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SUMMARY

The Life of Type (LOT) of a naval High Speed Light Craft (HSLC) can be limited by its structural fatigue life. The fatigue
life of a ship is influenced by many factors, such as geometry, fabrication quality, the long-term load distribution, and
analytical techniques. The complex dependencies between these factors and the fatigue life cause uncertainty in
predictions. A lack of understanding of uncertainty can adversely affect the management of LOT risks, resulting in the
reduction of availability of the ship and costly repairs. Therefore, improved understanding of the benefits and limitations
of different fatigue life evaluation approaches informs the management of risks relating to the ship’s LOT. This paper
presents the first phase of work in a comparative analysis of different fatigue life evaluation approaches for naval HSLC.
The present work involves a holistic data review, codification of the data to reveal key themes, and individual expert
comparative analysis of the different approaches. The next phase of the study is also described.

NOMENCLATURE

Ao Stress range (MPa)

CDT  Cumulative damage theory
CLC  Capability Life Cycle

CRA  Comparative Risk Assessment
D Fatigue damage

FEA  Finite element analysis

HMS  Hull monitoring system

HSC  High Speed Craft

HSLC High Speed Light Craft

i Interval

k All stress cycles

LOT  Life of Type

LOTE Life of Type Extension

n Number of stress cycles

N Number of stress cycles to failure

RAN  Royal Australian Navy
SFA Spectral Fatigue Analysis

1. INTRODUCTION

Defence capability can be defined as ‘the power to achieve a
desired operational effect in a nominated environment within
a specified time and to sustain that effect for a designated
period’ (Department of Defence, 2017b, p. 85). A major
component of operational capability could be specialist
military equipment or materiel, an example of which is a
naval ship. The phases of the Australian Defence Capability
Life Cycle or CLC (Department of Defence, 2017b) are
shown in Figure 1. Also shown is a set of generic life cycle
phases after Blanchard and Fabrycky (1998). The Life of
Type (LOT) of a capability has different descriptions,
including the ‘design service life’ and the ‘assessed service
life’. The former is the life that the capability is designed to
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achieve during its in-service phase. The latter is the measured
age of the capability based on its material condition and usage
(Dow et al., 2015).

Australian Defence CLC
Life of Type

Risk Mitigating & %
Ststegy & i isiti In-service &
Concepts R“S“:;fr:‘g@ms Acquisition b

Generic Life Cycle Phases

Pre-acquisition

Phase Retirement Phase

Acquisition Phase Utilisation Phase

Figure 1: Comparison between Australian Defence CLC
(2017b) and Blanchard and Fabrycky’s Life Cycle (1998)

Recently, Governments have embarked upon enterprise
approaches to naval shipbuilding; examples include the
Naval Shipbuilding Plan in Australia (2017c), Canada’s
National Shipbuilding Strategy (2016), and the United
Kingdom’s National Shipbuilding Strategy (2017). These
plans identify the need for navies to acquire more ships
and modernise the fleet. The substantial investment in
naval shipbuilding demands delivery of value to
Governments, highlighting the imperativeness of the
sustainment of a capability (relative to the Australian
Defence CLC, sustainment is the operating support,
engineering, maintenance, supplies and training support
required to maintain a capability).

Degradation of the hull due to fatigue can limit the service
life of a naval ship (Collette, 2011, Doerk, 2017, Dow et
al., 2015). The fatigue life of an engineering structure is
defined as the number of cycles of fluctuating stress that a
material will sustain before failing. Among the sources of
cyclic loads applied to a ship structure are wave action and
transient vibration induced by impact loads such as
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slamming (Hughes and Paik, 2010). For ships constructed
of steel and marine-grade aluminium alloys, the fatigue
life can be influenced by many factors, such as geometry,
fabrication quality, and the long-term load distribution.
The complex relationships between these factors and the
fatigue life leads to uncertainty in LOT predictions (Mao
et al., 2010, Kecsmar and Shenoi, 2004). Risk can be
defined as the potential of adverse consequences of an
event, and is commonly represented as occurrence
probabilities with associated consequences (Sieve et al.,
2000). Risks to maintaining the required structural
performance of a naval ship can arise from inadequate
understanding of uncertainty, and incomplete and
imprecise information.

Decision-makers (defined as ship managers and executive
authority responsible for structural impacts and
operational matters) need to be able to resolve the
likelihood and consequence of a risk or choose to gather
additional information over a ship’s life cycle (Doerry,
2018). The consequence of not meeting this need can be
detrimental to a nation’s maritime capability. For
example, decisions to defer maintenance, based on
analysis with poor articulation of uncertainty and
incomplete information, led to the early decommissioning
and extended unavailability of Royal Australian Navy
(RAN) ships (Rizzo, 2011). In addition, in some cases, it
may be necessary to maintain a ship such that it reaches a
service life beyond the design service life (Hess et al.,
2015, Eccles et al., 2010); that is, a ship may undergo a
Life of Type Extension (LOTE). Therefore, improved
understanding of the benefits and limitations of different
fatigue life evaluation approaches would improve the
effectiveness of the management of risks related to the
LOT of naval ships.

High Speed Light Craft (HSLC) have been increasingly
used by navies (Magoga et al., 2017, Tuitman and
Hoogendoorn, 2014). This has been partly driven by
operational requirements including the surveillance,
interception and, if necessary, boarding of commercial
vessels to support law enforcement. HSLC are often
constructed using welded aluminium alloys or high tensile
steel due to their weight-saving potential, but are
vulnerable to fatigue cracking (Crupi et al., 2007, Fricke
et al., 2002, Tuitman and Hoogendoorn, 2014). This is a
hazard as, in addition to the reduction of availability of the
ship, cracking can lead to costly repairs and undermining
of safety during operations (Vacca et al., 2007, Stambaugh
et al., 2014, Garbatov et al., 2018). Further, HSLC can be
vulnerable to slamming leading to the exacerbation of
fatigue damage (Magoga et al., 2017).

Much of the research on the uncertainty in fatigue life
assessment of marine structures is quantitative and, in
general, the overarching aim is to improve design and
assessment processes. Examples of uncertainty studies
include the influence of construction tolerances on the
fatigue damage of a welded ship detail (Blagojevic et al.,
2002), the sensitivity of the calculated fatigue damage to
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the discretisation of modelling parameters (Li et al., 2013,
Mohammadi et al., 2016), and the assessment of the
uncertainties introduced by different fatigue damage
calculation procedures (Garbatov and Guedes Soares,
2012). Where quantitative research is results-oriented,
qualitative research is focused on the exploration and
description of data (Johnson and Christensen, 2014,
Tracy, 2013).

This paper presents the first phase of work in a comparative
analysis of different fatigue life evaluation approaches for
naval HSLC, using a qualitative process. The process allows
consideration of the context of structural LOT management
(for example, stakeholder constraints). The results of the
analysis include the identification and rating of approaches
against the key attributes that characterise a fatigue analysis
of a welded ship structural detail. The next phase of the study
is also described.

The value of the work is that analysts and engineers can
obtain, and articulate to decision-makers, a high-level
view of the completeness of the fatigue life ‘answer’
throughout a ship’s life cycle. Analysts conduct the fatigue
life evaluation as the basis of recommendations for
decision-makers.

Although the focus of the present paper is naval HSLC, and
is framed within the Australian Defence CLC, the knowledge
gained is applicable to other current and future naval ships
that use the same fatigue life evaluation approaches.

2. BACKGROUND

In the present paper, there is a greater focus on fatigue life

assessment during the in-service phase of a naval ship than

the earlier phases of the CLC when the ship is designed

(or selected). The reasons for this focus are as follows:

e Fatigue design guidance and standards for the
construction of welded structures are available. In
comparison, operational and  environmental
considerations, particularly for naval ships that have
evolving mission requirements, require further
evaluation in the context of structural fatigue life
management (Stambaugh et al., 2014).

e Fatigue life evaluation of an in-service ship is an
opportunity to update the assumptions required as
input to the design process.

e The naval ship acquirer may not have knowledge of
the design data.

e Continuation of ship operation beyond the design
service life is becoming more prevalent due to
adequate remaining load-carrying capacity (Groden
and Collette, 2017, Hess et al., 2015, Eccles et al.,
2010, Stambaugh et al.,, 2014) and delays with
commissioning of the new capability.

e The Commonwealth’s substantial investment in the
Naval Shipbuilding Plan demands Defence delivers
value to Government, highlighting the imperativeness
of the sustainment phase of the capability life cycle.
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Fatigue design can be defined as evaluations conducted
during the ship design process to prevent fatigue cracking
in structural members. Design characteristics of a welded
joint, such as abrupt changes in section and weld
stop/starts, can significantly influence the fatigue
behaviour of the structural detail. However, these
characteristics can be controlled somewhat during design
(Kramer et al., 2000) and fatigue design guidance for
naval ships as well as welded aluminium structures is
available (Sieve et al.,, 2000, Technical Committee
CEN/TC 250, 1999, Hobbacher, 2008, Maddox, 2003,
Kramer et al., 2000). Further, the welding execution
quality of aluminium alloys can be taken into account, to
a degree, by employing detail categories that meet ISO
10042:2005 (International Organization for
Standardization, 2005).

The fatigue design process of a ship involves many
assumptions and hence potential inaccuracies. Much of
the input data required for design is inexact; this can add
to the risk associated with any LOT conclusions based on
the design (Kramer et al., 2000). Thus, assessment of the
fatigue life of an existing structure is an opportunity to
improve the accuracy of some of the assumptions
(Maddox, 2003). This can improve future ship design and
management of the current fleet.

In countries with modest Defence budgets like Australia,
the acquisition process of naval ships is often constrained
by the adoption of strategies that give preference to Off-
the-Shelf designs. The Off-the-Shelf design (the parent
design) is modified into what is perceived to be a mature
design. Unlike a navy designing a ship to meet a capability
gap, the Off-the-Shelf acquirer will not have knowledge
of the parent design’s requirements and design data
(Morris et al., 2018, Schank et al., 2014).

3. METHOD AND ANALYSIS

Much of the research on fatigue life assessment of ships is
ultimately about improving the accuracy or reducing the
variability of the results. In contrast, the purpose of the
current research is to inform selection of the approach
used to assess fatigue-related deterioration of naval ships,
and limitations and complexities regarding assumptions
and uncertainties. To achieve this aim, qualitative research
is employed. Qualitative research is exploratory in nature,
and aims to build a larger knowledge base about a problem
space. Documented findings drive the inquiry. The
resources needed to comprehend an idea are seen as
interwoven within the context (Tracy, 2013). For example,
the design solution for a frigate could take into account the
functional requirements as well as the local industrial
capabilities (Schank et al., 2014).

To guide the qualitative analysis, the following questions

are posed:

e  What are the key attributes of a fatigue analysis of a
welded ship structural detail?
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e To what extent do different fatigue analysis
approaches achieve the key attributes?

By posing and answering the above questions the intention
is to build a decision-making aid regarding the most
appropriate fatigue analysis option in the context of
availability of resources, budget, desired precision, and
schedule.

The analysis process is illustrated in Figure 2. The process
begins with a data review that is framed by the questions
above. This step is followed by scrutiny and codification
of the collected information, which involves reduction of
the information into key ‘attributes’ that describe the
problem under investigation (Leedy and Ormrod, 2001).
In the final step, these attributes are used as the basis for
comparison between the fatigue analysis approaches using
expert judgement.

O

Data review

Collection of independent and verifiable data

Apply coding
scheme

Determination of key attributes

Comparative
analyis

Qualitative comparison across multiple attributes = decision-making aid
(@)

Figure 2: Qualitative analysis process and inputs and

outputs at each step

It is sometimes necessary to use expert judgments, or
informed opinions based on the experience and
knowledge of experts in a particular field, to understand
the potential scale of uncertainties and related actions.
This is due to the inability of scientific models to fully
capture stochastic variations. For instance, asset life-
cycle deterioration modelling is challenging because
data often only covers a short period of time, while
maintenance strategies, technologies, and external
circumstances change over time (Ter Berg et al., 2019).
Information on uncertainty from experts can be
collected in a structured or informal manner (Aspinall
and Cooke, 2013, Hifi and Barltrop, 2015, Ter Berg et
al., 2019). Use of such disparate methods, from asking
an individual expert for their judgement through to
following a formalised procedure to aggregate the
judgements of several experts, are accepted ways to
describe the uncertainty about complex parameters
(Colson and Cooke, 2018, Watkins et al., 2012).

In the current stage of the work, the comparative analysis
is based the judgement of an individual expert (that is, one
expert performs the analysis). The next phase of work is a
comparative analysis with elicitation from multiple
stakeholders and experts (described further in Section 4).
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3.1 FATIGUE ANALYSIS APPROACHES

Most of the fatigue analysis approaches, or ‘options’, have
been identified in a technical review conducted by

Magoga et al. (2015). The options are listed in Table 1.

Table 1: Fatigue analysis options

fatigue analysis

Option Definition

With respect to HSLC, the approach of
41 some classification societies is to assume
Rules-based that ‘... s'tructural fatigue is implicitly
approach and sufﬁmently gccountf;d for when the
(implicit) connection details, design loads, and
fabrication quality are acceptable’

(Magoga et al., 2015, pp. 5-6).
Simplified fatigue analysis assumes a
stress spectrum at a structural detail,
which is defined by the shape and
maximum  with an  appropriate
#2 probability  level. For  example,
Simplified Germanisher Lloyd’s Rules for
Classification and Construction —

Seagoing Ships (2013) provides a
standardised linear and convex spectra as
shown in Figure 3. In general, the
stresses are calculated using loads
defined in design rules.

In SFA, a ship’s lifetime exposure at sea
is divided into °‘cells’ that represent
weighted combinations of sea state, ship

#3 heading with respect to the waves, and
Spectral Fatigue | ship speed. Thus, the stochastic response
Analysis (SFA) | in the cell becomes statistically
stationary. The total fatigue damage is
the summation of the fatigue damage
from each cell.
Rainflow counting is a technique to
reduce a stress time history into a
histogram of stress cycles (Rychlik,
#4 1987). Full-scale stress data can be
Rainflow obtained through the implementation of a
counting + hull monitoring system (HMS). CDT
cumulative calculates the fatigue damage (D) caused
damage theory | by all stress cycles (k) as (Miner, 1945):
(CDT) applied LI

to full-scale D=) -

stress data = N;

n; and N;j are the number of actual cycles
experienced and cycles to failure,
respectively, for the i interval.

Inspection or hull survey of a ship

structural LOT management decisions. A stakeholder is a
person, group or organisation that has interest or concern in
an organisation; stakeholders in ship safety, for example,
include the operator, owner, regulator and the public. In this
regard, the present study is scoped to the S-N curve concept
as described in (Technical Committee CEN/TC 250, 1999).
Although fracture mechanics allows detailed fatigue life
analysis by taking into account the crack geometry and the
load sequence, it requires considerably more effort than the
S-N curve concept. In addition, the S-N curve concept is
widely accepted in the maritime industry (Du et al., 2015,
Hodapp et al., 2013, Maddox, 2003).

In addition, time-domain hydroelastic simulation is not
included in Table 1. In principle, this methodology can
predict the slamming loads on ships. However, its
application for a large number of conditions, as required
for fatigue analysis, is impractical due to the long

simulation time.
1,0

Convex

£ Linear —05

0

log 1 logn ..
log n >

Figure 3: Standard stress range spectra given by

Germanischer Lloyd (2013)

3.2 DATA REVIEW AND CODIFICATION

The data review technique comprises examination of a
variety of sources to collect independently verifiable
information (Watkins et al., 2012). In this study, data
review is used to gain a first-order understanding of
influences and themes in the literature (the term
‘literature’ is used hereon to refer to the data being
reviewed). The source and search terms for the collection
of literature are given in Table 2.

Table 2: Search terms for data collection
Type/Syntax and Justification
Online publications from academia, industry,

Analﬁjsis of provides information on the condition of and defence vor,czamsatl(.)ns.
. a structure. Maintenance reports are a Source e In general, online publications are
malrzitenance real-world account of fatigue-related accessible to all LOT management
ata defects. stakeholders.
46 Optign #§ represents a through-life ship AND fatigue
(#4 + #5) hybrid fatigue assessment framework e The data must be relevant to ships and

proposed by Magoga et al. (2019).

Hess et al. (2015, p.

future

7) argue that ‘integrated approaches for
maritime design and operations
uncertainty, likelihood, reliability, consequence and risk can

... factoring in

better inform the owner/operator of the asset’s health and
provide a route for managing that health efficiently and
effectively’. Stakeholder involvement is fundamental to
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fatigue.

steel OR aluminium

The majority of ships are constructed from
steel and marine-grade aluminium alloys.
Also, the limit state of non-metallic
structures (that is, composites) varies
considerably — it usually depends on the
design of the composite lay-up.

Keywords | ®
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naval OR navy OR “coast guard” OR patrol
OR "high speed craft” OR "high speed light
craft”

e The data must pertain to naval vessels.

e Patrol and coast guard boats/ships are
sometimes classed under a classification
society ruleset for HSLC, or meet the
criteria of HSLC/HSC.

e In general, classification societies’ rules
for HSLC cover the High Speed Craft
(HSC) code (Organisation, 2000).

Table 3: Identified key attributes of fatigue analysis

# Key Attribute and Justification

Probabilistic framework/ analysis

e This attribute is required to understand importance
and interaction between various factors to fatigue

damage.
e [t enables the limits of the structural performance
I to be accurately established.
e Fatigue damage in ship structures is highly
uncertain.

(Dong and Frangopol, 2016, Liu et al., 2019, Yang
and Frangopol, 2018, Garbatov and Guedes Soares,
2012, Thompson, 2018, Kwon et al., 2013, Knight et
al., 2015, Magoga and Dwyer, 2018)

Accounts for slamming
e Slamming can have a considerable influence on
the fatigue life of HSLC and naval ships when
II compared to the global wave induced stresses
alone.
(Thomas et al., 2003, Zhu and Collette, 2011,
Drummen et al., 2008, Kwon et al., 2013)

Can inform maintenance actions

e Fatigue cracking may require maintenance, which

I can lead to unanticipated costs and loss of
availability.

(Dong and Frangopol, 2016, Hifi and Barltrop, 2015,

Eccles et al., 2010)

Allows assessment of remaining life
e This attribute of fatigue analysis could reduce
maintenance and life-cycle management costs.
IV | ¢ Could increase operational availability of ship.
e Will assist if there is a need to extend life of ship.
(Groden and Collette, 2017, Diez-Olivan et al., 2019,
Hess et al., 2015, Eccles et al., 2010, Doerk, 2017)

Practical (‘pragmatic’)

e A major obstacle to implementation of a fatigue
analysis approach for marine structures is
inefficiency.

e Approach should be able to be linked to naval

v engineering/management systems.

e Government ship acquisition directives may
emphasise the use of industry practices.

e Budgetary constraints exist.

(Cui, 2003, Baltrop, 2013, Sielski et al., 2002,

Department of Defence, 2017d, Department of

Defence, 2017a, Dean et al., 2008)
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The collected literature was then codified. Firstly, the
data was manually scrutinised for relevance to ship
fatigue life assessment. Secondly, topics in the data were
clustered by commonality to discern the key attributes
(listed in Table 3). An attribute had to appear in at least
three sources, which are also cited in Table 3, to be
considered far-reaching.

33 SCORING OF OPTIONS

The approach to rate the fatigue analysis options against

the identified key attributes takes aspects from

Comparative Risk Assessment (CRA). CRA offers a

systematic framework for evaluating variables that pose

different risks in problem-solving (Morgenstern et al.,

2000). The analysis of the options is a mix of ‘hard’ and

‘soft’ techniques (Watkins et al., 2012) as:

e  Soft techniques use individual opinion and are not
externally verifiable.

e  Hard techniques are externally verifiable because data
review is part of the process.

The options are rated using a six-level scale shown in
Figure 4. The scale represents the extent that the options
exhibit the key attributes, and is assumed to be linear. The
attributes are assumed to have equal importance.

0.6 1

0.4 1

0.2 A

0 & T
Nil Very Low Low

Medium High  Very high
Figure 4: Rating scale, for extent that option achieves an
attribute

The ratings are assigned to each option based on the
author’s experience and accumulated evidence (Magoga
et al., submitted for publication, Magoga, 2019, Magoga
et al., 2019, Magoga and Dwyer, 2018, Magoga et al.,
2017, Magoga, 2017, Magoga et al., 2015, Magoga et al.,
2016, Magoga and Morris, 2019). The overall scores of
the options are shown in the right outermost column of
Table 4.
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Table 4. Comparison of extents that different fatigue life
analysis options (Table 1) achieve key attributes
Attributes — equally weighted

Option I T I v v Sum
" Nil Nil Nil Nil Very high |
‘ 0 0 0 0 1.0 )
‘ Nil Low* Nil Low Very high
#2 1.8
0 0.4 0 0.4 1.0
Very high Low* Low Med. Med.
#3 T 3.0
1.0 0.4 0.4 0.6 0.6
High Very high | Med. High Low
#4 = 3.6
0.8 1.0 0.6 0.8 0.4
4s Low Very high High Low High 14
‘ 0.4 10 08 04 08
) High Very high | High High Low
#6 38
0.8 1.0 0.8 0.8 0.4
4. DISCUSSION

Based on the rating scale and equal weighting of the
attributes, the highest rated option is #6 (hybrid fatigue
assessment framework) followed by #4 (CDT applied to
full-scale stress data). The lowest rated option is #1 (rules-
based approach).

The scores for Options #2 and #3 for attribute II (marked

with *) are conditional, as follows:

e The judgement that Option #2 (simplified fatigue
analysis) achieves attribute II to a low degree depends
on the stress distribution assumed. Analysis of the
fatigue damage at structural details is heavily
dependent on the representation of stress ranges
(Magoga et al., 2016).

e The assignment of a low rating for Option #3 (SFA)
in achieving attribute II is based on the use of linear
hydrodynamic analysis to calculate the external loads
on the ship. Typically slamming impacts are
neglected (Gao and Moan, 2008, Kim et al., 2002),
which may reduce the applicability of SFA for HSLC.
More generally, the reliability of the results from SFA
depends on how well the operational profile and
response are represented (Magoga, 2019).

Option #/ can be seen as a typical engineering design
approach that has a static perspective with well-defined
goals and requirements (Ross and Rhodes, 2008). It is
considered that Option #/ (assumption that a ship’s design
service life will be met if it is designed to a set of
classification society rules) does not achieve attributes I to
IV but is highly practical. In general, design to
classification society rules provides the minimum
standard for ship structural safety. Classification societies
arguably take design life variables into account through
their experience. This is in part due to the complexities in
naval ship design, and difficulties in the estimation of non-
linear loads and the failure behaviour of structural items
(Collette, 2011). However, it is generally difficult to gain
an understanding of how different elements of
classification society experience directly link to attributes
I'to I'V. In general, application of characteristic loads with
established analysis procedures and acceptance criteria is
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satisfactory when the structural life of the ship is not a key
design driver. For use in, for example, assessment of the
remaining life, loads and acceptance criteria that are
explicitly linked to actual failure types and mission
capability are needed (Collette, 2011). In addition,
treatment of the fatigue life as a static value may not be a
suitable means to allow for evolving operational
requirements (Ross and Rhodes, 2008), which is a need
elicited from the Australian Naval Shipbuilding Plan
(Department of Defence, 2017¢)

In contrast, Option #4 (rainflow counting plus CDT
applied to long-term stress data) achieves attributes I to IV
to a relatively high degree but is more difficult to
implement. Option #6, which combines Options #4 and
#5, offers achievement of key attributes I to IV to a greater
level than that of the individual options. It has the potential
to assure seaworthiness throughout the CLC, by explicitly
linking hull monitoring, and maintenance data to
seaworthiness management (Magoga and Morris, 2019).
However, the resources needed to initialise this option are
relatively significant.

For Option #5 (analysis of maintenance data), a low rating
was assigned to attribute IV. Option #5 provides a real-
world account of fatigue-related defects, and implicitly
takes into account slamming. However, its use is argued
to be the ‘shortfall of many LOTE studies in the past’
(Sanders, 2019). In a similar vein, Rizzo (2011)
determined that a lack of good configuration management
documentation and inadequate maintenance records were
causal factors to failings in the sustainment of Australian
Defence maritime capability. The quality of maintenance
data must be acceptable to be useful (Hodkiewicz and
Tien-Wei Ho 2016, Hifi and Barltrop, 2015).

The labour and monetary costs of the options were not
considered in depth within attribute A\
(practical/pragmatic). In addition to understanding
operational requirements, it is important to offer a costs-
benefits analysis that can be used to decide if a particular
approach is worth the investment (Perez et al., 2010, Liu
et al., 2019, Magoga and Morris, 2019). For instance, if a
naval structure is designed using the ‘safe life’ philosophy
so that it should not fail due to fatigue damage during its
service life, why should it be monitored? Using this
argument, the cost of choosing Option #4 is high but for
little benefit. However, the key assumptions that underlie
this argument (for example, the ship is used in the same
manner as that stipulated during the Risk Mitigation &
Requirements Setting phase of the CLC) can change or be
untrue. For the adoption of an approach to fatigue life
management to be justified, the sum of both the tangible
and intangible costs needs to be low relative to the benefits
(Perez et al., 2010). Intangible costs include those arising
from project planning, training personnel, maintenance
and repair, and disposal.

The suitability of a fatigue analysis option is also
dependant on the availability of the required input data
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during the different phases of a ship’s CLC (Magoga et al.,
2015). For example, in the absence of detailed long-term
distributions of stress ranges, many classification societies
assume a distribution (for example, refer to Figure 3). If
the classification society or owner desires a greater level
of confidence in the estimated fatigue life, a simplified
fatigue assessment may be performed. These options may
be appropriate for displacement ships and during the
Acquisition phase of the CLC. However, the applicability
of simplified fatigue life for HSLC is inconclusive
(Magoga et al., 2016). In contrast, SFA could be utilised
as it allows probabilistic rather than deterministic analysis.
However, the analyst needs to be mindful that the fatigue
life “answer’ is based on the given speed profile, heading
distribution, and operational area (wave scatter diagram).
As demonstrated by Magoga and Dwyer (2018), the
calculated fatigue life values based on an indicative design
speed profile and the actual in-service speed profile of an
56 m aluminium patrol boat differed substantially.

Bias influences the scoring of the options in Table 4. The
type of bias is ‘a systematic discrepancy between the
“correct” answer in a judgmental task ... and the expert’s
actual answer to such a task’ (Montibeller and von
Winterfeldt, 2015p. 1231). For example, it was the
experience of the author that the installation and
custodianship of a HMS implemented on a RAN ship
(Magoga, 2017) was resource intensive. This experience
sways the ratings for Options #4 and #6 against attribute
V. However, others have recognised the need to determine
cost-efficient HMS plans (Sabatino and Frangopol, 2017,
Koboevi¢ et al., 2018). Thus, the author’s judgement is
consistent with external information. There are various
means to correct single expert bias, such as group
elicitation techniques. However, correction of any bias
must be carefully implemented to avoid introduction of
other issues. For example, within a group there can be
disparate motivations to providing accurate judgements
(Montibeller and von Winterfeldt, 2015).

4.1 WHERE TO NEXT?

The next phase of the work is to engage numerous
experts and stakeholders in a CRA. The stakeholders
will  include Navy, Government, academia,
classification societies, and ship designers and
constructors. Within each of these stakeholder groups
will be subject matter experts. The main goal of a
formal elicitation of expert judgement is to remove as
much subjectivity from decision-making as possible, by
incorporating meaningful scientific judgement based on
specialist knowledge, practised reasoning skills and
real experience (Aspinall and Cooke, 2013).

This analysis would differ to that given in Table 4, as each
respondent would be asked to weigh the importance of the
key attributes. Each option is bound by stakeholder
constraints of cost, schedule, and risk appetite (Dawson et
al., 2012, Dong et al., 2016). Attitudes towards the key
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attributes of a fatigue analysis will also differ amongst
stakeholders and experts. These factors will be taken into
account in the next phase of the work.

S. CONCLUSION

An evidence-based decision-making aid for fatigue life
analysis of naval HSLC, focus on fatigue life assessment
during the in-service phase of the life cycle, is proposed.
The first phase of this development is reported.

This work has been motivated by the need for improved
understanding of the benefits and limitations of different
fatigue life evaluation approaches, to in turn improve the
effectiveness of the management of risks related to the
structural Life of Type (and possible life extension) of
naval ships.

A qualitative process was employed, which included a
data review framed by guiding questions, codification of
the collected information, and reduction of the
information into key themes or ‘attributes’. The attributes
formed the basis of comparison between the fatigue
analysis approaches — or ‘options’. In a preliminary
assessment, the options were scored by the extent that they
can achieve the different attributes by an individual expert.
Assuming equal weighting of the attributes the highest
rated fatigue analysis option was a hybrid fatigue
assessment framework followed by CDT applied to full-
scale stress measurements. The lowest rated option is use
of a rules-based approach.

The next phase of the work is to engage several experts
and stakeholders in the comparative analysis.

6. ACKNOWLEDGEMENTS

The assistance provided by Dr Stuart Cannon (DST
Group), Dr Roberto Ojeda (Australian Maritime College,
University of Tasmania), and Prof Giles Thomas
(University College London) is appreciated.

7. REFERENCES

1. ASPINALL, W. & COOKE, R. 2013.
Quantifying scientific uncertainty from expert
judgement elicitation. /n: ROUGIER, .,

SPARKS, S. & HILL, L. (eds.) Risk and
Uncertainty Assessment for Natural Hazards.
Cambridge University Press.

2. BALTROP, N. 2013. Final Report Summary -
RISPECT (Risk-Based Expert System for
Through—Life Ship Structural Inspection and
Maintenance and New-Build Ship Structural
Design) [Online]. Community Research and
Development Information Service (CORDIS).
[Accessed 6 December 2018].

A-325



10.

11.

12.

13.

14.

15.

16.

A-326

Trans RINA, Vol 162, Part A3, Intl J Maritime Eng, Jul-Sep 2020

BLAGOJEVIC, B., DOMAZET, Z. &
KALMAN, Z. 2002. Productional, Operational,
and Theoretical Sensitivities of Fatigue Damage
Assessment in Shipbuilding. Journal of Ship
Production, 18, 185-194.

BLANCHARD, B. & FABRYCKY, W. 1998.
Systems Engineering and Analyis, Upper Saddle
River, United States, Prentice-Hall.
COLLETTE, M. 2011. Hull structures as a
system: Supporting lifecycle analysis. Naval
Engineers Journal, 123, 45-55.

COLSON, A. R. & COOKE, R. M. 2018. Expert
Elicitation: Using the Classical Model to
Validate Experts’ Judgments. Review of
Environmental Economics and Policy, 12, 113-
132.

CRUPI, V., GUGLIELMINO, E., RISITANO,
A. & TAYLOR, D. 2007. Different Methods for
Fatigue Assessment of T Welded Joints Used in
Ship Structures. Journal of Ship Research, 51,
150-159.

CUIL, W. C. 2003. A feasibility study of fatigue
life prediction for marine structures based on
crack propagation analysis. Proceedings of the
Institution of Mechanical Engineers Part M:
Journal of Engineering for the Maritime
Environment, 217, 11-23.

DAWSON, E., MORRIS, B. & DUFFY, J. 2012.
Developing Australia’s Indigenous Marine
Vehicle Manoeuvring Analysis and Evaluation
Capability. Pacific 2012 International Maritime
Conference. Sydney, Australia.

DEAN, A. W, REINA, J. J. & BAO, H. P. 2008.
Identification of Supplementary Metrics to
Sustain Fleet Readiness from a Maintenance
Perspective. Naval Engineers Journal, 120, 81-
88.

DEPARTMENT OF DEFENCE 2017a. Defence
Seaworthiness Management System Manual
(DSWMSMAN). Canberra, Australia: Australian
Government.

DEPARTMENT OF DEFENCE 2017b. Interim
Capability  Lifecycle Manual. Canberra,
Australia: Commonwealth of Australia.
DEPARTMENT OF DEFENCE 2017c. Naval
Shipbuilding  Plan.  Canberra, Australia:
Commonwealth of Australia.

DEPARTMENT OF DEFENCE 2017d. Navy's
Operationalisation of the Naval Shipbuilding
Plan. Canberra, Australia: Commonwealth of
Australia.

DIEZ-OLIVAN, A., DEL SER, J., GALAR, D.
& SIERRA, B. 2019. Data fusion and machine
learning for industrial prognosis: Trends and
perspectives towards Industry 4.0. Information
Fusion, 50, 92-111.

DOERK, O. 2017. Lessons from LOTE for
Naval Fleet and New Build. Pacific 2017
International Maritime Conference. Sydney,
Australia.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

DOERRY, N. 2018. Making Risk Management
Work. Technology, Systems <& Ships 2018.
Washington DC, United States.

DONG, Y. & FRANGOPOL, D. M. 2016.
Incorporation of risk and updating in inspection
of fatigue-sensitive details of ship structures.
International Journal of Fatigue, 82, 676-688.
DONG, Y., FRANGOPOL, D. M. &
SABATINO, S. 2016. A decision support system
for mission-based ship routing considering
multiple  performance criteria.  Reliability
Engineering & System Safety, 150, 190-201.
DOW, R., BROEKHUIJSEN, J., CANNON, S.,
FREDRIKSEN, A., LIU, J., PEGG, N,
TRUELOCK, D., UNDERWOOD, J., VIEJO, F.
& YASUDA, A. Committee V.5 Naval Vessel
Design. 19th International Ship and Offshore
Structures Congress, 2015 Cascais, Portugal.
ISSC, 289.

DRUMMEN, I., STORHAUG, G. & MOAN, T.
2008. Experimental and numerical investigation
of fatigue damage due to wave-induced
vibrations in a containership in head seas.
Journal of Marine Science and Technology, 13,
428-445.

DU, J, LI, H., ZHANG, M. & WANG, S. 2015.
A novel hybrid frequency-time domain method
for the fatigue damage assessment of offshore
structures. Ocean Engineering, 98, 57-65.
ECCLES, T. J., ASHE, G. & ALBRECHT, S.
2010. The achieving service life program. Naval
Engineers Journal, 122, 103-112.

FRICKE, W., CUI, W., KIERKEGAARD, H.,
KIHL, D., KOVAL, M., MIKKOLA, T,
PARMENTIER, G., TOYOSADA, M. &
YOON, J.-H. 2002. Comparative fatigue strength
assessment of a structural detail in a
containership using various approaches of
classification societies. Marine Structures, 15, 1-
13.

GAO, Z. & MOAN, T. 2008. Frequency-domain
fatigue analysis of wide-band stationary
Gaussian processes using a trimodal spectral
formulation. International Journal of Fatigue,
30, 1944-1955.

GARBATOV, Y. & GUEDES SOARES, C.
2012. Uncertainty assessment of fatigue damage
of welded ship structural joints. Engineering
Structures, 44, 322-333.

GARBATOV, Y., SISCI, F. & VENTURA, M.
2018. Risk-based framework for ship and
structural design accounting for maintenance
planning. Ocean Engineering, 166, 12-25.
GERMANISCHER LLOYD 2013. Rules for
Classification and Construction Ship
Technology, Seagoing Ships. Hamburg,
Germany: Germanischer Lloyd.

GRODEN, M. & COLLETTE, M. 2017. Fusing
fleet in-service measurements using Bayesian
networks. Marine Structures, 54, 38-49.

©2020: The Royal Institution of Naval Architects



Trans RINA, Vol 162, Part A3, Intl J Maritime Eng, Jul-Sep 2020

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

HESS, P., AKSU, S., BLAKE, J., BOOTE, D.,
CARIDIS, P., EGOROV, A., FJELDSTAD, A.,
HOOGELAND, M., MURAYAMA, H,
ANDERSON, M. R. & TAMMER, M. 2015.
Structural Longevity. Proceedings of the 19th
International Ship and Offshore Structures
Congress. Cascais, Portugal.

HIFI, N. & BARLTROP, N. 2015. Correction of
prediction model output for structural design and
risk-based inspection and maintenance planning.
Ocean Engineering, 97, 114-125.
HOBBACHER, A. 2008. Recommendations for
fatigue design of welded joints and components.
Paris, France: International Institute of Welding.
HODAPP, D., COLLETTE, M. & TROESCH,
A. 2013. Nonlinear Fatigue Crack Growth
Preidctions for Simple Specimens Subject to
Time-Dependant Ship  Structural Loading
Sequences Trans Soc Naval Archit Marine Eng,
121.

HODKIEWICZ, M. & TIEN-WEI HO, M. 2016.
Cleaning historical maintenance work order data
for reliability analysis. Journal of Quality in
Maintenance Engineering, 22, 146-163.
HUGHES, O. & PAIK, J. 2010. Ship Structural
Analysis and Design, Jersey City, USA, The
Society of Naval Architects and Marine
Engineers.

INTERNATIONAL ORGANIZATION FOR
STANDARDIZATION 2005. Welding - Arc-
welded joints in aluminium and its alloys -
Quality levels for imperfections.

JOHNSON, R. & CHRISTENSEN, L. 2014.
Educational Research Quantitative, Qualitative,
and Mixed Approaches, Thousand Oaks, United
States, Sage.

KECSMAR, J. & SHENOI, R. A. 2004. Some
notes on the influence of manufacturing on the
fatigue life of welded aluminum marine
structures. Journal of Ship Production, 20, 164-
175.

KIM, P. Y., PARK, J., CHOL B. K. & KIM, O.
H. Fatigue Life Calculation for a Ship Subjected
to Hull Girder Vibration. Proceedings of the
International Offshore and Polar Engineering
Conference, 2002. 584-590.

KNIGHT, J. T., COLLETTE, M. D. & SINGER,
D. J. 2015. Design for flexibility: Evaluating the
option to extend service life in preliminary
structural design. Ocean Engineering, 96, 68-78.
KOBOEVIC, Z., BEBIC, D. & KURTELA, Z.
2018. New approach to monitoring hull condition
of ships as objective for selecting optimal
docking period. Ships and Offshore Structures,
14, 1-9.

KRAMER, R., RAMPOLLA, B. &
MAGNUSSEN, A. 2000. Fatigue of Aluminum
Structural Weldments. Washington, United
States: Ship Structure Committee.

©2020: The Royal Institution of Naval Architects

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

KWON, K., FRANGOPOL, D. & KIM, S. 2013.
Fatigue performance assessment and service life
prediction of high-speed ship structures based on
probabilistic lifetime sea loads. Structure and
Infrastructure Engineering, 9, 102-115.
LEEDY, P. D. & ORMROD, J. E. 2001.
Practical Research: Planning and Design, Upper
Saddle River, N.J., Pearson Prentice Hall.

LI, Z., RINGSBERG, J. W. & STORHAUG, G.
2013. Time-domain fatigue assessment of ship
side-shell structures. International Journal of
Fatigue, 55, 276-290.

LIU, Y., FRANGOPOL, D. M. & CHENG, M.
2019. Risk-informed structural repair decision
making for service life extension of aging naval
ships. Marine Structures, 64, 305-321.
MADDOX, S. J. 2003. Review of fatigue
assessment procedures for welded aluminium
structures. International Journal of Fatigue, 25,
1359-1378.

MAGOGA, T. 2017. Trials and Tribulations:
Load and Structural Response Measurements of
a Naval Semi-Planing Craft. Pacific 2017
International Maritime Conference. Sydney,
Australia.

MAGOGA, T. 2019. Fatigue Damage Sensitivity
Analysis of a Naval High Speed Light Craft via
Spectral Fatigue Analysis. Ships and Offshore
Structures.

MAGOGA, T., AKSU, S., CANNON, S,
OJEDA, R. & THOMAS, G. 2015. The Need for
Fatigue Life Prediction Methods Tailored to
High-Speed Craft: A Technical Review. Pacific
2015 International Maritime Conference.
Sydney, Australia.

MAGOGA, T., AKSU, S., CANNON, S,
OJEDA, R. & THOMAS, G. 2016. Comparison
between Fatigue Life Values Calculated Using
Standardised and Measured Stress Spectra of a
Naval High Speed Light Craft. /3th International
Symposium on Practical Design of Ships and
Other  Floating  Structures. — Copenhagen,
Denmark.

MAGOGA, T., AKSU, S., CANNON, S,
OJEDA, R. & THOMAS, G. 2017. Identification
of Slam Events Experienced by a High-Speed
Craft. Ocean Engineering, 140, 309-321.
MAGOGA, T., AKSU, S., CANNON, S,
OJEDA, R. & THOMAS, G. 2019. Through-Life
Hybrid Fatigue Assessment of Naval Ships.
Ships and Offshore Structures.

MAGOGA, T., AKSU, S. & SLATER, K.
submitted for publication. Proposed
Implementation of Nominal Stress Approach for
Fatigue Assessment of Aluminium Naval Ships.
Part M: Journal of Engineering for the Maritime
Environment.

MAGOGA, T. & DWYER, D. 2018. Fatigue
Life as a Variable in Assessing Naval Ship
Flexibility. Naval Engineers Journal, 130.

A-327



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

A-328

Trans RINA, Vol 162, Part A3, Intl J Maritime Eng, Jul-Sep 2020

MAGOGA, T. & MORRIS, B. 2019. An
Investigation into RAN Ship Structural Life-of-
Type Management without Hull Monitoring
Systems. Melbourne, Australia: Defence Science
and Technology Group.

MAO, W., RYCHLIK, I. & STORHAUG, G.
2010. Safety Index of Fatigue Failure for Ship
Structure Details. 54, 197-208.

MINER, M. 1945. Cumulative Fatigue in
Damage. Journal of Applied Mechanics.
MINISTRY OF DEFENCE 2017. National
Shipbuilding Strategy: The Future of Naval
Shipbuilding in the UK, Government of the
United Kingdom.

MOHAMMADI, S. F.,, GALGOUL, N. S,
STAROSSEK, U. & VIDEIRO, P. M. 2016. An
efficient time domain fatigue analysis and its
comparison to spectral fatigue assessment for an
offshore jacket structure. Marine Structures, 49,
97-115.

MONTIBELLER, G. & VON WINTERFELDT,
D. 2015. Cognitive and Motivational Biases in
Decision and Risk Analysis. Risk Analysis, 35,
1230-1251.

MORGENSTERN, R. D., SHIH, J.-S. &
SESSIONS, S. L. 2000. Comparative risk
assessment: an international comparison of
methodologies and results. Journal of Hazardous
Materials, 78, 19-39.

MORRIS, B., COOK, S. & CANNON, S. 2018.
A Methodology to Support Early Stage Off-the-
Shelf Naval Vessel Acquisitions. Transactions of
The Royal Institution of Naval Architects -
International Journal of Maritime Engineering,
160, A21-A40.

ORGANISATION, I. M. 2000. International
Code of Safety for High Speed Craft. In:
COMMITTEE, I. M. S. (ed.). International
Mariitme Orgnaisation.

PEREZ, 1., DIULIO, M., MALEY, S. & PHAN,
N. 2010. Structural health management in the
Navy. Structural Health Monitoring, 9, 199-207.
PUBLIC WORKS AND GOVERNMENT
SERVICES CANADA 2016. The 2016 National
Shipbuilding Strategy Annual Report.

RIZZO, P. 2011. Plan to Reform Support Ship
Repair and Management Practices, Canberra,
Australia, Ministerial and Executive
Coordination and Communication Division.
ROSS, A. & RHODES, D. 2008. Using Natural
Value-Centric Time Scales for Conceptualizing
System Timelines through Epoch-Era Analysis.
INCOSE International Symposium. Utrecht, the
Netherlands.

RYCHLIK, I. 1987. A new definition of the
rainflow cycle counting method. International
Journal of Fatigue, 9, 119-121.

SABATINO, S. & FRANGOPOL, D. M. 2017.
Decision making framework for optimal SHM
planning of ship structures considering

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

availability and utility. Ocean Engineering, 135,
194-206.

SANDERS, P. 2019. RAN Life of Type Extension
Study [Online]. Melbourne, Australia: BMT
Design & Technology. Available:
http://www.bmtdesigntechnology.com.au/projec
ts/project/199/ran-life-of-type-extension-study
[Accessed 22 April 2019].

SCHANK, J., ARENA, M., KAMARCK, K.,
LEE, G., BIRKLER, J., MURPHY, R. &
LOUGH, R. 2014. Keeping Major Naval Ship
Acquisitions on Course. Santa Monica.
SIELSKI, R., WILKINS, J. R. & HULTS, J. A.
2002. Supplemental Commercial Design
Guidance for Fatigue. Washington, USA.
SIEVE, M., KIHL, D. & AYYUB, B. 2000.
Fatigue Design Guidance for Surface Ships.
West Bethesda, USA: Naval Surface Warfare
Center.

STAMBAUGH, K., DRUMMEN, 1., CLEARY,
C., SHEINBERG, R. & KAMINSKI, M. 2014.
Structural ~ fatigue life assessment and
sustainment implications for a new class of US
coast guard cutters. Tramsactions - Society of
Naval Architects and Marine Engineers, 122,
434-444.

TECHNICAL COMMITTEE CEN/TC 250
1999. Eurocode 9: Design of aluminium
structures. Brussels, Belgium: British Standards.
TER BERG, C. J. A., LEONTARIS, G., VAN
DEN BOOMEN, M., SPAAN, M. T. J. &
WOLFERT, A. R. M. 2019. Expert judgement
based maintenance decision support method for
structures with a long service-life. Structure and
Infrastructure Engineering, 15, 492-503.
THOMAS, G., DAVIS, M., HOLLOWAY, D.,
WATSON, N. & ROBERTS, T. 2003. Slamming
Response of a Large High-Speed Wave-Piercer
Catamaran. Marine Technology, 40, 126-140.
THOMPSON, 1. 2018. Fatigue damage variation
within a class of naval ships. Ocean Engineering,
165, 123-130.

TRACY, S. 2013. Qualitative Research
Methods:  Collecting  Evidence,  Crafting
Analysis, Communicating Impact, Chichester,
UK, Wiley-Blackwell.

TUITMAN, J. & HOOGENDOORN, D. 2014.
Fatigue in High-Speed Aluminium Craft: A
Design Methodology for Predicting the Fatigue
Life. 2014 Ship  Structures  Committee
Symposium - Vessel Safety & Longevity through
Ship Structure Research. Baltimore, United
States of America.

VACCA, G., GALLIUSSI, M. & SIMONE, S.
Structural optimization in fatigue-life assessment
concerning a DDG of Ammiragli Class of the
Italian navy. Advancements in Marine
Structures - Proceedings of MARSTRUCT 2007,
The 1st International Conference on Marine
Structures, 2007. 489-497.

©2020: The Royal Institution of Naval Architects



Trans RINA, Vol 162, Part A3, Intl J Maritime Eng, Jul-Sep 2020

83.

84.

85.

WATKINS, R., MEIERS, M. W. & VISSER, Y.
L. 2012. A Guide to Assessing Needs: Essential
Tools for Collecting Information, Making
Decisions and Achieving Development Results,
Washington DC, The World Bank.

YANG, D. Y. & FRANGOPOL, D. M. 2018.
Evidence-based framework for real-time life-
cycle management of fatigue-critical details of
structures.  Structure  and  Infrastructure
Engineering, 14, 509-522.

ZHU, J. & COLLETTE, M. 2011. Lifecycle
Fatigue Management for High-Speed Vessels
Using Local Approaches. [1th International
Conference on Fast Sea Transportation.
Honolulu, USA.

©2020: The Royal Institution of Naval Architects

A-329



