1000 Hz). The
longitudinal vibration (r.m.s., free route) at thrust bearing (and bull gear hub for
geared turbine drives) is to be less than Smm/s r.m.s. For other propulsion
machinery components exclusive of engines, propellers and shafting aft of the
thrust bearing, the longitudinal vibration is to be less than 13mm/s r.m.s. For stern
tube and line shaft bearing, the lateral vibration is to be less than 7mm/s r.m.s. For
direct diesel engines (over 1000 HP, slow and medium speed diesels connected to
the shafting), the vibration limits are 13mm/s at the bearings and 18mm/s on the
engine tops, in all three directions. For high speed diesel engines (less than 1000
HP), the vibration is to be less than 13mm/s at the bearings and engine tops in all

directions.

ABS has also published guidance notes on propulsion shafting alignment to
minimise shaft system induced vibrations (ABS, 2006b) and improve passenger
comfort and crew habitability on ships by highlighting whole-body vibration and
maximum acceptable whole-body vibration levels (ABS, 2001a; ABS, 2002).
ABS uses all those guidelines and regulations as a benchmark for their ship
classification and quality control purposes.
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2.2.6. Germanischer Lloyd Guidelines and Regulations

GL is a German ship classification society. They also have identified essential
areas for the formulation of specifications which define vibration limits and
produce ship vibration regulations concerning the following (GL, 2001):

e Effect of vibrations on human beings.

e Structural vibrations.
e Vibrations of engines and equipment items.

GL regulations are also dependent on the ISO standards. Based on the ISO
standards they have developed class notations as a benchmark for their ship
classification in terms of vibration levels onboard. The respective GL class
notation is called “harmony class”. It is focused on vibration criteria onboard

passenger ships in the first step and will be followed by additional criteria for
other ship types. The comfort is scaled based on harmony criteria numbers (hcn) 1
to 5, where 1 highlights an extraordinary comfort (most ambitious level). The
rules and regulations not only comprise limits and assessment procedures for the
normal (sea going) service condition but also account for thrusters operation.
Table 2.5 shows vibration limits for passenger spaces in terms of hcn. For
example, when there is a vibration level equal or less than 0.8 in first class cabins,
it shows hcn ‘1° which is an extraordinary comfort.

Table 2.5: Vibration Limits for Passenger Spaces

Vibration Limits Thrusters Operation
hen hen

ENEEENENENENEA ENENER
—m [ T6 2024 T [20] 24 [28 52

Indoor Spaces

Standard cabins 1.7 3.2 | 3.6

Public spaces (short 2.0 2513035140 - - -
exposure time) -..

Public spaces (long exposure | 1.4 | 1.9 29 {34 . -
time) -

Outdoor Spaces

Open deck recreation 28 1 3.2 -- - -

Open deck  recreation, | 2.2 | 2.6 | 3.0 | 3.4 | 3. 8 - - - -
overhangs
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The class notation requires a detailed documentation of plans and drawings to be

submitted by the building yard. On this basis the survey programs, describing the
extent of vibration measurements for different criteria and operation modes, are
checked and finally approved. The measurements cover a variable but relatively
high percentage of the various kinds of spaces and areas of the ship. The
measurements of each space investigated are documented in the survey report and
finally condensed to an hen which is the final result certified in the class notation.

GL has also published their own rules and regulations based on the ISO standards
for machinery systems. Here, values quoted to avoid premature failure or
malfunctions of components must not be exceeded by engines’ equipment items

or peripheral devices.

By referring to Sections 2.2.4-2.2.6, it is clear that the classification societies have

done a tremendous amount of work for the area of ship vibrations. Vibration not

only affects the ship structure but also crew and passengers; LR, ABS and GL
classification societies have produced maximum acceptable levels of vibration on

a ship in order to obtain appropriate comfort levels. Those levels are used for ship

classification in such classification societies. Such vibration levels can also be
combined with the results of developed risk estimation models in this study to

support decision making process.

2.3. Historical Failure Data Analysis

In order to carry out any kind of safety or risk assessment process, either
qualitative or quantitative, it is necessary to obtain reliable failure data. The
amount of data available will determine the choice of safety or risk assessment
methods. The relevance and accuracy of data used will increase confidence in

those assessments. It is admitted that qualitative risk assessment requires less
detailed historical failure data compared with Quantitative Risk Assessment

(QRA) (Wang & Foinikis, 2001). Generally, failure data can be obtained from the
following sources:

1. Field experience (historical data) including:
e Data collection programmes by government agencies.
e Data collection programmes by classification societies.
e Data collection programmes by insurance companies and P&I clubs.

w
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e Statistics maintained by private shipping companies.

2. Agreed judgmental estimates of experts.

Classification societies may be a very useful source of failure data mainly because
of the large amount of ships classed by each one. However, data from these
organisations should be critically evaluated before being used or combined with
others. In this chapter, failure data from one of the world’s leading classification
societies, LR, 1s analysed. It is possibly the most complete set of data currently
available for the 15-year period from 1992 to 2007. The failure data analysis in
this chapter concerns defects on vessels classed by LR due to Propulsion System

Vibration (PSV) and SHV (MDS, 1992-2007).

2.3.1. Propulsion System Component Defects Induced by Propulsion System

Vibration

In this section failure data analysis is conducted based on defects of propulsion
system induced by vibration for 34 ship types. However, based on the data, 14
ship types were identified as having a high number of defects compared with the
detects of other 20 ship types. Each of the 14 selected ship types contributes at
least 1% to the total number of defects. Figure 2.1 shows the total number of
detects recorded for a specific ship type and Table 2.6 shows them as percentage
values. More data can be found in Appendix 2.1.

PSVDefects

200 - 190

0 BULK CARRIER
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0 CABLEREPAIR SHIP

@ OFFSHORESUPPLYVESSEL
@ OIL TANKER

0 PASSENGER SHIP
0 REFRIGERATED CARGOVES SEL

@ ROROCARGOSHIP
® FISHINGVESSEL
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Figure 2.1: Propulsion System Vibration Defects (MDS, 1992-2007)
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Table 2.6: Percentages of Propulsion System Vibration Detects

Ship Type Percentage (%)
Bulk Carrier 9.9
Chemical Tanker 2.1
Container Ship 6.7
Dredger-Hopper 1.3
Ferry 8.3
Tug 9.5
General Cargo Ship 23.1
Cable Repair Ship 1.6
Offshore Supply Vessel | 3.6
O1l Tanker B 12.5
Passenger Ship 5.5
Refrigerated Cargo Vessel ‘ 1.5
| RoRo Cargo Ship 3.8
| Fishing Vessel 4.3
Other 6.7

From the analysis it is clear that general cargo ships have the highest number of
propulsion system induced vibration defects (190) accounting for 23.1% of
overall detects. General cargo ships are followed by oil tankers (103 and 12.5%).
tugs (78 and 9.5%), bulk carriers (78 and 9.5%), ferries (68 and 8.3%) and so on.
All those defects can be further broken down to component level. For example,
four major components of the propulsion system are identified which have high
numbers of defects, namely, shaft system, propellers, power generation plant and
propulsion engine. They are shown in Figure 2.2 while Figure 2.3 shows the

percentage values of them.

Total Defects by Component

4 421

R ——

400

350

300 _ _ .
[ﬂ Shaft System
@ Propellers

0 Power Generation Plamt

2

200 0 Propulsion Engine
&1 GI__hﬂr

Number of Defects

:

100

50

l_..'.'f.-.p,.'.‘ L:'. I!I.
U - — . -
Component

e —

Figure 2.2: Total Propulsion System Defects by Component (MDS, 1992-2007)
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Figure 2.3: Percentages of Total Propulsion System Defects by Component
(MDS, 1992-2007)

By referring to Figures 2.2 and 2.3, it is obvious that the highest number of
defects of propulsion system is related to propulsion engine (51%). That 1s
followed by shaft system (17%), propellers (12%), other small defects of
components (11%) and power generation plant (9%). Table 2.7 highlights the

component defects by ship type.

Table 2.7: Component Detects by Ship Type

Power
Shaft Generation | Propulsion

Ship Type System | Propellers | Plant | Engine | Other | Total
Bulk Carrier 6 8 | 56 7 78
Chemical Tanker 2 6 3 6 0 17
Container Ship 14 0 5 32 4 33
Dredger-Hopper 0 5 2 3 l | ]
Ferry 9 6 |2 23 |8 68
Tug 17 1' s | 4 12 | 30 78
(S}lfi%eral Largo 30 24 4 128 | 4 190
Cable Repair Ship 2 0 5 2 | 4 |3
82?;?6 SUpPYY 5 2 8 14 1 30
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O1l Tanker 8 4 |5 72 4 103

| Passenger Ship 4 | 2 0 | 21 | 8 45
Refrigerated |

| Cargo Vessel 1 | 1 | 0 | | 12
RoRo Cargo Ship 8 8 7 7 2 32

| Fishing Vessel | 6 | 9 1 2 | 19 | 36
Other 7 | 8 | 3 | 17 | 10 55|
Total 139 98 | 71 421 94 823

From Table 2.7 1t 1s apparent that the propulsion engine has a very high number of
defects for four ship types compared with defects of all the other components.
These four ship types are, namely, general cargo ships (128), oil tankers (72), bulk

carriers (56) and container ships (32).

2.3.2. Ship Hull Defects Induced by Ship Hull Vibration

In this section failure data analysis is conducted based on ship hull defects

induced by SHV. From the LR data 14 major ship types are identified which have
high numbers of defects. Those 14 ships are identified because they each

contribute over 1% to the overall defects. Figure 2.4 shows the number of SHV
defects associated with each ship type and Table 2.8 shows their percentages.

More data can be found in Appendix 2.2.

MNumber of Defects
-]
-

Figure 2.4: SHV Defects (MDS, 1992-2007)

SHV Defects

23

O BULKCARRIER
@ CHEMICAL TANKER
O CONTAINER SHIP
0 DREDGER- HOPPER
W FERRY

Q TUG
@ GENERAL CARGO SHIP

0O LNGTANKER
# OFFSHORE SUPPLYVESSEL

@ OIL TANKER
0O PASSENGER SHIP
0 REFRIGERATED CARGOVESSEL

8 ROROCARGOSHIP
B VEHICLECARRIER

@ OTHER




Application of FSA for SHV Modelling

Table 2.8: Percentages of SHV Detects

[ Ship Type , Percentage (%)
Bulk Carrier i | B 7.7
Chemical Tanker | 5.4
| Container Ship | 2.0
| Dredger-Hopper | i 1.8
| Ferry r 6.6
Tug 3.8
General Cargo Ship - 5.1
LNG Tanker | 1.8
Offshore Supply Vessel 3.8
Oi1l Tanker 43.2
| Passenger Ship | 1.3
| Refrigerated Cargo Vessel 2.0
| RoRo Cargo Ship 1.7
| Vehicle Carrier 2.6
Other 5.2

By referring to Figure 2.4 and Table 2.8 it 1s clear that SHV defects of o1l tankers

are significantly high compared with SHV defects of all the other ship types.
There are 169 SHV defects recorded for oil tankers which account for 43.2% of

the overall defects. SHV defects of the oil tankers are followed by those of bulk
carriers (30 and 7.7%), roro cargo ships (30 and 7.7%), ferries (26 and 6.6%) and
so on. SHV defects recorded are not equally distributed to sections of ship hull
structure (all steel plates). Figure 2.5 highlights the areas of SHV defects recorded.

Areas of Defects

140

120

100 A

o Fractured

80 @ Cracked

Number of Defects

60

40 -

20 -

Forward Forward to
M idship

Figure 2.5: Areas of SHV Defects Recorded (MDS, 1992-2007)
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According to the graphical representation of Figure 2.5 it is obvious that the ship

aft section has the highest number of

SHV defects recorded. In any section

fracture defects are the highest and cracks are the second. Compared with
fractures and cracks other small defects are minor in any section. Tables 2.9-2.13

show the areas of different types of SHV

defects associated with the ship types.

Table 2.9: Number of SHV Defects of the Forward Section

Forward Fractured

Bulk Carrier 0
Chemical Tanker 0
Container Ship
Dredger-Hopper
Ferry

I

Tug
General Cargo Ship

LNG Tanker

S —
Offshore Supply
Vessel

Oil Tanker

Passenger Ship

Refrigerated Cargo

I

.

-

Cracked Other

y Jf G

Vessel
' RoRo Cargo Ship

Vehicle Carrier

Other
Total

IDOOO

— O L O
O O O] O

Table 2.10: Number of SHV Defects of the Forward to Midship Section

Forward to Midshi Fractured
Bulk Carrier
Chemical Tanker

Container Ship

p

QQO{GO

Dredger-Hopper
Ferry

Tug

General Cargo Ship 0
LNG Tanker

Offshore Supply

Cr&ckeci
0
)

0
0

' Vessel

0
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Gl Tarke o i
| Passenger Ship i 1 0 __ __4 1
Refrigerated Cargo
Vessel 0 0 B 0
RoRo Cargo Ship 0 1 0 |
Vehicle Carrier 0 0 0
o 1“ 0
E T B

Table 2.11: Number of SHV Defects of the Midship Section

I

Cracked O
i 2 0

s i |
1 T

— o o o
o o 0

Tug 0 0 0

General Cargo Ship 0 0 - 0

LNG Tanker 1 1 0

Offshore Suppl

Vessel i 1 0 0

| Oil Tanker 34 2 ]

Passenger Ship ] 0 0

| Refrigerated Cargo

Vessel 0 0 0

o

o o o
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Table 2.12: Number of SHV Defects of the Midship to Aft Section

Midship to Aft
Bulk Carrier
Chemical Tanker
Container Ship
Dredger-Hopper
Ferry
ETué

General Cargo Ship

Fractured Cracked

GOHDI

-

-———————————-———_—mu-————_———'_—-————__——_
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NG Tarker SR I S B R

Offshore Supply
Vessel
QOi1l Tanker

0

38

FasengerShp | 0 |0 | 0
Refrigerated Cargo

Vessel

Oher | 2 | 3 |0
Tow | s [ w1

Table 2.13: Number of SHV Defects of the Aft Section

RoRo Cargo Ship
Vehicle Carrier

AT Fractred
Bulk Carrier 11 2
Chemical Tanker 1 2
Container Ship 4 0 - 0 |
Dredger-Hopper 6 - 0 ]
Ferry 18 4 ] |
Tug I
General Cago St z
LNG Tanker 0 1 0
Offshore Suppl
Vessel ooy 12 2 0
Oi1l Tanker | 47 4 1
Passenger Ship | | 0
Refrigerated Cargo '
Vessel N 4 2 2
RoRo Cargo Ship 15 4 2
Vehicle Carrier 6 0 2
Other 6 . 0 3
“Total 151 o 42 18

Based on Tables 2.9-2.13 it is apparent that the number of SHV defects increases
gradually for almost all ship types, from the forward section, to the midship to aft
section. However, in the aft section there is a significant increase in SHV defects.
In each section oil tankers have the highest number of SHV defects. In every case
oil tankers have suffered from fracture defects induced by SHV which can be
named as the worst situation compared with cracks or other minor defects.
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From the failure data analysis it is clear that SHV induced defects can give severe
consequences such as fractures of steel structure. It is also clear that the number of
fractures increases from ship forward to the aft. In the aft section not only
fractures but also other defects increase for any ship type. Based on experts’
judgements, it appears that SHV mainly comes from the propulsion system which
is located in aft section (in many cases) of the ship. That is the major reason for
high SHV defects in the aft section. SHV is considered as a major problem
onboard ships because it not only results in large structural failures but also crew
fatigue. There 1s a significant health risk associated with SHV. Therefore, there 1s
a need for safety improvement of ships by minimising associated SHV.

Although PSV and SHV defects are recorded, their sources have not been clearly
defined. Only a few detailed accident reports could be obtained from Marine
Accident Investigation Branch (MAIB) when conducting this research. Those few
accidents are highlighted in the Introduction of Chapters 3, 4, 5, and 6. Therefore,
it can be seen that SHV problems have a high level of uncertainty. A crtical
review of SHV is conducted in the next section in order to identify possible
sources of SHV and the current status of ship vibration problems.

2.4. Critical Review of Ship Hull Vibration

At the end of the 19" century there was a huge increase in propulsion power to
meet the ever increasing demand for faster ships. Many cases of serious vibration
were experienced at that time. The first systematic investigation of SHV was
made by Schlick in 1884 (Todd, 1961). Schlick published the first of a long series
of papers on SHV. The following outlines some of the relevant experimental work
and theories that have been conducted in the prediction and prevention of SHV.

Schlick pointed out that hull vibration is due to some disturbing forces in engines,
shafting or propellers; with reciprocating engines there is always some unbalanced
force remaining, and disturbing forces may also arise from unbalance of the
propellers or shafting, either mechanical or hydrodynamic. Schlick expressed the
option that the only way to avoid serious vibration is to prevent resonance, this
being more easily achieved by altering the pitch of the propeller so as to reduce
the Revolutions Per Minute (RPM). It was recommended that greater care should
be taken in the manufacture of propulsion systems in order to avoid harmful
vibrations. Schlick did a tremendous amount of work in the area of ship vibrations

and most of his theories are still valid.
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In 1892 Yarrow expressed the opinion that vibrations were caused by the inertia
forces of the reciprocating masses in the engines, except that they might also be
due to bad workmanship or need of repair e.g. propellers not concentric with the
shafts or the area and pitch of the propeller blades not being identical (Todd,
1961). A paper published by Yarrow in 1892 described methods of balancing of

engines by using the balancing weights on the crank web.

Lewis in 1927 pointed out that the diesel engine was a relatively new form of
prime mover of ships and that with its higher revolutions, as compared with those
of old steam reciprocating engines, there was much more chance of synchronism
with higher modes of hull vibration (Todd, 1961). Methods of calculating natural
hull frequencies were reviewed and the necessity of taking into account the virtual

mass effect of the surrounding water was noted.

Taylor in 1928 gave the first of many contributions to the subject of ship vibration,

where hull frequency calculation problem was reviewed and applied to the
method suggested by Morrow for a non-uniform bar and also dealt with torsional

vibration giving a rational formula (Todd, 1961). In 1930 and 1931 Taylor carried
out various experiments on merchant ships and made some observations on the
decay of vibration in ship hulls in an effort to measure its damping coefficient.

Despite all the care and attention that may be devoted to the balancing of engines,
auxiliaries and propellers, some vibration forces are always transmitted to the
ship’s structure and even if they do not give rise to resonant vibration of the whole
hull, they frequently induce local resonance of deck beams, plating and so on
which is objectionable on grounds of comfort, local fatigue stresses or because of
its effects on instruments and control equipment (Todd, 1961). Such vibrations
can be reduced by the use of vibration dampers and the theory underlying these
devices was clearly set out in 1933 by Inglis of Cambridge University.

In 1935 Lewis again presented the results of theoretical and experimental
investigations into the cause of hull vibration as excited by propellers (Todd,
1961). From the analysis Lewis deduced that adequate fore and aft clearance
between bossing end and propeller blades is more important than propeller tip
clearance and more easily arranged.
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In 1947 Prohaska carried out some experiments on virtual mass for vertical
vibration which in many ways confirmed the earlier theoretical work of Taylor
and Lewis (Todd, 1961). Prohaska extended the work of the latter to some new

ship type sections, comparing V and U shapes.

Forthergill gave a rather extensive survey of the history of ship vibration problems
in 1952 (Todd, 1961). Problems such as engine unbalance, torsional vibrations

and the eftects of transverse engine vibrations were examined in detail.

Voigt described the work on ship vibration being carried out by the Technical
Committee on Vibration of the Schiffbautechnische Gesellschaft (STG) together
with the work of the Germanischer Lloyd (GL) in 1953 (Todd, 1961). Voigt dealt
at some length with engine vibration and made recommendations regarding
desirable propeller clearances in the aperture for single screw ships.

In the 1950s more and more propellers were designed for the purpose of reducing
the vibration forces transmitted to the hull (Todd, 1961). Careful consideration

was given to the number of blades to use in order to reduce the magnitude of the
periodic forces and to change the blade frequency to avoid resonances. As a result
propellers having five and six blades were fitted to ships at that period.

LR conducted many investigations into hull vibration, frequently in association
with the British Ship Research Association (BSRA) and an account of this
experience was given by Bunyan in 1955 (Todd, 1961). Bunyan dealt at length
with the ettects on hull vibration of changes in disposition of cargo, clearances of
propeller from hull and rudder, and engine balancing, and offered suggested
relationships between the frequencies of the 2-node vertical and horizontal hull
modes and those of the higher modes for cargo vessels and tankers.

Due to the high power being transmitted, and perhaps due to a greater awareness
of vibration problems, increasing emphasis was directed towards propeller-excited

vibration at the beginning of the 1960s (Todd, 1961). This is due to the effects of
varying pressure in the water causing ‘surface’ forces and the varying wake

causing ‘bearing’ forces. The variations in pressure around a propeller working in
open water, which is called free-field pressures, were investigated theoretically for
twin screw ships by Ramsay. Ramsey showed how the pressures in the fluid were
reduced with increasing tip clearance and with increasing the number of blades.

4

32



Application of FSA for SHV Modelling

A literature survey from 1884 to 1960 was obtained from Todd (1961). Todd has
also undertaken extensive work in the area of ship vibrations, most of the theories

and formulas which were proposed by him are still in use.

Cavitation induced excitation forces stem from undesirable combinations of the
propeller and hull designs (Fitzsimmons, 1977). This work considered the effects

of cavitation number and wake non-uniformity. The results offered two options
for the reduction of high excitation forces to acceptable levels for a given design.
They are namely reduction of the propeller RPM (frequency of rotation) to
Increase the cavitation number, and improvement of wake distribution by

modifications to aft-end shape.

The six vessels of the Maersk “E” class were built in 1979-1980 in Denmark
(Hadler et al., 1985) and were classified under LR and registered under the flag of
Denmark. By applying different propeller designs for these Maersk “E” class
ships, it was observed that high skew at blade tip, unloading blade tips, increase in
diameter and blade area, thickening of tips and use of wide tips give very low
cavitation pattern as well as very low blade frequency harmonics. As a
consequence of increasing engine power output and changing the hull length, it
was found that great care should be taken when developing a new propeller design
in order to minimise the pressure forces generated by the propeller.

Reddy (1983) showed that the mechanical faults such as mass unbalance and
misalignment lead to propeller induced vibrations, which can be detected by
vibration signature analysis techniques. The propeller mass unbalance and
misalignment are mainly due to the propeller-hull interaction. The propeller tip
clearances have to be altered to reduce the propeller induced vibrations which is a

basic design criterion.

In 1984 methodologies based on a computer program were adopted to predict
propeller induced pressure pulses (Colombo & Chilo, 1984). The calculated
pressure results were produced for three different propeller designs and the results
were validated by tests on two ships. In particular, the calculated pressure results

produced by three propeller design solutions at several points on the stern of a
new single-screw roll-on/roll-off containership were discussed and compared with
the same quantities measured both on a ship model and full scale ship.
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Ship design considerations for minimal vibration were studied by Mano in 1985
(Mano, 1985). There are two ways to design a minimal-vibration ship: one is to
avoid the hull resonance by external exciting forces and the other is to reduce the
exciting forces themselves. It was found that the latest fuel efficient, long stroke,

less cylinder engines have higher vibration patterns. It was showed experimentally
that the vibration is mainly due to many kinds of exciting forces and moments.
Also various countermeasures have been given to reduce the vibration level on

ships.

During the end of the 1980s increased popularity of four and five cylinder slow
speed, two stroke engines for propulsion plant, reflecting attractive installation
and operating costs, had also stimulated efforts by designers to counteract adverse

vibration characteristics (Anon, 1989). It was stressed that appropriate
consideration should be given to the vibration aspects of a projected installation of

engines at the earliest possible stage in the ship design process. Therefore, the
four principal types of vibration patterns, namely torsional, axial and lateral
vibration, engine out-of-balance and lateral rocking, were examined in detail in
order to determine the effects of those vibration patterns onto hull vibration.

Solutions, such as different types of balancers, stays, and resilient mountings,
were introduced to reduce the level of vibration of engines.

In 1992 the vibration behaviour on Frigate type ships was presented (Keuning,
1992). Propeller induced vibrations, using different frequency response levels and
cavitation levels, were discussed. It was found that the propeller induced
vibrations are usually associated with the Blade Rate (BR) frequency and its lower
harmonics and also the main excitation mechanisms are the propeller induced
pressures on the hull above the propeller and the dynamic forces introduced in the
ship through the shaft system. Those factors are especially important in case of a

cavitating propeller.

During the mid 1990s vibration problems were observed by GL on some ships
equipped with medium-speed diesel engines (Asmussen & Muller, 1995). The
three types of engine vibration modes, namely transverse vibration about the
longitudinal axis (H-type), the torsional vibration about the vertical axis (X-type),
and longitudinal vibration about the transversal axis (L type) were demonstrated
on different types of ships.
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Yacamini et al. (1996) discussed the noise and vibration generated by auxiliary
equipment such as electrical machines. The mechanisms of noise generation in an
electrical machine were identified and the effects of irregularities on the machine
frame were investigated using both theoretical and experimental analysis. It was
found that the most common mechanical noise sources of such kinds of machines
are from the bearing and the motor unbalance.

A two dimensional unsteady theoretical approach was used to calculate an

optimised and generalised blade pitch motion of cyclic nature for typical single
screw ship propeller that operates in a non-uniform unsteady flow (Gabriel &

Atlar, 1998). The theory showed that controlling the magnitude of the angle of
attack by a cyclic adaptation of the propeller blade pitch angle can reduce the
magnitude of the time varying blade forces and hence reduce the induced hull

pressure pulses.

An experiment was carried out to provide a clearer insight into the significance of
piston-slap in the diesel excitations on hull vibration and, consequently, the
underwater radiated noise (Zheng et al., 2001). Finite Element Method (FEM) and
Boundary Element Method (BEM) analysis of diesel piston-slap induced SHYV,
showed that piston-slap exerted excitation on the engine frame may cause a higher
level of SHV and underwater radiated noise than the excitation exerted by diesel
vertical inertia force of reciprocating masses. In order to achieve results, the
numerical prediction of vibration transmission from a ship’s diesel engine via a
resilient mounting system, to a stiffened cylindrical hull was employed.

The challenges of providing a high level of passenger comfort on a ferry with low
levels of vibration were investigated (Brescia ef al., 2001; Giovanni et al., 2001).
There were four passenger ferries and they had to work with a cruise speed of 30
knots; it was the highest speed of such kind of ferry at that time. The research
included how to design ship aft and fore body design, sectional area curve,
appendages, and propeller design (blade diameter, blade area ratio, number of
revolutions, tip loading, tip vortex cavitation and direction of rotation) for
minimal vibrations. In particular, the design of a rudder has been discussed in

terms of manoeuvrability.

A similar kind of work was carried out in 2003 for high powered container ships
by the Maritime Research Institute Netherlands (MARIN) (Holtrop & Valkhof,
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2003). That research was limited to propeller design, although suggestions to
minimise the vibration in terms of propeller design were given in detail.

Acoustic Boundary Element (BE) models of a twin-screw cruise liner were used
to solve the Helmholtz equation in order to explore the nature of fluctuating hull
pressure pulses due to the propellers (Kinns ef al., 2003; Kinns & Bloor, 2004,
Kinns & Pim, 2005). The main aim of the research was to show how the
fluctuating pressures above the propeller excite hull vibration. The implications of
the results for specification of ship requirements and estimation of ship vibrations

were discussed.

A number of rules and regulations were introduced by the International Maritime
Organization (IMO) in 1982 to improve safety of the crew and comfort of the
passengers (IMO, 1982). These rules have been used as a tool by the UK MCA to

produce guidelines for ship safety.

ABS (2001b) shows that the vibrations can have a negative impact on the crew as
well as passengers. For the crew, this negative impact may be realised as poor
performance, physical fatigue or an increase in human errors. The reports
published by IMO highlight the fact that crew member fatigue is increasingly
recognised as a major factor in maritime accidents (IMO MSC/Circ. 5635, 2001;
IMO, 2001). When crew member fatigue leads to human error it jeopardises ship,
passenger and crew safety. The International Labour Organisation (ILO) also
demonstrates that the vibration covers any vibration which is transmitted to the
human body through solid structures and is harmful to health or otherwise
dangerous (ILO, 1977a; ILO 1977b). This can be referred to SHV onboard ships.
IL.O has developed vibration regulations especially for workers.

Some previous studies associated with ship vibration problems have been
discussed in the aforementioned sections. It is obvious that since the end of 19"
century, researchers and organisations have done a tremendous amount of work
for the study of ship vibration. Vibration is hazardous and has resulted in severe
consequences structurally as well as physically. SHV can be highlighted as a
major problem onboard ships since it leads to large structural failures and crew
fatigue. Referring to the accidents and defects caused by SHV, the resulting
damages can be further emphasised. ISO standards, as well as ship vibration
regulations of many ship classification societies, have been developed based on
SHV. Simultaneously, it has been found that the risk caused by SHV problems
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has not been appropriately categorised and estimated yet. In this research the
safety principles of FSA are adopted to carry out risk studies of SHV.

2.5. Marine Safety and Formal Safety Assessment

IMO 1s a body that contributes to the standardisation of the legislations and
regulations related to marine activities. The international safety based marine
regulations have been driven by the serious marine accidents. For instance, the
capsize of the ‘Herald of Free Enterprise’ in 1987 raised serious questions with
regards to operational requirements and the role of management and so stimulated
discussions at the IMO (Wang, 2006). This finally resulted in the acceptance of
the International Safety Management (ISM) Code for the Safe Operation of Ships
and for Pollution Prevention. The ‘Exxon Valdez’ accident in 1989 badly
damaged the environment with a large-scale oil spill. It assisted the
implementation of the international convention on Oil Pollution Preparedness,
Response and Co-operation (OPRC) in 1990. Double hull or mid-deck structural
requirements for new and existing oil tankers were subsequently applied.

By taking into account the increase in public concern regarding safety at sea and
pollution prevention, the UK realised that the time was right for exploration of the
safety case principles to be applied for shipping. This coincided with the
publishing in 1992 of Lord Carver’s report on the investigation of the ‘Herald of
Free Enterprise’ accident. Recognising the need for a change in the shipping
regulatory framework and in response to Lord Carver’s report, the UK MCA
quickly responded and in 1993 proposed the FSA methodology to the IMO 1n
relation to ship design and operation. The IMO defines FSA as a structured and
systematic methodology, aimed at enhancing marine safety, including protection
of life, health, the marine environment and property, based on risk and cost
benefit assessments which lead to decisions. (IMO MSC/Circ.1023, 2002). The
adoption of FSA for shipping represents a fundamental cultural change, from a
largely reactive approach, to one which is integrated, proactive and soundly based
upon the evaluation of risk. The proactive approach of FSA can be considered a
benefit because it enables hazards that have not yet given rise to accidents to be
properly considered. There are also other benefits (MSA, 1993):

e A consistent regulatory regime which addresses all aspects of safety in an
integrated way.
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e Cost effectiveness, whereby safety investment 1s targeted where it will achieve
the greatest benefit.

e Confidence that regulatory requirements are in proportion to the severity of
risks.

e A rational basis for addressing new risks posed by ever changing marine

technology.

FSA can be applied by different parties. It is important that the process is clearly
documented and formally recorded in a uniform and systematic manner (IMO
MSC/Circ.829, 1997). This will ensure that the FSA process is transparent and
can be understood by all parties irrespective of their experience in the application
of risk and cost benefit assessment techniques. The FSA methodology comprises

the following five steps:

Step 1: HAZard IDentification (HAZID)

Step 2: Risk Estimation (RE)

Step 3: Selection of Risk Control Options (RCOs)
Step 4: Cost Benefit Assessment (CBA)

Step 5: Decision Making (DM)

The interaction between the five steps can be demonstrated in a process flowchart
as shown in Figure 2.6 IMO MSC/Circ.1023, 2002). As can be seen, there are
repeated iterations between the steps which makes it effective as it constantly
checks itself for changes within the analysis. The framework was initially studied
by the IMO Marine Safety Committee (MSC) in May 1993. Since then several
MSC meetings have been subsequently held to deal with FSA in more detalil.

Step 1 Step 2 Step 5
Hazard Identification * Risk Estimation Decision Making

Step 3
Risk Control Options

Step 4
Cost Benefit Assessment

Figure 2.6: Flowchart of FSA Methodology .
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Figure 2.6 highlights a flowchart of the FSA methodology. The process starts with
the decision makers defining the problem to be assessed along with any relevant
boundary conditions or constraints. These are presented to the group who would
carry out the FSA and provide results to the decision makers for use in their
activities. In cases where decision makers require additional work to be conducted,

they would revise the problem statement or boundary conditions or constraints
and resubmit this to the group and repeat the process as necessary. Within the
FSA methodology, Step 5 interacts with each of the other steps in arriving at
decision making recommendations. The group carrying out the FSA process
should comprise suitably qualified and experienced people to reflect the range of
influences and the nature of the problem being addressed.

2.5.1. Hazard Identification

Hazard identification is the first step of the FSA methodology. This step aims at
identifying and generating a selected list of possible hazards specific to the
problem under consideration. In FSA a hazard is defined as ‘a physical situation

with potential for human injury, damage to property, damage to the environment
or some combination’. Hazard identification 1s concerned with the use of

“brainstorming” techniques by participating trained and experienced personnel to
determine the hazards (Wang, 2000). The SHV hazards can be highlighted as:

o Different vibration patterns.
e Hazards induced by ship design criteria.

e Failures onboard ships.

Human error issues can also be systematically dealt with within the FSA
framework. It is understood that SHV significantly increases human error due to

fatigue and poor performance of the crew onboard which could lead to serious
accidents. This has been highlighted in Section 2.4 (ABS, 2001b; IMO MSC/Circ.

565, 2001; IMO, 2001). The significant hazards can be chosen in this step by
screening all the identified hazards which contribute to SHV, and then structural

failure and crew fatigue. In this step various scientific risk assessment techniques
can be applied based on the data availability.
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2.5.2. Risk Estimation

Risk estimation is the second step of the FSA methodology. Information produced
from Step 1 will be processed to estimate risk. In the risk estimation phase, the

likelihood and possible consequences of each hazard will be estimated either on a
qualitative or quantitative basis. The main aim of this step can be highlighted as
estimating risks and factors influencing level of safety (Wang & Trbojevic, 2007).
The estimation of risks involves studying how hazardous events or states develop

and interact to cause an accident.

A ship consists of a set of systems such as shaft system, propellers, rudder,
auxiliary equipment, power generation plant, and propulsion engine. A sertous
vibration of a system may cause disastrous consequences. Risk estimation may be
carried out with respect to each phase of shipping and each such system. More
detailed information of risk estimation can be found in Chapter 3.

2.3.3. Risk Control Options

Selection of risk control options is the third step of the FSA framework. This can
also be considered as risk management. The current step aims at proposing and
selection of effective and practical risk control options to high risk areas identified
from the information produced by the risk estimation in Step 2 (Wang & Foinikis,
2001). At this level the implementation cost benefits of risk control options are
not of concern. In general, there are three main characteristics according to which
risk control options are evaluated and which can be outlined as follows:

e Those relating to the fundamental type risk reduction (i.e. preventive or
mitigating).
e Those relating to the type of action required and therefore to the costs of the

action (1.e. engineering or procedural).
e Those relating to the confidence that can be placed in the measure (i.e. active

or passive, single or redundant).

Risk control options can reduce frequencies of failures and/or mitigate their
possible effects and consequences. In this research, the best risk control option is

selected on the basis of effectiveness.
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2.5.4. Cost Benefit Assessment

Cost benefit assessment is the fourth step of the FSA framework. This step aims at
identifying benefits from reduced risks and costs associated with the
implementation of each risk control option for comparisons (Pillay & Wang,
2001). Cost benefit assessment may be carried out using various techniques.
However, application of the technique is dependent on the availability of data.

In this research, the chosen alternatives which make up the most effective risk
control option as identified in Step 3 are then subjected to cost benefit assessment
to select the most economical alternative. These alternatives are chosen to have a

minimum level of SHV onboard.

2.3.5. Decision Making

Decision making is the fifth and final step of the FSA framework. The final step
aims at making decisions and giving recommendations for safety improvement.
The information produced from Step 4 can be implemented to assist in the choice
of cost-effective options for risk reduction. It has to be noted that cost factor
should not be the only criterion taken into account. As such, at this level multiple

criteria decision making techniques may be utilised (Wang et al., 1996).

It is clear that the FSA methodology is not a fixed structure (Figure 2.6). Deciston
makers can arrive at decisions by using different paths. In this research a flexible
approach is used in the application of FSA into SHV so that SHV problems can be
addressed in detail. It is not possible to develop a generic hazard identification
model by including all the criteria. Therefore, a generic hazard identification
model is developed using the most significant criteria and then risk estimation 1s
carried out (Chapter 3). Taking into account significant ship design criteria from
the hazard identification model, a generic ship design model is then developed for
decision making based on risk estimation (Chapter 4).

Considering failures of components in the hazard identification model, a generic
model is constructed including all the significant failures onboard. The high risk
areas are identified and the best risk control option is selected based on
effectiveness (Chapter 5). Finally, cost benefit assessment is conducted to select
the best alternative for SHV risk reduction (Chapter 6). By utilising this flexible
FSA approach SHV problems are dealt with in detail and applicability of FSA
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into SHV is highlighted. The benefit of such a flexible approach as used in this
research is that it enables the decision maker to tackle SHV problems in a holistic

way.
2.5.6. Research Activities Related to Formal Safety Assessment

FSA is still a relatively new approach to marine safety which involves using the
techniques of risk and cost benefit assessment to assist in the decision making
activities. It has to be noted that FSA approach differs significantly from the
safety case regimes found in many industries. The main purpose of developing
FSA was for it to be applied to the regulatory regime for shipping (Pillay & Wang,

2001).

However, over the years, its potential has been recognised not only as a tool to

develop safety rules and regulations but also as a tool to identify safety related
problems with design, operation and procedures of marine systems. Since the mid
1990s, many research activities in marine risk modelling, cost benefit assessment
and decision making have been carried out to improve both design and operations.
The research activities conducted based on the FSA framework include:

¢ Trial study on high speed passenger catamaran vessels (IMO, 1997a; IMO,

1998a).
o Trial study on high speed crafts (IMO, 1997b; IMO, 1998b; IMO, 1998c).

e Trial study on oil tankers (IMO, 1998d; IMO, 1998e).
e Trial study on bulk carriers (IMO, 1998f; IMO, 2000; IMO, 2002a; IMO,

2002b).
e Trial study on passenger roro vessels with dangerous goods (IMO, 1998g).

e Application to fishing vessels (Pillay, 2001; Loughran et al., 2003).
e Application to marine transportation (Soares & Teixeira, 2001).

e Application to offshore support vessels (Sii1, 2001).

e Application to containerships (Wang & Foinikis, 2001).

e Application to ports (Trbojevic, 2002; Ung et al., 2006; Ung, 2007).
e Application to cruising ships (Lois, 2004; Lois et al., 2004).

e Application to liner shipping (Yang et al., 2005; Yang, 2006).

It is clear that FSA has been utilised in many applications. However, there are still
many areas in which the application of FSA could be of benefit; its application to
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SHV problems is one. It was described earlier that SHV failure data is scarce
(Section 2.3). Therefore, there is a high level of uncertainty associated with SHV
problems. It may not be possible to use traditional risk assessment methods since
their application is dependent on the availability of failure data. This uncertainty
requires the development and application of novel risk assessment techniques for
the treatment of SHV problems.

2.6. Critical Review of Marine Risk Assessment

Risk assessment is a vital element of risk studies. Probability theory, which is
based on the discoveries made by famous 16™ and 17" century scholars such as
Girolamo Cardano, Galileo Galilei, Blaise Pascal, Pierre De Fermat and Chevalier

De Mere is the foundation of contemporary risk assessment (Garrick et al., 2004).

In the 1500s Cardano and Galilei contributed towards expressing probabilities and
frequencies of past events. Fermat and Mere made valuable contributions to the
theory of numbers in the mid 1600s and about the same time Pascal found out the
concepts of decision theory (Garrick et al., 2004). The Royal Port group created a
piece of pioneering work of philosophy and probably the first definition of risk as
‘fear of harm ought to be proportional not merely to the gravity of the harm but
also to the probability of the event’.

In the 1700s Thomas Bayes constructed a theorem rooted in fundamental logic for
combining old information with new information for the assignment probabilities.
Bayes 1s considered as the real father of contemporary risk assessment (Garrick ef
al.,, 2004). By following the Bayes theorem, a French mathematician, Marquis
Pierre Simon De Laplace, constructed the primary basis of contemporary
probability theory. Diverse issues, such as gambling strategies, military strategtes,
determining mortality rates and debating the existence of God were the areas
under discussion of early analytical explorations and precursors to the new
science of risk assessment.

The widespread, formal application of risk assessment to critical infrastructure
started in earnest in the late 1900s. Many risk assessment methods have been
developed to support scientifically-based risk assessment and decision making,
The choice of a risk assessment technique is dependent on available data and
purpose of use. In risk assessment the availability of the data plays a crucial role.
When there is not enough data available special techniques have to be employed.
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These techniques are called novel risk assessment techniques and the others are
named as traditional techniques in this research. Traditional techniques may be
utilised when there is sufficient data available.

2.6.1. Traditional Risk Assessment

In the 1960s significant progress in the effectiveness and sophistication of risk
assessment was achieved due to the application of risk assessment methodologies

in different areas in industry. Fault Tree Analysis (FTA) was developed at the
beginning of 1960s and was used as a tool in risk assessment. At the same time a
PhD thesis was published that introduced a methodology for probabilistic
integrated systems for analysing the safety of nuclear power plants (Garrick ef al.,
2004). The breakthrough in Probabilistic Risk Assessment (PRA) of technological
systems came in 1975 with the publication of the ‘Reactor Safety Study’ by the

US Atomic Energy Commission.

The ‘Reactor Safety Study’ introduced many original risk assessments techniques
to industry which led to major advancements in the application of Quantitative
Risk Assessment (QRA). The foundation of QRA is the structuring of scenarios
and methods of inferring the likelihood of events. QRA has been employed in
many industries such as nuclear, chemical and petroleum (Garrick et al., 2004).
The nuclear industry is the most consistent user of QRA methods. Also, since the
mid 1990s, risk assessment has been employed in assessing the safety of marine
systems (Wang & Trbojevic, 2007; Siu, 2001; Pillay, 2001). There are many
scientific PRA techniques which have been developed in the past five decades
which are in use in marine and other industries today. Some of the most widely

used PRA techniques include:

e Fault Tree Analysis (FTA) (Nieuwhof, 1975; Kumamoto & Henley, 1992;
IMO MSC/Circ.1023, 2002)

e Event Tree Analysis (ETA) (Villemeur, 1992; Pillay, 2001; Meel & Seider,
2006)

e Preliminary Hazard Analysis (PHA) (MIL-STD-882, 1969; MIL-STD-882c,
1993; MIL-STD-882d, 2000, Wang & Trbojevic, 2007)

e Failure Modes, Effects and Criticality Analysis (FMECA) (MIL-STD-1629a,
1980; Wang & Ruxton, 1995; Jordaan, 2005)

e HAZard and OPerability Study (HAZOP) (Wells, 1996; Pillay & Wang, 2003;
Labvosky et al., 2007)
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o Cost per Unit Risk Reduction (CURR) (Pillay, 2001; Pillay & Wang, 2003;
Wang & Trbojevic, 2007)

In PRA, events which are the root causes of accidents are referred to as initiating
events or accident initiators. Without initiating events, no accident can happen
(Kumamoto & Henley, 1992). PRA is a framework that transforms initiating
events into risk profiles. It should be noted that risk profiles are not the only

products of risk studies. The PRA process and data recognise vulnerabilities 1n a
system. No other approach has predictive abilities which are superior to that of
PRA (Herrmann et al., 1989). The information produced in risk assessment can be
used to select effective and economical risk control options to minimise the risks.

2.6.1.1. Fault Tree Analysis

FTA was developed by H.A. Watson of the Bell Telephone Laboratories between
1961 and 1962 during an Air Force study contract for the Minuteman Launch
Control System. Since the early 1970s FTA technique has been utilised as a tool
in risk assessment methodologies (Kumamoto & Henley, 1992). It is probably the
most widely used technique for hazard identification and risk estimation.

This technique is a process of deductive reasoning which can be applied to a

system of any size for risk assessment purposes (Ang & Tang, 1984; Wang &
Trbojevic, 2007). FTA is particularly suitable for the risk assessment of large

marine and offshore engineering systems for which the associated undesired (top)
events can be identified by experience, from previous accident and

incident/accident reports.

It is a diagrammatic method used to estimate the probability of an accident (top
event) resulting from sequences and combinations of faults and failure events
(basic events). This technique can handle both quantitative and qualitative
assessment. However, quantitative assessment may not always be possible
because FTA requires knowledge of probabilities associated with basic events

(Mauri, 2000).
2.6.1.2. Event Tree Analysis

ETA is a logic diagram used to evaluate the effects of an accident, a failure or an
unintended event. It is used to identify the various possible outcomes of the
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system following a given initiating event which 1s generally an unsatisfactory
operating event or situation. In the case of continuously operated systems, these
events can occur (i.e. failure of components) in any arbitrary order (Pillay, 2001).

In ETA the components may be taken into account in any order because they do
not operate chronologically with respect to each other. ETA provides a systematic
and logical approach to recognise consequences and to assess the probability of
occurrence of each consequence of the initiating failure event. It can be effectively
utilised in the hazard identification and risk estimation of a risk assessment
process. However, ETA grows in width exponentially and as a result it can only
be applied effectively to small sets of components. Therefore ETA 1is best suited
for hazard identification and risk estimation in marine systems with a limited
number of components. It can handle both qualitative and quantitative criteria.
This technique can be employed to investigate unknown effects from known

causes, therefore ETA may be considered as an inductive technique (Villemeur,
1992).

2.6.1.3. Preliminary Hazard Analysis

PHA was introduced in the mid sixties (1966) after the Department of Defence of
the United States of America requested safety studies to be performed at all stages

of product development. The first standard of safety was a document published by
the US Air Force in June 1966 which became MIL-STD-882 in July 1969 (Horn,

2005). However, this initial document was released in September 1963 as MIL-S-
38130A (AFSA, 2000). The Department of Defence issued guidelines that were
applied from 1969 onward (MIL-STD-882, 1969; MIL-STD-882c, 1993; MIL-

STD-882d, 2000).

The main aims of PHA are to identify the hazards of an industrial installation as
well as their causes (e.g. hazardous entities, dangerous situations, potential
accidents) and to evaluate the severity of the consequences of dangerous
situations and potential accidents (Villemeur, 1992). This technique can be
utilised in the early stages of a marine system design process and later stages of

requirement analysis.

Collective brainstorming techniques are employed during which the design or
operation of the system is discussed on the basis of experience of the participants.
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Checklists are commonly used to assist in identifying the hazards and results are
shown in a tabular format. PHA is a qualitative inductive technique (Mauri, 2000).

2.6.1.4. Failure Modes, Effects and Criticality Analysis

FMECA was developed in the 1960s and it is a natural extension of Failure
Modes and Effects Analysis (FMEA). It is possible to deal with failure modes
with severe effects having sufficiently low occurrence probabilities by using this
method (Villemeur, 1992). FMECA is made up of two parts, the first of which is
FMEA and the second is Criticality Analysis (CA), (FMECA).

The first part contains the identification of potential failures and the effects on
system’s performance by identifying the potential severity of the effect. The
second part consists of additional steps for calculating the risk of each failure
through measurements of the severity and probability of a failure event. Both
parts are capable of providing information for risk managing decisions. It 1s an
inductive technique. FMECA handles both qualitative and quantitative assessment.
It systematically details, on a component by component basis, all possible failure
modes and identities their resulting effects on the system (Kumamoto & Henley,

1992).

To maximise the effectiveness of an FMECA as a decision making tool, it has to
be initiated at the earliest stage of marine design, updated and expanded to lower
levels as the design progresses. FMECA involves the compilation of reliability
data, where available, for individual items, and information produced from
FMECA may also be used to carry out FTA. This technique has been employed
successfully within many different industries and has been used in marine
regulations to address safety concerns with relatively new designs (Pillay, 2001).

2.6.1.5. HAZard and OPerability Study

HAZOP technique was developed in the 1970s by loss prevention engineers
working for Imperial Chemical Industries at Tees-Side UK (Villemeur, 1992;
Smith, 2005). HAZOP is an inductive technique which is an extended FMECA
and which can be applied by a multidisciplinary team to stimulate systematic
thinking for identifying potential hazards and operability problems in systems
(Kumamoto & Henley, 1992). This is a collective brainstorming technique in
which the system is examined systematically, component by component, to
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determine how deviations from the design intent can occur, the consequences of
such deviations and the preventive/mitigating measures that are required.

HAZOP involves a full detailed description of the system (up-to-date engineering
drawings, line diagrams etc.) and full working knowledge of the operating
arrangements. Therefore, the HAZOP study team usually includes designers and
operators as well as safety engineers. Close parallels could be drawn between
FTA and a HAZOP study as they both yield clear identification of top events and
also a detailed description of failure modes and associated operating conditions.
Information produced from HAZOP studies can be used in FMECA.

The aim of the HAZOP is to carry out a qualitative analysis in the intermediate
stages of the design process to predictable hazards, thus it is an exploratory
technique (Mauri, 2000). This technique can be utilised to assess the safety of

marine systems (Wang & Trbojevic, 2007).

2.6.1.6. Cost per Unit Risk Reduction

CURR is one of the most widely used cost benefit assessment and decision
making techniques in marine risk assessment. This technique is applied for
selecting risk control options to minimise the occurrence of risks. CURR of each
risk control option can be estimated by dividing the difference of the costs and
benefits by the combined reduction in mortality and injury risks (Pillay & Wang,
2003). Those CURR values supply a relative ranking of the efficiency of
alternative risk control options. However, it may not be possible to use this
technique when there is an unacceptably high uncertainty of information present.

2.6.2. Uncertainty

There is a close connection between complexity and uncertainty. It is said to be
the rise in complexity that leads to increase in uncertainty (Pillay, 2001).
Uncertainties arise when there are deficiencies of information. Deficiencies of
information can be of different types and come from different sources.
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2.6.2.1. Types of Deficiencies

The deficiencies of information may be divided into categories such as fuzziness,
ambiguity resulting from discord and ambiguity resulting from non-specificity

(Klir & Yuan, 1995).

2.6.2.1.1. Fuzziness

This results from vagueness (lack of sharpness) and it is different from ambiguity.
Most natural language descriptors are vague and somewhat uncertain rather than
precise. Examples of fuzzy uncertain events related to ship vibrations can be
given as ‘maintaining propeller speed 120 RPM’ and ‘checking condition of

cylinders when gas pressure variation is high’. The vagueness of those operating
conditions could lead the crew to make their own decisions to carry out the

operation. Hence, there could be a non-uniform approach for maintenance leading

to serious vibrations in systems.

2.6.2.1.2, Ambiguity Resulting from Discord

Discord can be described as a conflict or dissonance. For example, in a probability
distribution, P(x), each probability measure is used for a specific alternative 1n a

set of exhaustive, mutually exclusive alternatives. Each P(x) shows the ‘degree of
belief’ (based on some evidence) that a particular alternative is the correct one.

Thus, the beliefs explained in a probability distribution may be in conflict with

each other.

2.6.2.1.3. Ambiguity Resulting from Non-Specificity

This comes from lack of information resulting from not clearly stating or
distinguishing alternatives. Non-specificity is characterised by sizes of relevant
sets of alternatives. The more alternatives available in a case, the less specific the
case (a case is completely specific if there is only one possible alternative).

2.6.2.2, Types of Sources Creating Deficiencies

The sources of deficiencies come from three categories. They are namely failure
and incident data, systematic and consequence methodologies (Schofield, 1998).

4

49



Application of FSA for SHY Modelling

2.6.2.2.1. Failure and Incident Data

The deficiencies affecting use of failure and incident data can be considered with
respect to statistical significance of such kind of data. They are as follows

(Schofield, 1998):

The effect of small sample sizes: The effect of sample sizes could bias the
results acquired because samples may not fully show the characteristics of the
problem. If small sample sizes were the only source of deficiency, sample
theory may provide confidence in failure rates. Then such kind of deficiency
could be highlighted in the risk assessment process.

The questionable relevance of generic data to specific items of equipment: In
principle, this may be a more difficult aspect to address since the particular
equipment and operating conditions may not be as relevant as first considered
to the equipment and operating conditions for which data have been gathered.
Under those circumstances, no method can be implemented to address what
data should be suitable.

The effect of limited reporting in relation to failure modes: This is also
considered as an issue from a quantification point of view. It may result in
underestimation of the potential significance of some failure modes which
were not allocated within the domain of definition. The existence of such
lesser failure modes is due to the fact that these failure modes have random
possibility to escalate to the failure modes within the domain of definition.
Inclusion or otherwise of the ‘lesser’ failure modes rests on factors that might
not be significant statistically. Therefore, the recorded data could under-
represent the potential of serious consequences e.g. possible absence of
important ‘near misses’ in incident reporting.

2.6.2.2.2. Systematic

There are different types of assumptions utilised within a risk assessment process.

Some of them relate to use of data and are subjected to the discussion of data

uncertainties, which has been described in Section 2.6.2.2.1. Others relate to use
of consequence methodologies which have been given in Section 2.6.2.2.3.
Another category is considered with the system in this section. That includes the

tfollowing (Ung, 2007):

Identification of hazards and accident scenarios.
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o The physical conditions prevailing, especially environmentally.
¢ The accuracy with which the mode of operation is predicted.

Assumptions made in systematic category are often highlighted explicitly and
openly within an assessment, and must be based on practical knowledge about the
installation. By using this path, they can be scrutinised and varied to estimate their

effects on risk assessment results.

2.6.2.2.3. Consequence Methodologies

Consequence methodologies are considered with the predictions of risks arising
from accident escalation. This modelling approach could at one extreme comprise
very simple assumptions. At another extreme it may contain a very complex
mathematical model used by sophisticated software (Ung, 2007). Alternatively,
the modelling may be somewhere between these extremes. A problem with
attempting to model marine accident scenarios often arises because of the
complex nature of escalating events such as heat fluxes, smoke concentration,
structural damages due to SHV, and human error due to fatigue, which lead to
major accidents. This complexity is associated not only with the nature of marine
installations and packed equipment but also with the intrinsic nature of many of
the consequence phenomena under consideration. This might make the

consequence become unpredictable.
2.6.3. Novel Risk Assessment of SHY under Uncertainty

It 1s clear that the SHV problems have a high level of uncertainty. As such it may
not be possible to use traditional risk assessment techniques. Novel risk
assessment techniques may have to be employed to deal with SHV problems with
uncertainty. Jenson (2001) highlighted that except for probability theory, the most
prominent to reasoning under uncertainty is possibility theory which is described

as fuzzy logic.
2.6.3.1. Fuzzy Logic

Many changes in science and mathematics took place in 19™ and 20™ centuries.
One of the changes concerns the concept of uncertainty. Klir & Yuan (199J5) state
that this change has been manifested by a gradual transition from the traditional
view which insists that uncertainty is undesirable in science and should be
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avoided by all possible means, to an alternative view which is tolerant of
uncertainty and insists that science can avoid it.

Based on the traditional view, science should endeavour for certainty in all its
manifestations (precision, specificity, sharpness, consistency, etc.). Then,
uncertainty (imprecision, nonspecificity, vagueness, inconsistency, etc.) 1s
considered as unscientific. However, based on a modern view, uncertainty is

regarded as essential to science.

An important point of dealing with uncertainty came in 1965 with the publication
of a fuzzy logic based paper by Lotfi A Zadeh (Zadeh, 1965). Fuzzy logic is an .
extension of classical Boolean logic from crisp sets to fuzzy sets. As a logic for
reasoning, there is nothing fuzzy on the subject of fuzzy logic. Fuzzy logic is the
first new method of dealing with uncertainty since the development of probability.

Fuzzy logic has various fuzzy techniques which can be used in uncertainty
treatment. They are namely fuzzy sets, fuzzy rule base, etc. Fuzzy sets have two
other categories namely discrete and continuous fuzzy sets. The application of
these fuzzy logic techniques is dependent on the situation and they are widely

used in many applications.

Traditional risk assessment is called probabilistic risk assessment since it i1s
dependent on probability theory. Fuzzy logic is based on possibility theory; as
such, novel risk assessment here is called possibilistic risk assessment. In this
research, fuzzy techniques are combined with Evidential Reasoning (ER),
Analytic Hierarchy Process (AHP) and Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) to conduct novel risk assessment of SHV

under uncertainty based on the safety principles of FSA.

2.6.3.2. Fuzzy Logic Theory

The theory of fuzzy logic has, as one of its aims, the development of a
methodology for the formulation and solution of problems that are too complex,
or too ill-defined, to be susceptible of analysis by conventional techniques
(Kandel, 1986). Since fuzzy logic theory was introduced more than four decades
ago, it has found many useful applications in the electrical and electronic
engineering (Yen & Langari, 1999), civil engineering, research and development
projects, business management, information and control, economics and
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marketing, education, health and medicine, safety engineering (Wang et al., 1995),
risk modelling, risk management and decision making and many more. This is
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