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Abstract

The objective of this thesis is to develop improved reliability-based structural design

methods for stiffened aluminium panels in high-speed vessels. In recent years aluminium
high-speed vessels have grown larger and are venturing into increasingly hostile operating
environments. Designing such vessels requires structural prediction techniques capable of
producing a light structure with high confidence in its strength and safety. However,
current aluminium marine structural design methods are largely simple modifications of
steel methods that do not account for all of the differences between aluminium and steel.
This thesis presents new reliability-based design techniques for the ultimate strength and
fatigue strength of aluminium stiffened panels. A review of recent aluminium high-speed
vessels is made, along with their structural configuration and hydrodynamic loading.
Structural reliability techniques are discussed. Existing prediction methods, including
marine approaches and civil engineering design codes are compared to experimental results
for the compressive collapse of aluminium plates and stiffened panels. A modified
technique is proposed to model the compressive collapse of such panels. The tensile
response of welded aluminium structures is investigated, including the influence of strain
concentration in the reduced-strength region around welds. Reliability formulations are
presented and discussed for ultimate strength predictions. A reliability based hot-spot S-N
fatigue prediction method is developed for welded connections, including an analysis of the
material and prediction uncertainty values and a comparison with existing design codes.
Discussion of extending the fatigue prediction techniques to include through-life initiation-
propagation fatigue models are presented, along with a simple trial application to butt

welds. Conclusions from the techniques investigated are presented, and potential future

developments are discussed.
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CHAPTER

“To achieve the goal of producing environmentally friendly, low
cost, high-speed transport, weight minimization of the hull is

essential”

(1]
Introduction

1.1 Overview
Since the early 1990s, the marine industry has rapidly expanded its use of aluminium,

primarily for the construction of high-speed commercial and military vessels. The quest for
higher speeds and cargo capacity has lead to rapid development of new designs where
weight savings is critical. In these applications, the higher strength-to-weight ratio of an
aluminium structure gives it an important advantage over a traditional steel structure. In the
space of just over a decade, aluminium high-speed vessels (HSVs) have evolved from 30m
passenger-only vessels operating in protected waters, to vessels over 120m long, carrying
both passengers and vehicles, and operating on exposed routes. This rapid increase in vessel

size and capability has lead to an urgent need for new engineering tools capable of

pre

investigating the hydrodynamic and structural response of these vessels. Problems such as
fatigue cracking and local structural damage has plagued many aluminium HSVs, increasing

their operating costs and further underlining the need for new engineering tools capable of

accurately predicting such phenomenon.

While the opportunities for research on aluminium HSVs are numerous, this thesis
concentrates on developing methods to estimate the ultimate strength and fatigue strength of
aluminium stiffened panels. Stiffened panels form the basic building block of the structure
of most vessels, including HSVs. An understanding of their behaviour has been shown to be
central to estimating the ultimate strength of the hull girder[2, 3], while service experience
with aluminium HSVs has shown that the failures of these panels alone, either in buckling or
fatigue, is also significant[4, 5]. In developing these methods, a structural reliability
approach was selected. Structural reliability is a design technique where the probability of
failure is estimated considering the uncertainty in the structural analysis and actual load

carrying capacity of the structure, this probability is used to determine if the structure is
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adequate. Reliability techniques have become increasingly popular in all fields of structural
engineering, including the marine field[6, 7]. These techniques can offer increased
confidence in the safety of a design. This is especially true in rapidly developing fields, such
as HSVs, where previous experience with similar designs is limited, and thus traditional

safety factor techniques or experience-based design codes may not be applicable.

The remainder of this chapter will present a brief overview of the aluminium HSV
fleet at present, the current applied state-of-the-art in structural design, the shortcomings of
the present marine structural design methods for aluminium, and the scope of work to be
presented in the remained of the thesis. The remainder of the thesis is divided into five
additional chapters, Chapter 2 discusses the properties of aluminium, and the established

tools and approaches for structural reliability and hydrodynamic load determination .
Chapter 3 presents the work on predicting the ultimate strength of stiffened panels under
uni-axial loads. Chapter 4 discusses an aluminium reliability-based fatigue method based on
the traditional S-N fatigue approach. Chapter 5 covers potential developments with fracture
mechanics for fatigue life estimation. Conclusions and recommendations for future work are

discussed in Chapter 6.

1.2 Current Fleet of Aluminium High-Speed Vessels

Aluminium has been used to build both high and low speed vessels for several

decades now. In the middle of the 20t Century, many ocean liners were built with
aluminium superstructures to allow increased superstructure volume for the same
weight[8]. Aluminium was also used with hydrofoils and in a handful of experiments with
conventional vessel applications, including the Alcoa Seaprobe, an all-aluminium 74m long
deepwater drilling and research vessel[9]. However, in the last 10-15 years, the market for

aluminium high-speed ferries has grown significantly, marking a new phase in the use of

aluminium at sea. High-speed ferries are now in service in the Americas, Australia, Far East,
Middle East, and Europe. In 2004, the total fleet of high-speed ferries was estimated at 1,700
vessels[10], though this total includes composite, steel, and hybrid vessels as well as all-
aluminium vessels. While the fast ferry market has ceased to expanded as quickly as it did
in the 1990s, there is still significant new building activity. Table 1 shows the total number

of fast ferries delivered by year, again this includes vessels in all materials, although many of

these vessel would be expected to be of aluminium construction.
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Table 1: Fast Ferry Deliveries by Year
Total Large Vessel*

Compiled from January-February issue of Fast Ferry International, 2001-2004

*Large is defined as carrying at least 400 passengers or 100 cars

While the origins of the fast ferries fleet can be found in the small coastal or harbour
ferries 20m-30m in length, the upper size of these vessels has increased and vessels over
100m in length and capable of carrying passengers, cars, and trucks are common today. As
can be seen from Table 1, roughly 20-30% of deliveries are currently vessels of significant
size. At this size, most of these vessels would be built of all-aluminium construction, thou gh
some large fast ferries have been constructed of high-tensile steel. Large aluminium high-
speed ferries come in many forms, an overview of the current and proposed large aluminium
high-speed ferries is presented in Table 2. These vessel are typically able to carry 900-1000
passenger and 200-300 cars, or a mix of cars and trucks. These vessels are also capable of

operating in comparatively exposed areas; recently delivered vessels are operating in

environments such as the Irish Sea, Canary Islands, and the Alaskan coastline.

Maximum

Operating

Table 2: Large All-Aluminium Fast Ferries as of 2005
Status
Speed

Design Shipyard Hull Type LWL
meters knots

TVM115 Monolull
MD V1200 Monohull 36-40

Note: Data taken from manufacture’s websites and vessel documents[11-15]

Deadweight

Tonnes

In addition to commercial ferry applications discussed above, aluminium HSVs have
also generated interest among the militaries of the world. The initial interest from the

military was in using commercial ferries to move troops around. The United States Marine
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Corp experimented with an Austal 101m Auto Express vessel, the Westpac Express, in
2001[16] and found that it allowed them to transport troops to training exercise quicker and
more effectively than their traditional airlifts. This vessel has continued to serve in this role,
winning a 36-month charter contract in early 2002[16]. About the same time, the U.S. Army
and the U.5. Navy were experimenting with a similarly-sized Incat catamaran based on the
Evolution 10B design, the Joint Venture. Positive experiences with both vessels have lead to
several follow-on projects. The Joint Venture has been complimented by a second vessel of
similar design, the Swift. Unlike the Westpac Express, both of these vessels have been heavily
modified from commercial service, and now include limited military features such as
helicopter landing decks. These two vessels have participated in various training exercises
and actual deployments, ranging from Norwegian Fjords to the Persian Gulf. The U.S.
Army has also commissioned an additional transport catamaran the Spearhead, with
discussions on potentially acquiring up to 17 similar vessels[17].

This interest has lead to several aluminium research vessels being commissioned by
the Office of Naval Research(ONR) in the U.S. The largest is the X-craft, a 73m LWL, 50 knot
all-aluminium catamaran designed to help evaluate the mission effectiveness and
hydrodynamic, propulsion, and structural performance of this tyI:%e of vessel[18].

Additionally, aluminium high-speed vessels are now being considered for combat roles in

addition to transportation roles. A partnership including Austal Ships has proposed a
variant of the Auto Express 126 design for the U.S. Navy’s Littoral Combat Ship, and has
won sufficient funding to construct a single-ship demonstrator. The competitor to this vessel

is a monohull of high-tensile steel construction with an aluminium superstructure; indicating

that whatever team wins the project competition, a significant use of aluminium in a naval

combatant is again likely. Following on this interest, both Incat and Austal have established
partnerships with U.S. Shipyards to allow them to build vessels for the U.S. Navy; they have

also prepared design studies for a wide range of naval vessels based on their existing

catamaran and trimaran commercial ferries.

With significant commercial and military interest in large aluminium HS5Vs, it 1s clear
that a different category of structural design methodology is needed to design a large
aluminium HSV today, compared to what was required to design a 20m-30m aluminium
passenger-only ferry 15 years ago. The increase in length will result in an increased
importance in global structural response over local structural response[1], requiring tools

capable of predicting this type of behaviour. Commercial operators are interested in

deploying these vessels on more exposed routes, and military deployments often require

crossing entire oceans. Such operating environments are far rougher than the protected
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routes common 15 years ago, placing higher demands on the structure. Additionally, as
there is a strong competition between builders to offer vessels with the highest possible

deadweight at the highest possible speed, there is pressure to reduce the structural scantlings
to the minimum required for service to minimize lightweight. This provides motivation to
develop advanced structural analysis tools to optimize the structural design as much as
possible[1]. And finally, as the vessels carry more people and operate further otfshore, the
safety implications of a structural failure are also higher, further reinforcing the need for
advanced structural design tools to guarantee the safety of this type of vessel.

The need for more advanced analysis tools has also been clearly demonstrated by the
comparatively frequent incidents of structural damage in service for the large H5Vs. An
initial risk assessment of high-speed vessels carried out as part of the E.U. funded 5%
Framework research project Safety@Speed determined that there was a substantial risk of
structural damage to HSVs, especially local damage[19]. Conversations the author has had
with operators and shipyards in both Europe and the U.S. has confirmed that aluminium
HSVs frequently suffer local structural buckling and deformation, as well as extensive
fatigue cracking in service. Unfortunately, for confidentiality reasons, the vessels involved
cannot be referenced here, however typical fatigue crack failures may be available in the

future when the Ship Structure Committee completes project SR-1434, "In-Service

Performance of Aluminum Structural Details". An open-literature example of panel

buckling experienced from global wave loading (slam response) on a large aluminium

catamaran is shown below in Figure 1.

Figure 1: Failure of Aluminium Panels(From |5])
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1.3 Applied State of the Art in Structural Design: Reliability-
Based Design

The current technique of choice for both research and applications in advanced
marine structural design has been the limit state design technique[20, 21]. In limit state
design, the focus is on predicting the actual load capacity of the structure at which a failure
will occur. This is termed the “limit state” of the structure. This is in contrast to allowable-
stress design which preceded it, where the working stress in a structure is limited to a
specific level, usually expressed as a fraction of the yield stress and determined by
experience. In limit state design for marine vessels, typically three different types of limit
states would be investigated. The same limit states apply for structure as a whole as well as
various sub-units of the structure. The three types of limit states are listed below:

1. Ultimate Limit State: This is the load at which the structure collapses and can
no longer serve its intended function. An example would be hull girder

failure from global wave loads.

2. Service Limit State: The load at which the structure is damaged, though it can
still accept additional loading. Repair is usually required to return the
structure to an acceptable state. Examples would include fatigue cracking or
permanent deformation of a stiffened panel.

3. Accidental Limit State: The load at which the structure fails in an accidental
situation which is not within the normal operating conditions of the vessel,
but which may be explicitly designed for when additional safety is required.
Examples would include the structure’s response in and after a grounding or
collision incident. Some authors do not view accidental limit states as a

separate category, instead seeing them as a subset of ultimate and service

limit states.

Limit state design is usually coupled with some sort of probabilistic analysis to

determine if the calculated strength is sufficient to guarantee safety in service. In its simplest
form, such an analysis could compare the calculated limit state to the load expected with a
specified return period, such as once in the vessel’s lifetime. A more advanced approach
might consider levels of confidence in the estimate of both the limit state and the applied
loading, typically comparing a load and limit state estimate with a fixed probability of
exceedance. Such an approach is termed characteristic value approach and is discussed by
Hughes[21]. Reliability-based design represents a more complex probabilistic approach,
where uncertainties in the limit state, the applied loading, and modelling of each

phenomenon would be included, and an explicit calculation of the probability of failure in
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service would be made. While reliability approaches require both more data and more effort
by the engineer, they have become increasingly popular, and many experimental

applications have been made to ship structures, including the work of Mansour et al.[6, 22]

and a recent application to naval vessels by Ayyub et al[7].

From this body of previous work, a common series of limit states has emerged which
must be evaluated in the structural design process, namely, overall hull girder collapse
(primary behaviour), collapse of large stiffened panels (secondary behaviour), collapse of the
plating between stiffeners (tertiary behaviour) and fatigue failures in the structure[6]. The first
three limit states represent ultimate limit states, and the final limit state is a service limit

state. These four limit states do not represent all of the limit states for the complex structure

of a vessel, others such as the collapse of pillars or web frames are also significant, yet have
not attracted as much research attention to date. However, the four limit states presented
above are central to the design of the overall structure of the vessel and to the selection of the
majority of structural members, such as shell plating and longitudinal stiffeners. Because of
this significance, it does not seem unreasonable that they have been the focus of research
attention to date.

The most catastrophic ultimate limit state is hull girder collapse, which addresses

the maximum resisting load the hull girder can generate before it collapse, potentially
severing the ship into two parts. Based on the severity of such a failure, ensuring adequate
reserve in this limit state is one of the central tasks in structural design. This limit state is
now being explicitly evaluated in the new classification society rules, such as the Joint
Tanker Project rules from ABS, DNV, and Lloyd’s Register[23]. Typically, in this limit state
the hull girder would be loaded by a combination of horizontal and vertical bending, shear
forces, torsion, and lateral pressures; though in some situations one of these load
components can be viewed as dominate and the problem simplified. For steel, there are

several methods capable of estimating the hull girder ultimate limit state, these methods
have been extensively reviewed and compared over the past decade by the periodic

International Ship and Offshore Structures Congress(ISSC)[24-27]. A brief overview of these

methods will be presented here, roughly in order of complexity:

e Empirical Formulae: These approaches attempt to calculate the ultimate strength
either by modifying the elastic yield moment by knock-down factors to account
for buckling[28], or by assuming a stress distribution across the midship section at
failure[29].

e Beam-Column Progressive Collapse: In these models, the midship section is

broken up into elements consisting of a stiffener plus its attached plating and
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plain plate elements. Stress vs. strain curves are computed for each element,
treating the stiffener and attached plate as a combined beam-column. The hull
girder ultimate strength is calculated by applying incremental curvatures to the
midship section, and calculating the corresponding resisting moment by
calculating the strain and hence the stress at each element in the midship section.
Examples of this method include the approaches of Rutherford[3], Rahman and
Chowdhury[30], Gordo and Soares[31], and Nielsen[32].

o Idealized Structural Unit Method: This approach is similar to the beam-column
formulation, except that the structure is broken up into different sub-units, and
typically the response of the structure is calculated in more complex terms than
just axial stress-strain curves. This method could also be viewed as a simplified
finite element approach, where the element have been replaced by “super-
elements” to reduced the complexity of solving the problem. A discussion of this
approach can be found in Chapter 13 of Paik and Thayamballi[20].

* Non Linear Finite Element Analysis: In this approach, the structure of the vessel
is modelled directly with finite elements, typically non-linear shell elements. A
typical model would include the structure between several adjacent transverse
frames. The difficulty in such an approach is to make the model of the structure
detailed enough so that initial imperfections and the correct failures modes will be

captured, without making the model so large that solution becomes impossible.
Hence, this method depends on the skill of the human analyst more so than the

other approaches. Despite these difficulties, this method has been implemented

successfully[33].

In evaluating the hull girder collapse limit state, determining the response of the local
stiffened panels that comprise the hull girder is central to understanding the overall
behaviour of the structure[2]. Additionally, the collapse of these stiffened panels is an
important limit state in its own right[6, 21, 34], as they are major pieces of structure on their
own. Local pressures, shear loading, and biaxial compression may be significant for the
response of these local panels, especially those located near the neutral axis of the overall
hull girder, and thus not as heavily loaded by global bending. Similar to hull girder collapse,
a wide range of methods has been developed for predicting secondary behaviour, including
empirical equations[35], beam column methods[21, 36], a variety of semi-analytical
approaches[20, 37] and non-linear finite element analysis[38, 39]. Further review of these

approaches can be found in the references above, as well as in the periodic ISSC reports.

MDC 14/06/2005



Strength and Reliability of Aluminium Stiffened Panels 9

The final limit state that is normally considered is fatigue cracking in the ship’s
structure[6, 40]. Fatigue cracking represents a significant repair cost for the owner, and is
usually treated as a service limit state. However, such cracks also present the possibility of
rapid hull-girder fracture should an undetected crack grow large enough, indicating that
they are also related to an ultimate limit state. Typically, most design and reliability
approaches to date have adopted the largely empirical stress-life, or S-N approach to fatigue
life calculation, which is also used in the mechanical and civil engineering industries. Some
authors have started to investigate fatigue by a crack-growth or fracture mechanics

approach[41-43], though this remains more common in the offshore and aerospace design

process than in the ship design process.

1.4 Limit State Design Applied to Aluminium

As an initial approach for reliability-based structural design of aluminium HSVs,
developing approaches to address the four limit states, primary response, secondary
response, tertiary response, and fatigue would be a logical starting point. The extensive
work on these limit states for steel vessels forms a good starting point for such an approach,
however, the details of the structural response will differ as aluminium behaves differently
than steel. There are many differences between the two metals, and aluminium is available
in a wide variety of different alloys and different tempers. The properties of aluminium are
presented in detail in Chapter 2. Some of the key differences between aluminium and steel

for structural response are summarized below:

e The stress-strain relationship for aluminium alloys can differ significantly from
the elastic-perfectly plastic relationship normally assumed for steel. Furthermore,
the stress-strain relationships can differ between different alloys of aluminium to

such an extent that it needs to be accounted for in the structural design process,

for example, in inelastic buckling[44].

e The equivalent yield stress, taken as the point in the stress-strain curve where the
plastic component of the strain is 0.2%, is lower for many marine aluminium
alloys than the yield stress of steel.

e Welding aluminium alloys can reduce the yield stress and change the shape of the
stress-strain curve in the heat-affect zone (HAZ) around the weld. This effect
varies between the different aluminium alloys, and between the different work-
hardening and heat-treatment processes used to increase the strength of the

alloys.
e The elastic modulus of aluminium is roughly 70,000 MPa, which is about a third

as much as steel.
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Given these differences, it is clear that the methods for estimating the limit state
strength for steel structures cannot capture all of the significant aspects of the response for
aluminium. In terms of hull girder collapse, the only methods available to the practicing

naval architect today for aluminium construction are the non-linear finite-element method,

or perhaps slightly modified ISUM methods to account for the lower elastic modulus of
aluminium alloys. The situation is similarly bleak for the secondary response of stiffened
panels, though at the same time as this thesis, work was underway to develop a regression
equation for the axial collapse of aluminium stiffened panels[38]. Tertiary response of the
structure has had slightly better coverage, with two PhD thesis on welded panels in marine
alloys[45, 46]. For many of these applications, the naval architect is left using slightly
modified steel approaches and hoping for the best. As the demand for larger, highly-
optimized structures grows for aluminium HSVs, such an approach is becoming increasingly
unsatisfactory.

The fatigue limit state has received much more attention, as fatigue cracks emerged
as a problem immediately after the upswing in aluminium ferry construction in the early
1990s[47, 48]. However, these works have rarely addressed the reliability aspects of fatigue
design, focusing more on different methods to predict the loading and mean strength of
fatigue-prone locations. The prevalence of fatigue problems on aluminium HSVs has also

raised the question of the adequacy of the existing marine approach to fatigue, which
concentrates on designing the structure not to crack initially, but can give no information on

the criticality of a crack once one exists, nor on the inspection and repair policy necessary to

ensure safe operation of a vessel prone to fatigue cracking. To obtain such information, the
influence of fatigue cracking on the structure’s ultimate limit state must be quantified,

requiring an approach that treats fatigue as more than a service limit state.

1.5 Objectives and Scope of this Thesis

Given the current situation with aluminium HSVs and structural design capabilities
there are clearly many areas in the marine structural design process where improved
prediction methods for aluminium would be beneficial. Developing methods in all such
areas would take far more effort than is available within the scope of a single PhD thesis. For
this thesis, it was decided to focus on developing strength and reliability methods for the
response of stiffened panels, the secondary behaviour of the structure. Unlike the response
of individual flat plates, there is little previous work in this area to guide naval architects.
Additionally, a correct understanding of the response of the individual stiffened panels is
required to estimating the overall hull girder collapse strength. Such stiffened panels also

include many of the bracketed connections and welded joints that are prone to fatigue
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cracking, and thus addressing the fatigue limit state is an integral part of determining

stiffened panel response.

Even with the decision to focus on the secondary response of the structure, a further
definition of scope is required to fit within a single PhD thesis. The general response of
stiffened panels can be quite complex, as the loading may be any combination of biaxial
compression, shear, and lateral pressure. Panels located in the cross-structure of a
catamaran, for example, may be loaded in all these ways simultaneously. For this work,
attention is restricted to cases with axial compression or tension. Additionally, aluminium
structures can be assembled in many different ways, and recent developments, such as
extruded sandwich panels, friction stir welding, and adhesive bonding, offer promise to
develop lighter and stronger structures. To keep the scope manageable, this work will focus
on traditional construction where extruded closed profiles and/or rolled plates are joined by
MIG or TIG welding. These restrictions in scope are made solely to allow this work to be
completed within a single PhD, and should not be taken as an indication that such load

components or methods of construction are not considered important.
With the scope of the work established, it was then possible to develop a set of four
objectives to guide the research behind this thesis. These objectives are:
1. Toreview and benchmark existing methods for predicting the compressive
strength and reliability for secondary and tertiary response of aluminium

structures.

2. To develop an improved approach to determine the tension and compression

stress-strain relationship of aluminium stiffened panels, accounting for the

differences between aluminium and steel.

3. To develop a reliability-based fatigue approach extending the existing 5S-IN
design approach.

4. To investigate a fracture-mechanics based approach for estimating the impact

of fatigue on the panel’s ultimate limit states.

The development of these objectives is addressed in five further chapters. Chapter 2
presents background information on aluminium, structural reliability methods and
estimating the hydrodynamic of HSVs. The material in Chapter 2 does not represent new
research, but forms a foundation for understanding the work that follows. Chapter 3
presents the work on ultimate compressive and tensile limit states, including a review of
existing methods, and the development of the new compression and tension stress-strain

curve approach. In Chapter 4, existing fatigue data in the conventional S-N approach 1s
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used to develop a reliability-based design method for fatigue. Chapter 5 presents a study on
using a through-life fracture mechanics model in place of the S-N model for fatigue, and

Chapter 6 presents the conclusions and recommendations for future work.

MDC 14/06/2005



CHAPTER

“If I have seen further it is by standing on the shoulders of
giants”
From a letter of Isaac Newton to Robert Hooke

Background Material and Existing Tools

2.1 Introduction
The purpose of this chapter is to present background information and techniques that

will support the research in the remainder of this thesis. While this information does not

represent new research, and can be found spread throughout a number of reference books
and articles, it was felt important to gather it in one place to aid in the understanding of the
work in the chapters to follow. Three specific types of background information and tools are
presented here. First, the metallurgical and mechanical properties of aluminium are
presented. Aluminium is often treated as a weaker type of steel in marine structural design,
a simplification which masks many of the important response characteristics of aluminium
structures. To avoid this pitfall, the properties of the major marine aluminium alloys are
presented in some detail. Second, the background to structural reliability theory is presented.

While this thesis does not propose new approaches to reliability, it does examine methods to

implement aluminium structural design via existing reliability techniques. For this reason it
is important to understand those techniques. Finally, hydrodynamic load estimates are

- reviewed for high-speed craft. This is an area of active research, and certainly the “best” or
“standard” approach for hydrodynamic loading on high-speed craft is much less well
defined than the loading on large commercial vessels. The components of the loading on
high-speed craft are reviewed, and potential approaches for determining each component

are discussed. A simplified approach is adopted to generate lifetime loading for reference

vessels used later in this thesis.

2.2 Aluminium In Shipbuilding

Aluminium has several advantages over steel for marine construction, though for
marine structural applications the crucial advantages are lighter weight and better corrosion

resistance. This is offset by higher material costs and generally lower strength and elastic

MDC 14/06/2005



Chapter 2: Background Material and Existing Tools 14

modulus than steel, especially the high-tensile shipbuilding steels. While aluminium alloys
weigh approximately one-third as much as steel alloys, the lower equivalent yield stress and
elastic modulus of aluminium means that scantlings have to be increased over steel
scantling. Accounting for this geometric increase in scantlings, final aluminium structures
tend to come out with a weight savings of roughly 50%[49].

Similar to the wide variety of iron and steel products, aluminium is available in many
different alloys and tempers to suit needs ranging from electrical conductors to
spacecraft[49]. The primary alloying elements used with aluminium are copper, manganese,
silicon, magnesium, zinc, and lithium. Space is not available here to review all the properties
of these various alloys and their combinations which can be found in several reference
books[9, 49, 50]. For wrought alloys, there is an internationally-recognized four-digit
classification system in place for identifying alloys by their chemical composition[49]. In this
classification system, the 5000 and 6000 series alloys are the most common for marine
applications. The primary alloying elements used in these alloys are magnesium and silicon.
The resulting alloys combine reasonable cost, high strength, good corrosion resistance, and
can be joined by welding. The focus in this section will be on these two type of alloys, and
their uses in typical HSV structures. First the metallurgical properties of these two alloys
will be presented, along with their typical use on board vessels. Then the base material and
welded material strength characteristics will be reviewed. The information in this section

has been complied form several reference books[49, 51, 52].

2.2.1 Alloys and Construction Techniques

2.2.1.1 5000 Series alloy

The 5000-series alloys is one of the most common aluminium alloys used in marine
construction; it is typically used for shell plating. In the 5000-series, the primary alloying
elements is Magnesium. The most common marine alloys within this series are 5083, 5086,
5456. A recently-developed alloy which is becoming popular is 5383 or “Sealium” which
was developed by Pechiney. In these alloys, Magnesium is added to between 3.5% and 5.2%
by weight, with 0.2%-1.0% of Manganese added as well. The resulting alloy has excellent
corrosion resistance at moderate temperatures and good ductility, but fairly low strength.
The strength of these alloys can be improved through cold-working, where they are in-
elastically deforming during production, a process also known as strain-hardening. This

raises the strength of alloy at the expense of ductility, which typically drops significantly.

These alloys cannot be heat treated, and are often grouped with other non-heat treatable

alloys in terms of behaviour.
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An additional complexity is that the strain-hardening operations can reduce the
compressive yield stress compared to the tensile yield stress as a result of the Bauschinger
effect. For example, the U.S. Aluminium Association grade minimums for 5083-H116 are 180
MPa in compression, but 215 MPa in tension[53]. The 5000-series alloys that are high in
magnesium, including the marine alloys, can suffer from age-softening, where the added
strength from cold-working reduces over time. These alloys are typically stabilized in the
mill after cold-working to account for this loss. Thermal welding of these alloys leads to a
reduction in their strengths, as the area around the weld is partially annealed by the heat

input of the welding process.

The amount of strain hardening is indicated in the alloy designation by the letter H
followed by one, two, or three numbers. The first number indicates the steps performed on
the alloy, such a work hardening, or work hardening plus partial annealing[49]. The second
digit indicates the degree of work-hardening, and the final digit is used to differentiate
different properties with the same amount of work hardening. For marine use, there are
now two tempers which are acceptable for use. The most common is H116, which is a
special temper roughly equivalent to the H22 or H32 temper in strength, but with an
additional requirement to resist exfoliation corrosion[54, 55]. H321 is a similar temper that is
now acceptable for marine use. This temper had been previously used in marine
applications without the formal requirement of the exfoliation corrosion test. In the late
1990s, one mill in North America switched production processes for their 5083-H321 to a
process that met the requirements of the specifications governing H321, but did not have
sufficient exfoliation resistance for marine use. This change was not detected until many
vessels were built with this plate, and then suffered severe corrosion and cracking in service.
Estimates of the repair costs to replace this plate range between US $30-$50 million for

roughly 200 vessels[54]. The ASTM standard governing H116 and H321 has now been

updated to include exfoliation corrosion requirements for both tempers and make them
marine-specific tempers[56]. Other tempers which may be encountered are -0 which
indicates annealed material, or H111, which has similar properties but better dimensional

characteristics[55]. These are quite weak compared to H116 and H321, and will rarely be
used in HS5Vs.

2.2.1.2 6000 Series alloy

The 6000 series of alloys is also commonly encountered in marine construction. In
this series, the primary alloying elements are Magnesium and Silicon, which are added so
that Magnesium Silicide will be formed in the aluminium[49]. The most common alloy seen

in marine construction is 6082, along with 6061, a slightly weaker version which is popular in
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the North American civil engineering market. The 6000-series alloys are not as corrosion
resistant as the 5000-series, but are much easier to extrude, making them attractive for

producing structural shapes or integrated plate-stiffener combinations.

The metallurgy of this alloy is significantly different than the 5000 series, with heat-
treatment, not cold-working, increasing the strength of the alloy. When produced, this alloy
is heated to a high temperature so that the alloying elements are in solution. Then, the metal
is quenched rapidly to a low temperature, leaving the Magnesium Silicide trapped in a
super-saturated solution. The Magnesium Silicide will then precipitate from the aluminium
which results in a stronger microstructure. When this precipitation occurs naturally over
time it is referred to as natural aging. Alternatively, the quenched material can be raised to
an elevated temperature for a short period of time, allowing a more rapid precipitation to
occur. This process is referred to as artificial aging. By controlling the temperature and
exposure time, the size of the precipitates can be controlled, allowing an alloy with optimum
strength properties to be obtained. This results in an increase in strength, but a
corresponding reduction in ductility. If the alloy is exposed to an elevated temperature for
too long a time, the precipitates will grow in size, and the strength of the alloy will be
reduced but its ductility increased. This is known as over-aging. Thermal welding of these
alloys typically produces a significant drop in strength, as the added heat will over-age the
metal. Heat-treatment tempers are indicated by the letter T followed by one or more letters.
The common temper for 6082 or 6061 in the marine market is T6, which indicates an alloy

that has been quenched and artificially aged. T4 is a weaker form that has only been

quenched, with no aging. Additional numbers after the first number in a “T" specification

generally refer to various stretching and stress-relief operations that are available for these

alloys.

2.2.1.3 Alloy Use in Typical HSV Construction

At first glance, a typical HSV structure looks much like a conventional steel craft,
with welded longitudinally stiffened plates supported by transverse web frames. Because of
the different properties of the 5000 and 6000-series alloys, they tend to be used in different
locations on HSV structure. 5000-series alloys are normally available in large plates, and
with their increased corrosion resistance they are typically used for shell plating. Because
the 5000-series is significantly harder to extrude than the 6000-series, the 6000-series are
typically used for stiffeners and shallow beams. Thus the bottom and side shell plate often

consist of 5000-series plate and web frames with 6000-series extruded stiffeners. 5000-series

extrusions are sometimes used stiffeners, but at increased cost. Using 5000-series for
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stiffeners may become more common with the advent of new marine-specific alloys and

profiles, such as the 5383 Sealium discussed above.

Extruding aluminium is a relatively common and inexpensive process that is used in
preference to hot-rolling to produce most aluminium beams and structural shapes[49].
Although standard sections are available, designing custom aluminium extrusions is quite
inexpensive, with die and tooling costs typically measured in the hundreds or thousands of
dollars, and minimum orders can be as little as 500kg of material[49, 57]. As a result of this
situation, it is not unusual to see different aluminium companies or even shipyards offering
semi-custom aluminium extrusion where a plate and one or two attached stiffeners are
extruded as a single unit. An example of such an extrusion is shown in Figure 2. Such
extrusions eliminate the need to locate and weld the stiffeners on the panel. The only joint
required is a longitudinal butt weld where the sections join, which can typically be joined by
automatic welding to form large flat decks very quickly and at reduced costs. Recently,
some aluminium companies have begun to offer these types of decks preassembled with
friction-stir welding used to join the individual extrusions[58]. Such extrusions are popular
for internal decks and weatherdecks on HSVs, where the corrosion resistance of the 6000-
series alloys is adequate. Custom extrusions can also be used to facilitate complex joints on
the vessel, though this is less common. Sharp[9] gives and example of such an extrusion
used on the Alcoa Seaprobe. Additionally, decks can be constructed with sandwich-panel type
extrusions which eliminates the need for longitudinal stiffeners, although this complicates
the joining process. Thus, while the side shell and bottom structures may be primarily 5000-
series alloys, typically the upper and internal decks are 6000-series alloys.

A 8,=15

R g
=44 3= ——r

Figure 2: Aluminium Extruded Stiffener and Plate(From [59])

2.2.2 Base Material Properties

The material properties of the 5000 and 6000 aluminium alloys discussed above are
significantly different than the properties of steel, and there are also important differences
between the properties of the 5000 and 6000 series alloys. Perhaps the most fundamental
material property for structural design is the stress-strain curve of the material. This curve
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defines the limit of the material’s elastic response, the material’s ultimate strength, and the
elastic modulus of the material, which governs elastic buckling. For steel, the stress-strain
relationship can be idealized as elastic-perfectly-plastic, which means that the material
stresses will increase linearly with strains according to Hooke’s law until the yield stress is
reached, and then will maintain the yield stress for any strain above the yield strain. While

this simplification ignores the details of the behaviour near yield, it is accurate enough for

most engineering work.

However, the response of aluminium significantly deviates from the elastic-perfectly-

plastic assumption, following a much more rounded stress-strain curve that features neither
a well-defined yield point nor a perfectly-plastic region after yield. To deal with this more
complex stress-strain relationship, aluminium alloys are often described by a 0.2% offset
proof stress, which can be viewed as an estimate of an equivalent yield stress for the alloy.
This stress is determined by drawing a perfectly-elastic stress-strain relationship starting at a
strain of 0.2% on the same plot as the aluminium stress-strain curve. The point at which the
elastic line intersects the material stress-strain curve is termed the proof stress. This

corresponds to point at which the plastic component of the strain is 0.2%. This is shown in

Figure 3 as the heavy black line.
For more complex engineering approaches, the shape of the stress-strain curve may
be significant in addition to the proof stress. In such situations, the non-linear stress-strain

response of aluminium alloy can usually be approximated by the Ramberg-Osgood

relationship, which expresses the strain on the curve for any stress as a combination of an

elastic response and an inelastic response:

£ = g + 0.002(-1]
L 2Ty

Where :

& Strain Equation1
o Applied stress

E Elastic modulus

c,, 0.2% offset proof stress

n Exponent
The exponent term, n, can be varied to represent different curve shapes. As the value of n
rises, the curve flattens out and looks more like an elastic-perfectly-plastic curve.
Typical exponent values and minimum material properties for 5083-H116 and 6082-
T6 alloys are listed below in Table 3, along with typical marine mild steel properties. The
aluminium values have been taken from national code and recent papers in the area [38, 53,

60, 61], as not all national codes cover all alloys and temper combinations. The difference in
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compressive and tensile proof stress for the H116 temper is taken from the U.S.
Specification[53] . The elastic modulus for aluminium varies slightly from tension to
compression, and with the alloying elements in each particular alloy[49]. However, these
differences tend be small for the marine series alloys, roughly between 69,600 MPa and
71,700 MPa in compression and about 2% less in tension[49]. Based on this small difference,
a standard value of 70,000 MPa has been used be throughout this thesis, which follows the
approach of British Standard BS8118[61] and several previous studies in marine
aluminium|[38, 45]. The Ramberg-Osgood exponent in the table has been estimated from a
mix of several previous experimental results[45, 62]. The exponent does show significant
variation test to test[45, 62], and can change with the direction and type of applied loading as
well[49], so these must be viewed as typical exponent values. The minimum elongation
values have been taken from BS8118[61] and previous studies[38].

If a single Ramberg-Osgood relationship is going to be applied throughout the entire
stress-strain curve, the minimum elongation cannot be selected independently from the
remaining material properties. To check that the minimum elongations given are compatible
with the selected values for proof stress, elastic modulus, ultimate stress, and exponent, the
calculated stress at the failure strain was compared to the ultimate stress listed in the sources
consulted. This comparison is shown in the last two column of Table 3, and as can be seen

the agreement was quite good. The stress-strain curve corresponding to each of these values

is shown below in Figure 3, along with the offset elastic line for establishing the 0.2% proof

stress.
Table 3: Typical Minimum Material Properties
Alloy 0.2% 0.2% Elastic | Elongation | Ramberg | Calculated | Code
Proof Proof | Modulus | at failure | Osgood | Tensile Tensile
Stress Stress | MPa Exponent | Failure Failure

Stress

Comp. Stress

MPa MPa

D A L

Tension
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Stress vs. Strain Properties
300

250

200

150

Stress, MPa

100

50

0O 0.002 0.004 0.006 0.008

Strain, mm/mm
— 6082-T6 Tension/Compression

---- 5083-H116 Tension
==~ 5083-H116 Compression
— - Mild Steel

= 0.2% Oftset Line

Figure 3: Stress-Strain Curve for Aluminium and Steel

The ditference between aluminium and steel can clearly be seen in this plot. The
elastic modulus of steel is about 3 times greater than that of aluminium, thus the steel stress-
strain curves rises much more rapidly than the aluminium curve. This difference in elastic
modulus also effects elastic buckling, where the elastic modulus alone determines the

buckling stress, with no influence from yield stress. Thus, in the elastic response, aluminium

plates and columns will behave in a much more slender manner than steel structures of
equal dimensions, and have significantly lower buckling strength.

The curved nature of the aluminium stress-strain curve can also be clearly seen. A
consequence of this curve response is that the aluminium alloy’s response has significantly
departed from the elastic region by the time the proof stress is reached. In terms of stress,
this departure increases as the exponent term in the Ramberg-Osgood equation decreases.

For the two alloys shown here, it is clear that the departure happens proportionately earlier
for the 5083 alloy. This indicates that there is a loss of stiffness in the response of aluminium

before the proof stress is reached, and that the tangent modulus of the material at the proof

stress is significantly less than the elastic modulus. For the 5083-H116 alloy in tension, this
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departure starts around 150 MPa, roughly 30% below the proof stress of 215 MPa. For the
6082, the departure is much later, around 230 MPa vs. a 260 MPa proof stress. After the

proof stress is reached, the aluminium alloys stress-strain curves continue to rise by a
significant amount. The lower the Ramberg-Osgood exponent is, the steeper the rise of the
stress-strain curve after the proof stress. The differences in the stress-strain response
between the 5083-H116 alloy and the 6082-T6 alloy are sufficiently different that the inelastic
buckling strengths need to be evaluated separately. In the U.S. Aluminum Association
approach, the inelastic buckling response is segregated by temper, with the artificially-aged
precipitation-hardened alloys, which tend to have higher Ramberg-Osgood exponents,
treated separately from the strain hardened or annealed alloys[49]. A final difference
between steel and aluminium which must be noted is the fracture strain of each alloy, which
is less for aluminium than it is for steel, though the elongation are sufficient that the material
is still considered ductile. However, the lower limit of strain for aluminium is enough in
some cases to influence plastic deformation capacity[63]. The material properties presented

in Table 3 will be used throughout this thesis when more specific material properties are not

available from experimental tests.

2.2.3 Welded Material Properties

The properties of aluminium need to be revisited if the alloys are to be welded. As

described in Section 2.2.1, the marine aluminium alloys gain a large part of their strength
from either cold-working or precipitation hardening. Exposure of the material to high

temperatures in operations such as welding will remove some of the benefit of these

treatments, resulting in a reduction to the proof stress, and potentially the ultimate stress.
As the metallurgy of these two alloys differ, the effects of welding also differ. For the 5000-
series alloys that have been strain-hardened, the heat input of welding is sufficient that the

metal is raised above it recrystalzation temperature, and the effects of the strain-hardening
are lost[52]. The resulting weld has a proof strength near the annealed strength of the alloy,
though it has the ability to strain-harden significantly. For the 6000-series, welding has a
different effect. Near the weld, the temperatures will be high enough that the Magnesium
Silicide will go back into solution, and the weld metal and adjacent area may then naturally
age after welding, recovering some strength[52]. However, at a further distance from the
weld, temperatures will not have been high enough to achieve this solution, and the

precipitates will overage and coarsen, resulting in a significant loss in strength[52].

As the temperature that the base metal reaches varies with distance from the weld,

the mechanical properties of the alloy will differ with distance as well. For structural design
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work it is customary to replace this actual property distribution with a simpler constant-
property distribution using the minimum strength in the joint, but assuming it is effective
over a smaller distance. This distance in terms the heat-affected zone(HAZ). This approach
was proposed by Hill et al. in 1960[64], and is shown graphically in Figure 4. Note that 6000-

series welds often show a partial recovery near the weld centreline as discussed above, and

this graph may take a “W” shape for these alloys.
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Figure 4: Effective HAZ Breadths|64]

The breadth of the HAZ assumed varies code to code, the U.S. Aluminum

Association assumes a breadth of 25mm on every side of the joint, while BS8118 and
Eurocode 9 have variable HAZ widths depending upon joint geometry and welding process.
For thickness and processes used in marine applications, these codes typically yield HAZ
breadths on the same order as the Aluminum Association’s 25mm. Typical strength in this
idealized HAZ are presented below in Table 4. These are taken from two recent numeric
studies from Norway and Korea[38, 62] on the response of aluminium stiffened panels, with
input from the DNV rules[65]. As the strain-hardened H116 temper has been annealed by
welding, the HAZ proof stress will be the same in tension and compression. The variation in

the Ramberg-Osgood exponent was assumed to be proportional the change in proof stress of

the material[62].
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Information on the change in failure strain in the HAZ is difficult come by.
Measuring the elongation in four locations in the HAZ of 6082-T6 weld, Hval et al.[66]
reported 3-4% gains in ductility near the weld, and 2-3% losses in ductility away from weld,
though at 14% elongation, their base metal had significantly more ductility than the code
minimums for this alloy. In a similar study of several specimens[67], where the HAZ was
treated as a single block, the HAZ ductility increased on some specimens and decreased on
others. Matusiak and Larsen[68] noted that the HAZ in 6082-T6 welds was generally less
ductile then the weld metal or the base metal, though the properties varied throughout the
HAZ. Mindlin[69] showed similar results for a comparison of butt welds in 5083-H113 plate,
welds transverse to the applied loading had 9%-15% elongations over a two inch gauge
length, while welds in parallel with the applied loading achieved 16%-22% elongation. In
this thesis, the HAZ elongation at failure will be assumed to be the same as the base metal.

Similar to the base metal properties, both the calculated and code-specified ultimate
tensile strength are listed in Table 2 for comparison. The calculated tensile strength for the
5083-H116 alloy is about 10% low, this might be a result of the minimum elongation not
occurring simultaneously with the minimum proof stress. Raising the proof stress by 20
MPa would increase the failure stress to the code minimum. There is a wide variation in
material properties for the 6082 alloy, depending on the thickness of the material and the
type of joint, and the U.S. Aluminum Association recommends a further 10% reduction to
these strengths for limit-state design for welds that receive only visual inspection[49]. The
difference between the base and HAZ properties are shown graphically in Figure 5.

Table 4: Typical Minimum Material Properties in the HAZ

Calculated | Typical
Tensile Code
Failure Failure

Ramberg
Osgood

Alloy 0.2% Proof | Elongation

at failure

Exponent

Stress
MPa

Stress

MPa

5083-H116

-144 —12% -

I
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Tensile Stress vs. Strain Properties
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Figure 5: Tensile Stress-Strain Properties, Base and HAZ Metal

The estimate of proof stress for HAZ material depends on the geometry of the

specimen used to determine the proof stress. Unless the entire tensile specimen is composed
of HAZ material, the results will vary with the length over which the deformation is
measured. Typically, the strain is measured by the total deformation over the gauge length,
assuming uniform distribution of strain within the gauge material. However, if HAZ and
base material are mixed in bands perpendicular to gauge length, such as a butt weld, this
will not be the case. As the HAZ material tends to be weaker than the base material, a
disproportionately high amount of deformation will occur in the HAZ material. Extending
the gauge length by including more base material tends to reduce the overall strain,
requiring more strain in the HAZ to obtain the 0.2% overall plastic strain required to
determine the proof stress. For example, using a two inch gauge length in place of a ten inch
gauge length can reduce the measured proof stress of a transverse butt weld by 25%[49].

This non-uniform distribution of strain in a welded connection is of more than
passing interest to the structural design of HSV structures, which have many welds.

Hval[66, 70] terms this distribution of strain “strain localization”, it is also known as strain
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concentration. Because the fracture strain of aluminium is low to start with, if the strain is

further concentrated into a small part of the structure, the overall behaviour of the structure

may begin to appear brittle, not ductile[66, 68, 70]. This can be clearly seen in the published
tensile tests of transverse butt welds in aluminium. As typically the test specimen includes

base material on each side of the weld as well as the weld itself, the overall specimen exhibits
fracture at very low strains for a metallic material. Feng and Li[71] reported the failure strain
of GMAW tensile specimen in 6082-T6 was on the order of 4%-4.5%, while the initial parent
metal was 12.4%. Likewise, Strombeck et al.[72] showed a reduction from 15.6% to 3% in
6061, using an electron beam weld with a smaller HAZ than conventional welds. Matusiak
and Larsen[68] showed that the overall ductility of a specimen containing a transverse weld
could be significantly altered by altering the angle of the weld across the specimen. Their

results are shown in Figure 6.
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Figure 6: Deformation of Butt Weld Tensile Specimens vs. Weld Orientation[68]

This raises the potential for failures in the HAZ near the welds of large aluminium

structures with little deformation. Hval et al.[70] examined this for large 6082-T6 aluminium

framework structures typical of offshore process models, including both small and large
scale specimen tests and numeric modelling. Hval et al. concluded in these types of
structures, the plastic straining is localized in the weld regions, with significant effect on both
the strength and deformation capability of the resulting member. In a smaller study on the
plastic rotational capability of aluminium I beams, Moen et al.[63] studied both non-welded
6082-T6 beams and beams with a welded vertical web stiffener. All of the welded I-beam
failed by fracture in the HAZ of the weld in the tension flange, without any local buckling.

In contrast, the non-welded beams mostly failed by combined local and overall buckling,

with only one failing by tensile fracture, and this only after significant local buckling. Moen
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et al. concluded that such welds should be avoided as both strength and ductility of the

beam are reduced. Based on these studies, it is clear that strain concentration could be a
failure mode of concern for HSV structures. The typical HSV alloys loose a significant
amount of their strength when welded, and HSV stiffened panels tend to be long compared
to the length of the HAZ at the ends of the panels. Thus, inelastic strains would be expected
to occur first in the HAZ, and even when the HAZ is under a high amount of strain, the
overall strain in the panel may appear quite low. To develop their ultimate resisting
moment, ship hull girders may require their tension and compression flanges to achieve

fairly high strains, raising the risk of fracture in the HAZ. This mode of failure will be

investigated further in Chapter 3.

2.3 Reliability Methods

The second area of background material for the remainder of the thesis is structural
reliability. Structural reliability, which combines limit-state design and probabilistic analysis,
has been an area of research for over 50 years now since the landmark paper on the subject
by Freudenthal[73]. Reliability-based structural design methods such a load and resistance
factor design (LRFD) have become common in many civil engineering codes, and are
growing in popularity in the marine industry. Compared to conventional allowable stress or
safety-factor design methods, reliability approaches attempt to determine or estimate the
probability that a structure will fail by explicitly considering the uncertainty in the load and
strength variables and the engineering approach used to model the structure’s behavior.
Adopting such an approach has several advantages. Mansour et al.[22] state that a
reliability-based approach can result in a lighter structure with a more consistent level of
safety. Furthermore, the sensitivity of the design’s safety to the load and resistance variables
can be quantified, uncertainties can be treated more rigorously, and design requirements can

be adapted as new information on uncertainties come to light.

Structural reliability is perhaps best introduced by making a comparison between
conventional structural design techniques and reliability-based structural design techniques.
In both techniques, the goal is to ensure that the structure’s capacity is greater than the
loading it is expected to experience. However, in all practical structural engineering
applications, neither the loading nor the structure’s capacity are perfectly known. To make
up for this uncertainty, conventional design techniques apply a safety factor to either the
loading or the structure. For example, if a structural member is thought to be able to
withstand 180 MPa of stress, and the maximum loading expected in service is S0kN, it may
be designed so that the maximum stress under S0kN of load is only 120MPa, representing a

safety factor of 1.5. This factor accounts for the fact that the actual loading may be higher
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than 50kN, or that the actual capacity may be lower than the predicted 180 MPa.
Reliability-based design takes a different approach; the stochastic properties of both the
structure’s capacity and applied loading are explicitly modelled, and then the probability
that the structure will fail is determined. The reliability is defined as one minus the
probability of failure. Continuing the example above, using reliability-based design, the
loading might be represented as a normally-distributed variable with a mean of 50kN and a
coefficient of variation (COV, defined as the standard deviation divided by the mean value)
of 0.2, while the capacity might be defined to follow a log-normal distribution, with a mean
of 180 MPa and a COV of 0.05. Then, using a reliability calculation technique, the
probability that the loading would exceed the capacity would be determined. The

probability of failure determined this way would be the basis of accepting or rejecting a
design.

In this work, the process of determining reliability will be split into three separate
steps. First, the limit state equation must be written. This is an equation of stochastic
variables that determines when the structural member has failed. The traditional
formulation of the limit state equation is to return positive values when there is still reserve
strength left in the structure, and negative values when the structure has failed. The second
step is to determine the mean value and stochastic distribution associated with the variables
in the limit state equation. Much of the material in this thesis covers this step. The final step

in the process is to determine or estimate the probability of failure. There are many
approaches for this step, mainly because the exact determination of the probability of failure

is often impractical. The techniques used in each of these three steps will be reviewed in turn

in the following sections.

2.3.1 Limit State Equations

The limit state function relates the basic strength and loading variables, indicating
when the structure has failed. In the general case, the limit state equation can consist of both
deterministic variables, whose values are known, and stochastic variables, which can take on
a range of values characterized by a probability distribution. The simplest limit state
equation involves a single resistance and loading variable:

G(X)=R-S§

Where :
G(X) Limit state equation

. . . Equation 2
X Vector of random variables, in thiscase R and S quation
R Strength of the structure
S Load applied to the structure
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In the general case, both the load and resistance could be represented by more than
one variable. Many limit states in marine design have a single strength variable from which
several loads are subtracted, accounting for the various load components acting on the
structure, such as still water loads, wave loads, and transient responses[6, 74]. There is also
no firm requirement that the limit state function must be an explicit function; it is possible to
use implicit formulation such as the results of finite element analysis, with stochastic
inputs[75]. Downes and Pu[76] investigated a global hull girder collapse limit state by
linking reliability procedures to a beam-column progressive collapse analysis program.
Such approaches may become more common in the future, as engineers seek to incorporate
advance strength prediction methods directly into reliability analysis. These approaches also
allow the engineers to study the sensitivity of the design’s reliability to the basic stochastic

parameters such as material properties and geometric tolerances.

2.3.2 Modelling of Loading and Strength Variables

The second step in determining reliability is to assign mean values and uncertainties
to each of the variables in the limit state equation. Determining the mean strength of
aluminium structures is discussed at length in Chapters 3, 4, and 5, and will not be covered
here, while loading is discussed in Section 2.4. This section will concentrate on presenting
the types of distributions typically used to model strength and loading variables in the limit
state equation. Four of the most commonly used distributions are the Normal, Lognormal,
Weibull, and Gumbel distributions. The Normal and Lognormal distributions are often used

to represent material properties or strength estimates[77], the advantage of the lognormal

distribution is that it excludes negative values. The Weibull distribution has been shown to
be a good fit for the distribution of the individual peak values of wave induced bending
moments in a ship’s hull[78, 79], while the Gumbel distribution is often used to represent the
distribution of the extreme load in a vessel's life[78]. Each of these distributions is defined by
a probability density function (PDF), which determines the probability of any particular
value in the distribution occurring. The PDF can be integrated to yield the cumulative
distribution function (CDF), which determines the total probability of any particular value
and all values less than this value in the distribution occurring. The cumulative distribution
functions for the Normal and Lognormal distributions are not easy to evaluate, and are

usually found via suitable transforms of the standard normal distribution tables. The

properties of these distributions are given below in Table 5 and Table 6.
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Table 5: Properties of the Normal and Lognormal Distributions

Probability
Density

Function,

Jx(x)

Cumulative x x
Distribution _[f (x)dx I 1. (x)dx
Function, -0 —0
Fx(x)
Me::m 1

exp /1 +— g

2

-

Eq. 4.1-4.2[80] Eq. A60-A63[81]

Table 6: Weibull and Gumbel Distributions

i

o

Probability
Density
Function,

fx(x)

Cumulative
Distribution
Function,

Fx(x)

Mean x +Co
C =~ 0.5772

Variance

Eq. 3.38-3.39[78] Eq. 3.51-3.54[78]
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2.3.3 Determination or Estimation of the Probability of Failure

Once the limit state equation has been determined, and the mean value and stochastic
distribution assigned to each variable in the distribution, the probability that the limit state
equation is less than zero must be determined. This final step is often the most complex, as
the limit state equations may involved several (or perhaps hundreds[76]) of variables.
Additionally, the variables may be statistically correlated, further adding to the complexity
of this task. In many cases, an exact determination of the probability of failure is impractical,
so approximate methods are needed. This section will review several techniques for
predicting the probability of failure. Direct solution methods will be briefly reviewed,
followed by estimation techniques including Monte Carlo simulation, first-order reliability
methods (FOR), second-order reliability methods, and response surface methods. The

primary focus will be on the FOR and Monte Carlo techniques, which will be used later in
this thesis.

2.3.3.1 Direct Solutions

For certain simple limit states, it is possible to determine the probability of failure by
integrating the joint probability density distribution of the variables in the limit state over the
failure region specified by the limit state equation. This process is demonstrated graphically
for a simple two-variable limit state equation such as Equation 2, in Figure 7. The joint
probability distribution of the resistance (R) and load (S) variables is plotted in the centre of
the figure, and the limit state equation is plotted as a straight line. The probability of failure
can be determined by integrating the joint probability density distribution over the region

where the limit state is less than 0, the failure domain on the left side of the figure.

Jelr)

G > 0: Safe
domain

G < 0: Fatlure
S domain D
Figure 7: Determining the Probability of Failure[81]
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If the load and resistance variables are assumed to be independent, the integration of
the joint density distribution can be replaced by a simpler convolution integral based on the

marginal probability distributions, and the probability of failure determined directly:

Pr= IFR(x)fs(x)dx

Where:

E ion 3
p, Probability of failure quation

F, (x) Cumulativedistribution functionof strength
f5(x) Probability density functionof load

For problems involving correlated variables, or more than two variables, it is usually not
straightforward to apply the direct approach. As this includes most structural limit states of
interest, alternative approaches must be used. Each of these approaches attempts to

simplify the fundamental problem shown in Figure 7.

2.3.3.2 Monte Carlo Simulation

A simple, but computationally-intense, method of estimating the probability of
failure is to simulate the limit state equation many times and count the number of times the
limit state equation indicates failure. The estimated probability of failure can be determined

by the observed failures divided by the number of total observations:

Where:

p, Probability of failure Equation 4

n, Numberof failuresobserved

N Numberof trials

Such an approach is known as Monte Carlo simulation, and is fairly straightforward to

implement via computer programs where a large number of simulations can be performed
quickly. For structural reliability problems, where expected probabilities of failure are quite
small, often on the order of 103 to 105, it is clear that a large number of trials will be

necessary, especially as confidence in the accuracy of the estimate rises as the number of

observed failures rises.

To implement Monte Carlo methods requires a large pool of random number to

generate the values of the stochastic variables in the limit state equation. For practical
implementations, computer-based pseudo random number generators are used for this

purpose. These are not truly random numbers, but rather a finite-length sequence of

numbers generated by an equation that have similar statistical properties to truly random
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numbers. The standard generators most widely used are linear congruential generators.
However, care must be taken in the choice of generator, as many library or “standard”
generators are particularly poor implementations that will be marred by short periods
(sequence lengths), and poor multi-dimensional distribution properties, as discussed in
Section 7.1 of Numerical Recipes in C[82]. All of these type of generators are marked by serial
correlation between successive calls, which means that a very small return value is followed
by a smaller-than-average return value[82]. While it is hard to tell what impact these
shortcomings would have on reliability analysis, it was decided to use more advanced
generators in this work, even though they are slower. Most of the numerical work done was
done based on the generator “ran2” in Numerical Recipes in C[82]. This generator achieves a
very long period (=10'8) by combining two linear congruential sequences, and uses as shuffle
table to break up serial correlation. No significant difference was seen in the simulation
results when other advanced linear generators were used, including the open-source tt800
generator[83]. All of these generators produce uniformly-distributed numbers between 0
and 1, which then must be transformed into the distribution of each stochastic variable. This
transform can be done via the inverse cumulative distribution function. For the normal and

lognormal distribution where the cumulative distribution function is difficult to work with,

the Box-Muller transform technique was used[81].

At some point the Monte Carlo simulation must be stopped, however, it is difficult to
know for sure how many simulations are enough to guarantee sufficient accuracy. In this
work, the simulation was stopped when the results passed two different tests. The first was
a simple running plot of the estimated probability of failure against number of simulations,

as recommended by Melchers[81]. This should show the estimated probability of failure
converging to the actual value as the number of simulations increase, which was observed in
practice. However, in this technique, the estimate tends to bounce around actual probability

of failure, so a second criteria was introduced which directly estimates the coefficient of

variation(COV) of the estimated probability of failure:

/(l-pf)pf
COV(pf)ﬁ____N___

Py Equation 5

Where :
p, Probability of failure

N Number of trials
This approach is recommended by Haldar and Mahadevan[75], and is based upon the

assumption that each simulation can be treated as a Bernoulli trial, and that the number of
failures should follow the binomial distribution. A COV of 0.03 was used as a stopping
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criteria, although in practice usually a lower COV was obtained in all cases bar those with
very low probabilities of failure. There are several techniques which can be used to increase
the efficiency of the Monte Carlo simulation by reducing the number of simulations
required, such as importance sampling and directional sampling[81]. These techniques rely
on additional assumptions about the limit state function. Therefore, they were not used in

this work as the primary function of the Monte Carlo technique was to confirm the accuracy

of other simplified methods.

2.3.3.3 First Order Reliability (FOR)

The tirst-order reliability techniques emerged out of efforts to find a simple method
of estimating the probability of failure for linear limit state functions of several variables,
initially assuming the variables follow normal distributions. The techniques have proven
quite powerful for handling more complex cases involving non-normal variable, non-linear
limit state functions, and correlated variables. Only a brief review of these techniques will
be presented here, more information is available in the texts on structural reliability[80, 81].
For the two-variable limit state equation shown in Equation 2, if the variables are both
normally distributed and independent, the probability of failure can be directly determined
via:

Hr — Hs

py=0-p)p="L=tELs
! Oz ol +0ok

Where :
@ Standard normal CDF

[ Satety Index

H;,0, Meanand standard deviation of response (R -S)
Hg,0r Meanand standard deviation of resistance
Hs,0¢ Mean and standard deviation of loading

Equation 6

Initial efforts consisted of attempting to extend the validity of this approach to cases with
many variables by using linear approximations of the failure surface at the mean values of

the stochastic variables. These were used to estimate the mean and standard deviation of the

response distribution, and hence the probability of failure. Such formulations had the

disadvantage that for mechanically equivalent but mathematically re-arranged formulations

of the limit state function different probabilities of failure would result[80]. This

shortcoming was fixed in the Hasofer-Lind method, also referred to as the advanced first-

order second moment method(AFOSM)[80]. In this approach, the problem is first

transformed by reducing each of the stochastic variables into their standard normal form,

where they have a zero mean value and standard deviation equal to one by the transform:
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Where :
X' Transtormed value Equation 7

X Original Value
Uy Mean value
o Standard deviation

With the problem formulated in this reduced space, the safety index B, is defined as
the least distance from the origin of the reduced space to the surface of the limit state
function in the reduced space. The corresponding point on the limit state function is known
as the checking point, design point, or most probable point of failure. This is shown
graphically for the two-variable problem in Figure 8. As can be seen from this figure, the
strict relationship between 8 and the probability of failure from Equation 6 will only be valid
for linear limit state functions. For non-linear limit state functions, a linear estimate is

constructed about the checking point, which means that the probability of failure is only an

estimate.

Figure 8: Definition of Safety Index, Hasofer-Lind Approach[80]

This approach can also be extended to include non-normal variables. A technique to
allow such variables is the two-parameter transform, or tail-transform. This replaces the
non-normally distributed variable with a normal distribution at a particular point, selected
so that cumulative distribution function and probability density function of the original

variable and the equivalent normal distribution are equal at this point. This requires

that[80]:
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py =x-07'F, (0o

oV = ¢{(D“] [FX (x)]!
’ Jx(x)
Where :

¢ Standard normal PDF

@' Inversestandard normal CDF
Jx (x) Non -normal PDF
F, (x) Non-normal CDF

Uy 0y Meanand standard deviation of equivalent normal

Equation 8

distribution at point x

More advanced Rosenblatt transforms are available for correlated variables, and other
supplemental techniques may be required for highly-skewed distributions in certain

cases[80], but are not developed here.

The final requirement for implementing the Hasofer-Lind approach is that the design
point must be determined, this can not be found via a close-form equation. As the design
point is defined as the point closest to the origin, this is fundamentally a minimization
problem, and there are several potential approaches. A common approach which is both
efficient and reasonably robust is the Rackwitz and Fiessler algorithm[84]. This procedure

uses the Newton-Rahpson approach as part of its iterative scheme. The approach consists of

several steps:

Step 1: Calculate the starting checking point, X*, for the stochastic variables, X, in

the limit state equation. The individual value of X* are labelled x; * and the

standard deviation is 6; Mean values are normally a good starting point.

Step 2: Evaluate the value of the limit state function at the current checking

point G(X)=go

Step 3: Calculate the value of the partial derivative of the limit state equation

with respect to each of the stochastic variables. These partial derivatives are

labelled gi'

Step 4: Transform the non-normal distributions into equivalent normal

distributions at the current checking point via Equation 8. Simpler formulations

are available for log-normal variables[80].
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Step 5: Calculate the current value of the safety index, B, and directional cosines,

o, for each variable as shown:

x=) g,(X )x]

1= g, (X )y,

o, =[Z 8, (X "), }ZJE Fquation

_ g;(X*)o-i
O

[))=_x_g0 _Jux
o)

.

!

X

Step 6: Calculate the next checking point

*(m+]
xi(m ) = K, —a,po, Equation 10

Step 7: Check if the algorithm has converged yet, based on the change in the
checking point and the change in the predicted safety index, p.

*(m+1) *(m)
L i <&

*(m+1)

X

ﬁ(mﬂ) . ﬂ(m)
ﬂ(mﬂ)

Equation 11

<&

For the current work, the value of epsilon was set at 0.001. If convergence is not
achieved, Steps 2-7 are repeated. Typically on the order of 5 iterations are required for

convergence. As this approach is using the derivatives of the limit state surface to search for
the minimum value, it is possible that it will not converge[80]. Additionally, it is possible
that for certain rough or irregular limit state functions, it could converge to different
minimum values depending on the starting point used[81]. In the use of this method in this
thesis, some difficulty in convergence was experienced for highly non-linear limit state
equations, however, modifying the starting point of the algorithm removed these problems.
Finally, it must be remembered that value of safety index, 3, determined in this manner can
only give an estimate of the probability of failure via Equation 6 for non-linear limit states,

though often this estimate is quite good. Limit states which are initially linear may become
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non-linear when transformed into the reduced space used to determine B if non-normal

variables are used via the two-parameter transform[80].

2.3.3.4 Advanced Evaluation Options

For situations where the FOR approach is not deemed adequate, there are more
advanced methods for estimating the probability of failure. The first among these are the
second-order reliability methods (SORM) which improves on the FOR approach by
including the curvature of the limit state equation near the checking point. There are
various approximating methods for including this curvature, including asymptotic
approximations and quadratic approximations. Further details can be found in standard
books on reliability estimation[80, 81]. An alternative, but related, approach is the response-
surface approach where the limit state function is sampled at several points, and replaced
with an mathematical surface, which is then used to compute the probability of failure. This
approach is useful when the limit state cannot be expressed analytically but is only available
via an implicit method, such as finite-element analysis. Thus a limited number of implicit
(and potentially computationally-intensive) limit state function evaluations can be made to
fit a surface, and then the equation of this surface can be used to determine the probability of
failure. Additional information can be found in references on reliability[81] [80]. Haldar and
Mahadevan have also published a book on using finite element analysis with reliability

techniques which includes a discussion of response surface techniques[75].

2.4 Loading

Determining the loading on high-speed craft is one of the most pressing of current
research challenges. As sufficient time was not available in this thesis to look at both the
strength and loading side of the response of aluminium HSVs, only a brief overview of the
topic will be presented here, along with a description of the loading approach taken to
estimate loads for use in the reliability formulations later in this thesis. Initially, the types of

loads and related structural response will be presented for HSVs, followed by a more
detailed review of the prediction options for global loads, and an approach for predicting the

long-term load distribution on the hull girder.

2.4.1 Sources of Loading on HSVs

The sources of loading on ship structures, including HSVs, are numerous and often
act in combination. For typical HSVs, the components of the load will include[85, 86]:

e Hydrostatic shell pressure: Seawater pressures applied normal to the shell when

the vessel 1s at rest in still water.
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e Hydrostatic bending moments and shear forces: Arising from the difference in
weight and buoyancy distribution along the ship’s length.

e Dynamic Shell Pressures: Created by the relative motion between the vessel and
the surrounding fluid. For HSVs these pressures will be non-linear, and will

often include slamming components over the forward part of the vessel.

e Global Wave-Induced Response: Arising from the summation of the local wave-
induced pressures, including global bending, shear, and torsion loads. HSVs will
also experience dynamic whipping responses following a slam, and have the
potential for exhibiting a springing response at certain combinations of hull
girder stiffness and forward speeds. Because aluminium has a much lower elastic
modulus than steel, aluminium HSVs are especially at risk for springing[87].

 Vehicle Loads: The internal decks of car and truck ferries will need to resist tire
loading which will influence the plating and stiffener spacing selection.

* Machinery Vibrations: Local vibrations from machinery such as waterjets,
propellers, or engines can contribute significantly to local fatigue loading.

e Internal tank loading: Acceleration loads and sloshing loads from tank contents
which impact the tank boundaries.

* Pressure pulses from propulsion: When external propellers are used, cyclical
pressure pulses from the propeller blades can lead to fatigue failures on the local

shell plate and in the propulsion struts.

* Residual stresses: Residual stresses are also present in the structure from welding

and assembly operations.

In the traditional load and structural response classification, these loads and the
resulting structural response are divided into three hierarchal levels[34]. The primary loads
and stress are the resultant loads that act on the entire hull, such as vertical bending moment
or shear forces. Secondary loads and responses cover the response of grillages and panels
bending between out-of-plane supports, such as a double-bottom section bending between
bulkheads or a stiffened panel bending between frames. Tertiary loads and responses are
those of un-stiffened plate elements. Of course, this breakdown is solely of value for the
engineer calculating the loads, the actual stress at any point in a ship’s structure is a complex,
time-varying combination of all of these loads. To make matters worse, for HSV analysis, all
of these loads can be significant, depending on the location of interest and relative length of

the vessel in question[86]. For example, consider a stiffener connection in a hypothetical

longitudinally-stiffened bottom panel in a forward auxiliary machinery space on a high-
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speed vessel. The stress in the stiffener connection will be composed of the global response
stresses from vertical bending, horizontal bending and torsional loading, which will likely
include non-linear effects from bow slamming. Additionally, the local shell pressure will
cause the overall bottom grillage in the space to deflect between bulkheads, and the stiffener
in question to deflect between web frames. This shell pressure will also probably include
non-linear effects from slamming if the space is forward in the vessel. Furthermore, the
machinery in the space will be transmitting high-cycle vibratory loading to the surrounding
structure when operational. On top of all of these dynamic loads, there will undoubtedly be
additional residual stresses from both the welds on the stiffener itself, and longer-range
assembly residual stresses from welding building modules together.

Given the complexity of the total load estimation on HSVs, it was decided to limit the
scope of loading in this thesis to wave-induced loads. This is in line with most of the recent
research on HSV loading. Additionally, these loads can be discussed in a more general sense
than vibration loading or propeller pulse loading, both of which are heavily dependent on
the local details of the structure and the exciting sources. However, it must be remembered
that the total structural performance of a HSV will also be dependent on its response to local
loading situations. For the wave-induced loads, a range of different prediction methods are
available to estimate the loading:

e Model and Full-Scale Measurements: Measuring the wave loads from models in

towing tanks and wave basins, and full-scale measurements on ships in service is

an excellent way of determining the loads on the vessel with high confidence.
However, it is very expensive and time-consuming, making such techniques more

useful for final design verification than exploratory research. Full-scale

measurements significantly reduce the number of load scenarios that can be safely

evaluated, though full-scale measurements have been used to investigate particular

aspects of the response|[5].

o Fully Non-Linear Numerical Hydrodynamic Techniques: Time-domain models
such as the 3-D Large Amplitude Motions Program (LAMPS), or non-linear strip
theories can be used to predict loads with very good accuracy, but are very time-
consuming in terms of model set-ups, run times, and output verification.

e Partial Non-Linear Techniques: Quadratic strip theory, such as that of Jensen and
Pedersen[88] can include many of the sources of non-linearity that are significant

for typical ocean-going vessels, such as bow flare slamming, while continuing to

solve the problem in the frequency domain, as opposed to the time domain of the

fully non-linear models discussed above. Such approaches have been used
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previously to investigate the non-linear effects of whipping and springing on the
rate of fatigue damage accumulation in HSVs[87, 89].

* Linear Techniques: By assuming that the response depends linearly on the wave
height, linear theories significantly reduce the complexity of the sea-keeping
problems. This is significant as it allows the extensive body of predictive
techniques developed for linear response of an object to random excitation in other
fields, such as signal processing, to be applied to estimating the response of the
vessel in waves. Combined with oceanographic descriptions of sea-states in terms
of power spectrums, linear techniques allow the vessel’s response to be quickly
determined for a wide variety of sea-states, and allows a straightforward
prediction of the peak and extreme values associated with the response. Typically,
the linear assumption is fairly good for most conventional ships. This assumption
1s more valid for the vessel motions than the loads where non-linearites are usually
observed, for example in the difference responses for sagging and hogging. Linear
prediction methods include both three-dimensional panel methods, and strip
theories which divide the hull into transverse strips ignoring the interaction
between strips. These strip theory assumptions can break down at high forward
speeds, attempts to fix this shortcoming have lead to a group of 2 %2 -dimension
codes, which are based on strip theory but account for forward motion. An
example of which is the procedure presented by Faltinsen and Zhao[90].

e Simplified Methods: Several authors have proposed empirical or quasi-empirical
load estimation techniques, which are very simple to use, and attempt to include
some of the non-linearities that linear theory leaves out. Recent working include
those of Jensen and Mansour[91] and the extensive work performed by Sikora in
the United States[92-94]. Classification society rules also fall into this category,
though they often only predict a peak value, not the entire load spectrum. For
HSVs, some of the methods which are used in this category are impact-based
theories originally developed for smaller planning boats.

The combination of high forward speed and the potential non-linear events such as
bottom and bow flare slamming has made load predictions on HSVs difficult, and has
resulted in damage in service in some cases[5]. Determining the loading on HSVs is thus
still an area of active research. Further information on the state-of-the-art in load prediction
options can be found in the discussion of the Loads committee in recent ISSC

publications[25]. By focusing on linear and simplified methods, it was possible to develop
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long-term load spectrums for the global response of typical HSVs for use in this thesis. The

techniques and approaches used for this purpose will be presented in the next section.

2.4.2 Lifetime Loading Distribution

To investigate the reliability of an aluminium stiffened panel, the long-term load
distribution on the panel must be known. For aluminium panels, both the panel’s ultimate
strength and the panel’s fatigue strength must be determined, so it is necessary to estimate
the load spectrum applied to the panel, not just the peak load value. To determine this
spectrum, the “Lifetime Weighted Sea Method”[21] will be used in this thesis. In this
approach, the load is first predicted in each operational condition that the HSV is likely to
encounter. Then, the response in all the possible operating conditions are combined to give
the long-term load spectrum which can then be used for design. In this section, a brief
review of the techniques available for estimating the response of a particular load component
in a particular condition will be presented first. This will be followed by a technique for
combining the contribution of all conditions to determine the lifetime load spectrum of this
load component. Finally, a brief discussion on combining several different types of loads is

presented. More in-depth coverage of these operations can be found in Jensen[78] or

Hughes[21].

2.4.2.1 Estimation of the Response in Each Condition

To determine the long-term load spectrum of a particular load component, it is first
necessary to determine the load in each operational condition. Initially, the linear approach
to determining this loading will be presented, followed by options for including non-linear
effects. As its name implies, the linear approach attempt to solve a linearized version of the
equations of motions for the vessels, making the assumption that both the motions of the
vessel and the incident wave amplitudes are small. To the wave exciting forces the resisting
mass, damping, and restoring forces acting on the vessel are added, and the motions are

determined. These later quantities are difficult to estimate, as both the motion in the fluid

and the free surface must be considered. To simplify this calculation, the vessel can be
divided into transverse cross-sections, and the free surface problem is solved for each cross
section, assuming that the effect of flow between sections is small. This has been shown to be
a fairly good assumption for typical commercial hull forms, but must be questioned for high

forward speeds. Alternative approaches include using a three-dimension panel
approximation of the hull form, or extending the strip theory approach to account for some

of the interaction between sections, the so-called 2 ¥2-dimension approach that has been used

previously[90, 95].
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Linear solutions are typically performed by changing from the time domain to the
frequency domain, resulting in a response amplitude operator (RAO) for each response of
interest. The RAO shows the response, linearized by wave height, for incoming waves of

various frequencies of encounter. A sample vertical bending moment RAO is shown in

Figure 9.
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Figure 9: Sample RAO

With the RAO determined, it is straightforward to calculate the response in a
complex sea-state composed of many different wave lengths, and hence frequencies. Such a
sea state can be represented by a spectral density function or sea spectrum. This requires
that the sea state is assumed to be restricted to a given location and a short duration, such

that all of the amplitude components are constant. The spectral density is typically measured

in m2sec plotted against frequency, similar to the RAO shown in Figure 9. The sea spectrum
can be thought of as a representation of the amount of energy contained in waves of various
frequencies in the sea state, and the summation of all of these wave components results in
the complex wave elevation profile observed at sea. Using theories of linear superposition
originally developed for electronic instruments and communications[34], it is possible to

determine the response spectrum for a given ship in a given sea state, from the RAO and the

sea spectrum. The response spectrum is given by:
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S¢(@) = RAO(@)*S,, (o)
Where :
Sr (@) 1s the response spectrum at frequency w Equation 12

RAO(w)1s the RAO at frequency
S\, (w) 1s the wave spectrum at frequency @

As can be seen, the RAO does not need to be recalculated for each sea state of interest,
as a result of the assumption of linear response. This allows many potential cases to be

examined quickly. The moments of the response spectrum are typically calculated in place of
the of the spectrum itself, although care must be taken to be sure that both the wave
spectrum and the RAO are expressed in the frequency of encounter experienced on the
vessel, or a variance-preserving transform is applied to the integral used to determine the
moments. With the moments of the response spectrum determined, statistical information
on the response can than be determined from the response moments. The assumption of
linearity in the response means that the load level at any point in time will follow a Gaussian
distribution. If this linear assumption is combined with the assumption that load response is
a narrow-banded response, then the distribution of the individual peaks of the response will
follow the Rayleigh distribution, and the probability that any individual response, Fp, will

be higher than the a given response, r, can be computed from the zero moment of the

response spectrum (area) my:

2
]
F =exp —-—{ d } Equation 13

P ) ‘\/_n1_0'

While this approach is fairly straightforward to implement, the linear assumption
made at the beginning of the approach means that the method cannot predict all of the

significant aspects of the response, such as the difference between hogging and sagging

bending moment responses. To include such non-linearites, one alternative is to return to

the time domain, and carry out non-linear numerical calculations there. The disadvantage of
such an approach is that the load estimations must now be based on statistical analysis of the
predicted motions and loads which are then sensitive to the length of time the model has
been run for and the details of the wave elevation trace used in the numeric simulations. An
alternative approach is to return to the distribution of the load, and assume that the non-
linearities induce only a small deviation from the Gaussian response, and thus by modifying
the skewness and kurtosis of the distribution the non-linear effects may be included(78].
Jensen and Mansour[91] developed a closed-form expression for the long-term loading on
ships, including estimating the skewness of the response based on the bow flare, speed,

heading, and sea state in question. Using Gram-Charlier series or Hermite transformations,
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the statistical properties of the peak loads may be obtained without resorting to time-domain
analysis[78, 91]. Jensen and Pedersen[88] presented a second-order strip theory that includes
the dominant non-linear effects, and can be used in a similar fashion.

An important note about including non-linearities in this way is that the springing, or
a whipping and subsequent ringing response after a slam, are not included unless the hull
form is modelled as flexible in the hydrodynamic formulation. These responses are typically
at a higher frequency than the wave encounter frequency, and can combine with the wave-
induced bending moment to result in a higher bending moment. They can also contribute
additional load cycles for fatigue damage, and may make the load spectrum more broad
banded. Many load prediction techniques have been extended to include flexible hulls[87,
88, 95]. Sikora presented empirical formulation to include whipping and ringing[92-94, 96],

as did Jensen and Mansour[91].

2.4.2.2 Combination into Lifetime Load Response

Following the approacﬁes discussed above, it is possible to estimate the response of a
given load component in each particular operating condition. However, any vessel will
experience many such conditions over its lifetime, and a technique is needed to combine all
of the conditions in a logical manner. The goal of such an approach is to do this combination
once, so that the resulting load spectrum can then be fitted by a single probability
distribution which can then be used for the structural design work. The method presented in
this section is based upon the “Lifetime Weighted Sea” method presented by Hughes[21]

which is similar to the discussion in Section 4.4 of Jensen[78]. This attempts to determine the

overall load profile on the vessel, which can then be used for both fatigue analysis and hull-

girder ultimate strength analysis.

The approach taken combines the response in each condition via weights for the
relative time of exposure in each condition. This requires knowledge of the probability of
the vessel encountering each condition. There are five main variables than need to be
considered when defining each condition, ship loading condition, ship speed, ship heading
relative to the waves, wave height, and wave period. For HSVs in this work, it was assumed
that the difference between loading conditions was small enough to be neglected in the
analysis. Ship speed and heading are clearly related to wave height; in higher wave heights
the vessel may slow down and adopt a particular heading relative to the waves. The
relationship between speed, heading, and wave height is typically represented through an
operational profile, which list the probability of each speed, heading, and wave height

combination occurring. The wave environment is typically represented through a scatter
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diagram, which lists the relative probability of significant wave heights and periods

occurring.

HSVs typically operate under restrictions where the vessel is only allowed to sail in
certain sea states. Additionally, some HSVs are fitted with an accelerometer to warn the
crew when the loads on the vessel are becoming excessive. Thus, both the scatter diagram
and the operational profile must be modified to account for these restrictions. Typically this
could consist of removing most of the high sea-states from the scatter diagram, and keeping
a few near the upper limit of the vessel’s operational profile. If caught out in one of these sea

states, the vessel could be assumed to slow down to minimize the loading. An initial study
in this area undertaken by the author has shown the way these operational restrictions are
modelled, and how carefully the crew adheres to the requirements, may influence the load

profile on the vessel significantly[97]. Thus, some care should be taken in the choice of

scatter diagram and operational profile.

With the operational profile and scatter diagram determined, the lifetime load
spectrum of a particular load response can be estimated by a weighted-combination of all the
individual responses in the individual conditions. The computational procedure for doing
this is shown below, making use of the assumption of linear response and a narrow-banded
process. Non-linear effects can be readily included into the same framework by adjusting
the probability calculations shown in the framework to include effects such as non-zero
skewness, different kurtosis values, and non-zero bandwidth as discussed above. The
calculation requires a scatter diagram listing significant wave height(Hs) and period(Tz)
combinations, an operational profile, and the response amplitude operator(RAO) for each
speed and heading combination. The calculation procedure contains three main blocks, first
the statistical properties of the load response are determined in each condition, along with
the probability of each condition occurring. These are recorded for future use. The second
block determines the number of load cycles experienced in each condition. The third block
calculates the response magnitude with various probabilities of exceedance, so that an
analytical distribution can be fitted to the measured response for future use. In this
approach, the Weibull distribution is used for this fitting, as it has been shown to be a good
fit for the long-term loading on ships[79]. This approach was coded as part of the computer
program created in this thesis which is explained in more detail in Appendix A, although in

the end this code was not used for reference vessels in this thesis as the assumption of linear

response was felt to be too restrictive.

BLOCK 1

e For each wave height in scatter diagram:
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o Make alist of speed, heading, RAO, and probability values from
operational profile at this wave height
o For each period in scatter diagram at the current wave height:

* Find the sea-state (Hs/Tz) probability of occurrence from the
scatter diagram
= Generate a wave spectrum for this sea state
* For each speed/heading/RAQO combination in this sea state:
e Find the net probability of occurrence of this condition
e (alculate the response spectrum by Equation 12
e C(alculate the area and first four moments of the
response spectrum
e Record the net probability and moments in a table of
Hs/Tz/Speed/Heading combinations
BLOCK 2

e Foreach row in the Hs/Tz/Speed/Heading table:
o Find the total time spent in this row by multiplying the net probability

by the lifetime operating hours
o Find the average zero-cross period from the area and second moment

of the response spectrum. For a narrow-banded process, this is the

same as the peak rate:

m
T, =2n |— Equation 14
m,

o Find the number of response cycles in this table row by dividing the
operation time in this row by the zero-crossing period, and append

this to the table row

e Find the total number of cycles by adding up the cycles in each row

BLOCK 3

o Iterate to find the load response levels with an overall probability of
exceedance, F of 10! and 108 by root-solving the total probability of a given

response determined by the weighted average of the probabilities in each

condition:
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1 Num _ Conditions

2
1{ r
F(r) = N, 11.0—-exp| =——| —
( ) NZ_TataI Z “ p[ 2(5 J J

i=l rt

Where :
] ' - Equation
r : Load level to determine cumulative probability at 15

N, : Number of peaks in the current condition

N; 1014 - Total number of peaks

s,; :Standard deviation of the response specturm in this condition, ,/m,

e Generate the probability of exceedance for 20 evenly spaced response blocks

between the response at probability of exceedance levels of 10! and 1038 via
Equation 15

e Fit these 21 points with a Weibull distribution, using a minimization routine

to minimize the sum of the square of the difference between the natural log of
the calculated response exceedence probability and that of the Weibull
distribution.
A final point which should be made in regards to this approach is the fitting of the
Weibull distribution. By fitting evenly between 10! and 10 cumulative probabilities, the
approach here is attempting to obtain a distribution that will be equally applicable for

fatigue strength, which depends on the more frequent loads, and ultimate strength which
depends on the highest value of load in the vessel’s lifetime. It is useful to plot the actual
probabilities and the Weibull fit over the entire probability range, to be sure that the fit is
good in both regions before proceeding. An alternative approach would be to use separate
Weibull distributions for fatigue and ultimate strength, and adjust the fitting routine so that
the best fit is in the region of most interest for each type of response. For fatigue calculations,
DNV specifiy that stress ranges should be determined at approximately 10+ probability of

exceedance. These stresses contribute the most to the lifetime fatigue damage, so errors in
fitting the Weibull slope parameter using 10+ as a reference probability level cause smaller
errors in the resulting fatigue damage calculations[98]. Heggelund et al.[95] showed that
fitting the Weibull distribution over different stress ranges could lead to a 10% difference in
calculated fatigue damage for a high-speed catamaran, while Jensen and Mansour[99]
showed the including whipping in the long-term load spectrum for an FPSO meant that a

single Weibull distribution was not longer a good fit for the lifetime bending load spectrum.
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2.4.2.3 Load Combination

The final subject which must be touched on is load combination. In this thesis,

attention was restricted to global vertical hull girder bending moments. In the general case,

1t is necessary to combine several sources of loading. If the complete RAOs are available
and the structural response is adequately modelled by linear response, it is possible to use
the phase information in the RAOs to logically combine the different load components.
However, this may not always be the case, and more empirical load combination procedures
may be required. For fatigue analysis on conventional craft, DNV[98] assumes low
correlation between vertical and horizontal bending moments, combining these with a
correlation coefficient and a root-sum-of-squares approach. For combining local lateral loads
and global bending, a simple linear combination is recommend taking maximum of 60% of

the local plus the global load, or 60% of the global load plus the lateral load. Information on
applicability of these approaches for HSVs is currently limited.

Such load combination factors can also be used to combine the various parts of the
global response where they are not combined in the load prediction methodology, such as
whipping and wave induced bending. Such an approach allows linear RAOs to be used to

generate the response in each condition, or indeed the long-term response, and then for the

non-linear effects to be incorporated after, via simplified approaches if necessary. This is the
basic structure of Jensen and Mansour’s simplified approach[91], and Mansour[100]

discusses the use of such combination methods in a reliability-based setting.

2.4.3 Reference Vessels

For use with the structural reliability approaches introduced later in this thesis,
loading information was determined on two reference vessels broadly representative of large

HSVs. Attention was focused on vertical bending moment loading, and the other

components of loading discussed in Section 2.4.1 were excluded. This simplification was
made to reduce the complexity of the load estimate, not because the other sources of loading
were assumed to be unimportant. Indeed, for the relatively short overall length of current
HSVs, local loads are expected to be significant in determining the final scantlings. With this
approach, the load determined can be viewed to be representative of the load experienced by
the top deck of a HSV near centreline. Typically this is a passenger-only deck, and hence the
lateral loading, machinery loading, and horizontal bending moments would all be expected
to be small. Two vessels were considered, a nominal 120m catamaran which loading data

was previously published for, and a hypothetical monohull. Each of these will be presented

in turn.
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2.4.3.1 120m Catamaran

The long-term stress distribution at several locations in a nominal 120m catamaran
was presented at the 3¢ International Forum on Aluminium Ships by Heggelund et al[95].
The catamaran’s overall dimensions were based on Stena Line’s HSS 1500 design, and the
detailed section shapes of the hull were taken from a series of high-speed hullforms tested by
Blok and Beukelman[101]. A modified version of the VERES program, a 2 ¥2-dimensional
strip theory modified for high-forward speed effects was used, this modification included
the effects of hydro-elasticity. A course global finite element model was constructed to
estimate the dynamic response of the hull structure. The vessel’s speed was assumed to be
31.6 knots, and a DNV scatter diagram Sc2, with a 10% probability of exceeding a 4m
significant wave height, was used. 6700 operating hours a year were assumed, which at over
18 hours a day seems high for most ferry HSV operations. No speed reduction was used at

higher wave heights in the scatter diagram. The long-term stress distribution in the deck

was fitted with a Weibull distribution, the Weibull parameters are shown in Table 7.

Table 7: Long-Term Nominal Loading in Deck, Heggelund et al.[95] Catamaran

Weibull Scale Parameter Weibull Shape Parameter Number of Cycles
| MPa

1.32 MPa 0.93 1.6-1.8*108

2.4.3.2 150m Monohull

To complement the catamaran presented above, and investigate a longer HSV, a
hypothetical monohull was also created. The vessel was had a design length of 150m, based

on model 5, from Table Two of Blok and Beukelman[101]. This yields a much larger vessel
than vessels typical of today’s HSVs, with a total displacement just over 5,400 metric tons.
The vessel’s required section modulus was estimated by the DNV HSLC Rules[102], again

considering global loading only. The design speed of the vessel was 40 knots, and the same
DNV scatter diagram, Sc2, used in the catamaran study was used for this vessel. Satisfying

the global bending requirements leads to a required deck section modulus of 21.5m3 While a

detailed structural design was not completed for this vessel, given its length and speed, it

would be important to check that the vessel’s moment of inertia is sufficient to prevent

springing.
Long-term loading for this vessel was estimated by the approach developed by
Jensen and Mansour[91], using the Microsoft Excel spreadsheet that accompanied their

article. The default scatter diagram in the sheet was modified to the DNV Sc2 scatter
diagram. Additionally, a 5m significant wave height was assumed to be the highest
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operational condition at full speed. For wave heights above this level, the operational speed
was assumed to drop to 5 knots, representing a survival condition. The distribution of
headings within each sea state was estimated based upon profiles published by Sikora et
al.[94]. For the lower wave heights, bow quartering, beam, and stern quartering seas were all
assumed to be equiprobable at 25% probability, and head or stern seas were assigned a 12.5%
probability. In survival conditions, bow quartering seas were strongly favored, with beam
seas and stern seas excluded. The operational time per year was assumed to be 4,000 hours
and the vessel’s lifetime was estimated at 20 calendar years. A bow flare coefficient of 0.25
was used, as estimating this from the data in Blok and Beukelman’s paper was difficult.

Based on this approach, the Jensen and Mansour spreadsheet was used to estimate
the long-term vertical bending moment, both with the non-linear contribution included and
excluded. In the Jensen and Mansour model, the non-linear hogging stresses are not directly
calculated. These would be expected to be less than their linear values. Therefore, simply
doubling the non-linear response amplitude would probably overestimate the stress range
experienced by the hull girder for fatigue calculations. It is difficult to determine if the non-
linear estimate is a better prediction than a purely linear prediction for fatigue response. For
comparison purposes, both the linear and non-linear response, converted into stress at the
deck, are listed below in Table 8, and can be compared in the reliability formulations later in
this thesis. The difference is fairly small here, which may be a result of the fact that the
vessel operates in lower sea-states than the conventional vessels that the method was

originally developed for, and thus bow flare slamming may be less of an issue. The

expression for the skewness of the response distribution in Jensen’s and Mansour’s

formulation is linearly based on wave height and the relationships were originally derived

for much larger container ships.

Table 8: Long-Term Nominal Loading in Deck, 150m Monohull

Weibull Scale Parameter Weibull Shape Parameter Number of Cycles
MPa

2.5 Conclusion
This chapter reviewed supporting tools and data from areas that will not be

researched themselves in this thesis, but will be used to support the areas of research in the

chapters which follow. The metallurgical and mechanical properties of the 5000 and 6000
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series aluminium alloys used in typical HSVs were reviewed. The response of aluminium
was compared to steel; aluminium has a much lower elastic modulus than steel, and a
rounded stress-strain curve. The shape of the stress-strain curve changes with alloy. Both
the 5000 and 6000 series alloys gain their strength from treatments which are partially
removed by welding. The HAZ around welds is therefore an area of reduced strength. This

reduced strength can lead to the phenomenon of strain concentration, where the strains in a
welded aluminium structure build up disproportionately in the welds, leading to a more

brittle overall response from the structure.

The fundamentals of reliability analysis were reviewed. Typical distributions used to
model load and resistance variables were presented, followed by a discussion of the various
solution techniques for limit state equations. Direct Monte Carlo methods were reviewed,
including the need for good-quality random numbers, and techniques to verify convergence.
The FOR approach was reviewed and an algorithm presented to rapidly estimate the safety
index, B, of a given limit state equation. More advanced reliability techniques, including
second-order formulations and response surface orientations were briefly noted. The
loading on HSVs was also investigated, the total loading was shown to be composed of
many different types of loads, including hydrostatic, hydrodynamic, vehicle, and machinery-
related loads. The hydrodynamic loads were focused on, and methods for predicting these
loads were reviewed. A calculation method for the “Lifetime Weighted Sea Approach™ was
presented, and then vertical hull girder bending loads were presented for two reference
vessels, a 120m catamaran from the literature, and a new hypothetical 150m high-speed
monochull. The techniques presented in this chapter for material response, reliability

calculations, and vessel loading will be referred to from later chapters to support the analysis

of aluminium stiffened panels.
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CHAPTER

“To obtain a safe and economic structure, the limit-state-based
capacity as well as structural behaviour under known loads

must be assessed accurately”
[20]

Ultimate Strength: Analysis and Extension of
Existing Tools

3.1 Introduction
One of the most significant limit states in reliability-based design of ship structures is

the ultimate strength of the individual stiffened panels that comprise the vessel’s structure.
The strength of these panels determines the overall strength of the vessel’s hull girder[2].
Additionally, the failure of any one of a vessel’s stiffened panels is a significant structural
collapse in its own right. Therefore, it is not surprising that the ultimate strength of stiffened
panels has received considerable attention in the design of steel vessels. Most of this
attention has focused on the behaviour of these panels in compression, as their tensile failure
can be closely approximated by the stress-strain curve of the steel alloy used to fabricate the
panel. However, few aluminium-specific methods have been investigated in the marine
industry.

Therefore, it was decided to perform an investigation of suitability of the existing
tools for predicting the ultimate strength of ship-type aluminium stiffened panels; as well as
possible extensions to these existing tools to account for the aluminium-specific aspects of
the response. While examining the response of stiffened panels is the ultimate goal of this
chapter, it is impossible to completely separate stiffened panel response from the response of
the individual plate components of the panel or the response of the overall hull girder. To
address these interactions, sections are included on the strength of un-stiffened plates, and
the influence of stiffened panel behaviour on overall hull girder response. Additionally, the

use of these ultimate strength predictions in reliability formulations is discussed. Parts of the

work presented in this chapter have been previously presented in a Safety@Speed internal
report[103] and at the FAST 2003 conference[104]. The literature review is presented in the

following section. The response of plates and stiffened panels are presented in Sections 3.3

and 3.4 respectively, dealing with both compression and tensile response and the various
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prediction methods. The impact of the performance of plates and panels on the overall hull
girder is investigated in Section 3.5, while reliability formulations are discussed in Section

3.6. Section 3.7 presents the conclusions regarding ultimate strength behaviour.

3.2 Literature Review

A literature review was conducted at the start of the research into ultimate strength to
identify prediction methods and test data that would be useful in reviewing and extending
ultimate strength prediction methods to aluminium. As the ultimate strength of :stiffened
panels plays such a central role in the overall ultimate strength of ships, there is an extensive
body of research on the subject. However, at present there is substantially more information
on steel structures, typical of large ocean-going vessels, than on aluminium structures.
Furthermore, many of the aluminium methods share their approach with techniques initially
developed for steel; so it makes sense to include works relating to both materials in this
review. Therefore, the review below presents a selection of the significant papers in steel
structures along with the papers on aluminium construction in chronological order, so that

both the overall development of the field and the details of the current approaches to

aluminium are covered.

In addition to the papers cited below, there are several useful books on the ultimate

strength of stiffened panels that are good overviews of the topic and contain further
reference material. While focused on steel, Paik and Thayamballi’s[20] Ultimate Limit State
Design of Steel Plated Structures is an excellent overview of the ultimate strength prediction for
stiffened panels and overall structures. For buckling collapse of any metal structure,
Galambos[105] Guide to Stability Design Criteria for Metal Structures is an excellence reference.
For aluminium-specific works, Sharp’s[9] Behaviour and Design of Aluminum Structures and
Kissell and Ferry’s[49] Aluminum Structures: A Guide to Their Specification and Design are
excellent overviews of all areas of structural design, including ultimate strength in
compression and tension. These two works are excellent for explaining the background of

the formulations found in the U.S. Aluminum Association’s{53] Aluminum Design Manual,
which includes the Associations” Specification which serves as a design code for aluminium
structures in the United States. In a similar vein, Mazzolani’s[50] Aluminium Structural
Design is also an excellent reference work, some of which serves as the background for parts
of the European Eurocode 9[60] civil engineering design code for aluminium structures. The
Eurocode 9 is also based in part on a preceding British standard, BS 8118[61], which is also a

valuable source of information on aluminium design.

Concern over predicting the ultimate strength of ship hulls and their components has

been expressed by naval architects for well over one hundred years; Rutherford and
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Caldwell[3] mention historical calculations and discussion of the ultimate strength of ship
hulls as far back as 1852. In the first half of the twenty century, several surplus destroyers
were tested to collapse to investigate their overall strength and the buckling strength of their

plate components[106, 107]. In a roughly contemporary timeframe, both the shipbuilding
and aircraft industry developed an interest in the ultimate strength of aluminium plates and
panels. The U.S. National Advisory Committee for Aeronautics (NACA), the forerunner of
the present NASA, published a series of reports on the compression behaviour of aluminium
plates and stiffened panels typical of aircraft structures[108-110]. At the same time,
aluminium was in widespread use for the superstructures of large ocean liners, as the lower
topside weight allowed more passenger space for the same vertical centre of gravity as a
steel superstructure. To address the strength of these such superstructures, Muckle carried

out a series of compressive collapse tests on un-stiffened plates[111], these test results were

further analysed by Snaith[112]. Clark and Rolf[113] presented design formulas for the
buckling of plates, columns, and beams for aluminium in civil engineering applications,
summarizing several NACA publications and internal research carried out at the ALCOA
company. These approaches were further extended to reliability-based LRFD equations by
Chapuis and Galambos about 15 years later[114, 115].

In 1965, Professor Caldwell published a paper titled “Ultimate Longitudinal
Strength”[28], which is often viewed as the start of the present analysis of the ultimate
strength of ship hull girders. Caldwell’s approach was to start with the standard plastic
bending moment capacity of the hull girder, and adjust it by a series of reduction or knock-
down factors that account for the buckling of the structure in compression before it reaches
its full yield stress. Such an approach is highly simplified, and implicitly assumes that
buckled panels do not undergo any further reduction in strength as the applied strain
increases after they fail. Despite its simplicity, Caldwell’s approach gives an understanding

into the fundamental issues which are associated with predicting ultimate strength,

including the importance of the compression response of the ship’s panels.

Determining the compressive response of steel stiffened panels became a major area
of research, driven both by the marine field and the civil engineering field, where
unexpected compressive stiffened panel failures occurred in four different box-girder

bridges in Vienna, Milford Haven, Melbourne, and Koblenz between 1969 and 1971[116].

Several experimental test programs were carried out on steel stiffened panels, ranging from
small-scale models to full-size panels several stiffeners wide and several frame bays long.
Murray reported on test from Monash[117] while Horne et al. reported on work from

Manchester[118, 119] . Faulkner[120] reported on an extensive test program on tee and flat
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bar stiffened panels while Smith[121] reported on the test results of several large ship-type

grillages four to five frame bays in length, under both axial compression and compression
and lateral pressure. There have been several other test programs, mostly smaller than those

listed above. A listing of these programs can be found in several of the papers developing

empirical methods from test data[35, 116].

Several analysis techniques for the compressive collapse of stiffened panels were
developed along with these experimental programs. Faulkner presented analysis methods
for both un-stiffened plates[122] and grillages[123, 124] for predicting the ultimate strength
value. Murray developed a similar method with a slightly different approach[125], as did
Hughes[21], who also included lateral pressure. These methods share a common approach
of idealizing the stiffened panel as a series of identical beam-columns, each beam-column
consisting of a stiffener and attached plating. Each method proposes corrections for the
buckling of the plate and the potential for inelastic buckling of the entire beam-column out of
plane, and in these details the methods differ. The use of various finite element and finite
difference computer programs for the analysis of the non-linear collapse of stiffened panels
became common at this time, with several alternative formulations proposed. Using such an
approach, Smith[2] developed estimates for the entire stress-strain curve of stiffened panels
in compression taken from the hull of a naval frigate. Smith then proposed a novel method
for estimating the ultimate strength of the midship section of the vessel. The midship
section was divided into small panels, and a stress-strain curve was generated for each panel.

Then, by assuming the panels acted independently, and that plane cross-sections of the

vessel’s hull girder remain plane, Smith demonstrated the moment-curvature response of the
midship section could be traced by applying incremental curvatures to the cross section, and
integrating the response of the individual panels about the instantaneous neutral axis.

This approach has been implemented by many authors since Smith’s paper, including
a program developed by Adamchak for the U.S. Navy[126] based upon beam-column
analysis to develop the compressive stress-strain relationship of the stiffened panels in the
hull. Dow et al.[127] presented the result of Smith-type analysis applied to several
experimentally tested box girders and the Albuera, a British frigate experimentally tested to
collapse. The stress-strain curves for the elements of these structures were determined from
a incremental non-linear finite-element approach also developed by Dow[128].
Rutherford[36] presented another beam-column analysis for determining the compressive
stress-strain curve of stiffened panels. Chen[129] investigated using nonlinear finite element
analysis to determine the ultimate strength of ship hulls, while Udea et al[130] developed the

idealized structural unit method(ISUM) which uses an approach similar to finite elements,
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except the elements represent a much large piece of the structure, typically entire plates or
stiffener-plate combinations. These approaches reduces the computational complexity of the

problem significantly, allowing more complex structures to be tackled with the same

computing power.

While most of the marine work at this time focused on steel vessels, similar work was
being carried out for aluminium in other fields in the early 1980s, albeit on a smaller scale.
Little[131, 132] modified an approach he developed for steel for the analysis of aluminium
plates in compression, including the effect of initial deformations and the non-linear stress-
strain curve of aluminium. These approaches are based on an energy minimization
technique. The compressive strength of such plates was investigated experimentally
Mofflin[45], who also evaluated several numeric methods, including Little’s work discussed
above. Clarke and Swan carried out compressive collapse tests on stiffened aluminium
panels[133, 134] and performed numerical simulations of the results with Dow’s method for
stress-strain curves. This was done by replacing the actual aluminium panel with an
fictitious steel panel selected to have the same plate elastic slenderness parameters.

Further work on the response of steel structures took place in the late 1980s and early
1990s. Herzog[116] summarized the steel plate and stiffened panel tests to date, and
proposed regression formulae for predicting the ultimate strength of such structures.

Rutherford and Caldwell[3] investigated the actual collapse of the VLCC Energy

Concentration, using the Smith approach and Rutherford’s beam-column formulation.

Several other beam-column formulations for Smith-type approaches were also proposed

about this time, one proposed by Gordo and Guedes Soares was based on Faulkner’s
equations for the strength of plates and stiffened panels[31, 135, 136]). Rahman and
Chowdhury[30} develop a method based on Hughes’ ultimate strength approach and aspects

of Adamchak’s compressive stress-strain curve. Nielsen developed a beam-column

methodology as well[32]; Yao and Nikolov[137, 138] also developed a similar methodology
with a different approach to generating the stress-strain curve. Dow[139] presented the

experimental results of a collapse test on a 1/3 scale model of a frigate, which was then used

as the bases for an ISSC benchmark study lead by Jensen[24]. This study compared several
different approaches to estimating the compressive stress-strain curve of the components of
the hull girder and the overall moment-curvature relationship of the hull girder. This

included several beam-column Smith-type approaches, finite element analysis, and the ISUM

approach. The results showed significant scatter between the methods, both for the response
of the panels and the overall response of the hull girder. Research into the response of steel

panels and steel has continued, with increasing focus on the effects of corrosion and local
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damage on the response. This work has limited applications to aluminium and will not be

reviewed here, however references and discussion can be found in the report of Committee

I11.1 of the International Ship and Offshore Structures Congress[25-27] and a recent review
article by Yao[140].

The increased use of aluminium in high-speed vessel construction in the early 1990s
and the development of the Eurocode 9 design code lead to an increased amount of research
into aluminium plates and panels during this time period. Hopperstad et al.[141] tested
plate outstands in compression, and compared the results to non-linear finite element
predictions with the ABAQUS program, as well as comparing Mofflin's experimental plate
tests to ABAQUS results, with good agreement observed. Kristensen[46, 142] investigated
the response of un-stiffened simply-supported aluminium plates with ABAQUS, examining
axial compression, biaxial compression, shear, and combined loading cases. Several
different alloys were used, and the effect of HAZ around welds was investigated by
modelling including various HAZ locations and widths. Herrington and Latorre[143]
carried out experimental and numeric tests on an aluminium panel of “floating frame”
design where the transverse frame is not attached to the shell plating, but only to the
stiffener flanges. Under lateral pressures, such construction performed well, although
potential fatigue problems were mentioned by the authors. Tanaka and Matsuoka[144]
experimentally investigated the strength of aluminium panels formed from extrusion with
variable thickness. Zha et al.[62, 145, 146] experimentally investigated the compressive

strength of flat-bar stiffened panels that were sized to fail primarily via stiffener tripping.
Aalberg et al.[59] performed similar tests on extruded panels from 6082 aluminium, with

both L-shaped stiffeners and closed stiffeners. Abildgaard et al.[147] examined the strength
of welded aluminium plates, in both compression and out-of-plane loading, comparing the

results to finite element predictions with LS-DYNA.

Several other purely numerical studies have also been published recently. Rigo et al.
[39] published a sensitivity study on the ultimate strength of aluminium panel based on a
benchmark study carried out for the Ultimate Strength Committee of the 15% ISSC. Using
the same extrusion cross-section as Aalberg et al.’s experimental work, several different finite
element codes were compared to predict the compression collapse, with good agreement. A
sensitivity study was then carried out to investigate the effects of the volume of the HAZ, the
locations of the HAZ including transverse welds at mid and quarter span, residual stresses,
initial out-of-plane deformations, and material properties. The location and size of the HAZ
seemed most significant, especially for transverse welds at mid-span, with the other factors

having smaller impacts on ultimate strength. Paik and Duran[38] performed a parametric
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analysis of tee-stiffened panels and un-stiffened plates with 5000-series aluminium, fitting
empirical regression equations to the results. Xiao and Menzemer[148] investigated the

response of plate elements via the ABAQUS software, by numerically testing stub H-

columns in compression, comparing the results with Mofflin’s test and the U.S. Aluminum
Association Specification, with good agreement observed. Setta et al.[149] proposed an initial-
yleld ultimate strength model based on a Perry-Robertson approach, with good agreement
shown between the proposed models and the tests of Zha and Moan[62] and the test
program carried out by Tanka and Matsuoka [144]. It is clear that the performance of
aluminium panels has received increasing attention in the last 15 years and the recent work

has begun to shed some light on the issues which influence the design of these panels.

However, there are still many unanswered questions for the designer.

3.3 Response of Plates
While the objective of this thesis is to develop structural analysis methods for the

response of stiffened panels, it is logical to start the analysis of ultimate strength behaviour
one level lower, with the individual plate elements of the panel. The response of these
elements is traditionally considered the tertiary or lowest level of structural response for
ship-type structures[34]. As such, accurate predictions of the response of individual plates is
crucial in developing accurate response predictions for the higher levels of structural

response. Additionally, investigating response of individual plates, while still a highly-
complex undertaking, is simpler than investigating the response of stiffened panels and the
overall hull girders. In this section, the response of individual plate elements in compression

and tension will be developed. As discussed in the introduction, attention is focused on the

axial compression and tension behaviour of these structures. The response of plates to each

of these types of loads will be investigated in turn.

In traditional steel vessel design, the compressive response of plates is the critical
response requiring analysis. In compression, buckling typically prevents the individual
plate elements from reaching their full yield strength. Thus, understanding the buckling
behaviour of thin-walled structures is essential to understanding their compressive strength.
Such buckling has been the subject of study for over 100 years now, with the elastic buckling
equation for a simply-support plate being determined by G.H. Bryan in 1891[21]. In this
section, the compressive response of aluminium plates will be investigated. Previous
experimental results of the compressive collapse of aluminium plates will be presented first,

followed by four options for predicting the ultimate strength of these plates and an analysis

of their performance. A similar investigation and comparison will then be made for methods

capable of predicting the entire load-shortening curve of the plate’s compressive response.
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After examining the compressive response, the tensile response of welded plates will be

investigated to see if the strain concentration effect in the HAZ discussed in Chapter 2 will

be of significance for the response of plates typical of HSV construction.

3.3.1 Experimental Results

There have been several experimental investigations into the buckling performance of
aluminium plates in both the marine and aerospace industries, complemented by extensive
theoretical studies. The first major study of note for marine structures was a series of plate
compressive collapse tests carried out by Muckle in the United Kingdom[111]. This work
was carried out in the late 1940s, sponsored by the Aluminium Development Association in
the U.K. Unfortunately, the alloys used by Muckle are no longer in production, and the
focus of the tests were for transversely-framed vessels made of riveted construction. As a
result, the experimental results are of limited interest for the HSVs of today. The alloys
tested by Muckle were the British N6 and N5 alloys, where the primary alloying element is
5% and 3% Magnesium, making the alloys roughly equivalent to today’s 5000-series

aluminium. The plates were tested in uni-axial compression, with the loaded edges of the
plates clamped between a pair 6”"x4"x3/4” steel angles and the longitudinal edges left free.
The principle dimensions varied in the test program was the thickness to length ratio. Such a

test set up is broadly representative of the response wide plates loaded in compression,
typical of transverse framing common for ship construction in the 1940s, but unusual today
as the buckling strength of such construction is significantly less than longitudinal framing.

Indeed, the theoretical discussion presented in the paper concentrates on plates where the

width of the plate exceeds eight times the length of plate.
Muckle tested forty plates of the N6 alloy in the work-hardened condition, and 5

were tested in the annealed condition. Five specimens of the N6 alloy were tested in both the
work-hardened and annealed condition. Muckle also made limited tests on plates made of
the clad Duralumin alloy, which is roughly equivalent of today’s 2000-series alloys, with an
additional external coating to improve corrosion resistance. A further group of tests were
also performed on wide riveted plates with longitudinal riveted seams running parallel to
the applied loading, with clinker, in-and-out, and joggled riveting arrangements. Extensive
theoretical discussion of buckling is also presented, which is further extended in Muckle’s
book on aluminium ship structures[8], and a further paper by Snaith[112]. While Muckle’s
work is of significant historical interest, the alloys, aspect ratios, and boundary conditions

make Muckle’s experiments of limited use to validate methods designed for welded,

longitudinally-framed HSV structures typical of today.
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Experimental results for long plates in the aerospace alloys 2014 and 7075 was
reported by the U.S. National Advisory Committee for Aeronautics (NACA, presently
NASA). Andersen and Anderson[110] tested thin (1/16” or 1.6mm) plates with breadth to
thickness ratios ranging from 15 to 60. The configurations had simply supported
longitudinal edges, partially clamped loading edges, and were in configurations so that at
least 5 buckling waves could form over the length of the plate. These test results were
complemented by test results for a plate with one longitudinal edge left free, determined by
testing of short cruciform sections of 2014 alloy by Stowell[109]. Similar to the Muckle tests,
these tests do not correspond well to modern HSVs, the alloys are not in the same series as
the alloys used on HSV, the sheets were thinner than the plating used on HSVs, and thus
may not have had the same initial imperfections as thicker sheets. Despite these limitations,
these tests were used to form the basis of the plate buckling strength method adopted by the
U.S. Aluminum Association in their Aluminum Design Manual, which has proven successful
for a wide range of structures.

One of the largest and most relevant experimental programs into the compressive
collapse of aluminium structures is a series of 76 plate compressive collapse tests carried out
by Mofflin[45, 150] at the University of Cambridge. This test investigated two of the most
common alloys for HSV construction, the 5083 and 6082 series alloys. The tests were
especially comprehensive, with the influence of out-of-plane deflection, longitudinal welds,

and transverse welds separately investigated. The 76 plates tested covered a non-

dimensional plate slenderness, 3, range of 0.86 to 5.47. Bis defined as

b |o
ﬂ"?\/;

Where :
b Plate width Equation 16

¢t Plate thickness
o Yield stress(steel) 0.2% offset proof stress(aluminium)

E Elastic modulus
Note that the definition of B used in Mofflin’s work has been multiplied by 1/1.92 compared

to the definition of B used in the present work, the figures that follow have been adjusted to
conform with the B used elsewhere in this thesis. This corresponds to b/t ratios between 20
and 85. The plates were all approximately 6mm thick, and were four times as long as their
breadth. They were tested in a IMN compression testing machine. This testing machine
used a series of “fingers” to support the long, unloaded edges of the plate during the testing.

These devices restrained the out-of-plane deflection of the plate, while allowing rotation and

the plate to pull in its own plane. The transverse edges were partially clamped to ensure
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good load transfer. However, the effect of this clamping on the ultimate strength of the plate

was estimated by Mofflin as less than 5%, as the plates were quite long, and the rotational

restrain was only partial.

Each test specimen was cut from a group of nine large plates, which were also used
for material property tests. The 5083 plates were supplied in the -M temper, this is basically
an “as-milled” temper, with no requirement for a specific proof strength. The 6082 plates
were in a fully heat-treated temper (TF), with a 0.2% offset proof stress of about 290MPa.
Several samples were taken from each of these large plates, and the material properties were
determined by compression tests, which should properly account for any difference between
tensile and compressive properties in the 5000 series alloys. Overall, the results were fairly
consistent within each plate, with variations less than the 3% for proof stress, and 10% for
elastic modulus. One of the 5083 plates had a much larger variation in proof stress, between
115 and 160 MPa in the same plate. A part of one of the 5083 plates was fully annealed, to
reduce it to a -0 temper before plates were cut out of it for testing. After annealing, the 0.2%
offset proof stress was only 91 MPa, well below the grade minimum of 125 MPa for this
alloy. This situation is not unique, in the A.R.E. panel tests review below, one particular
stiffener made out of 5083 alloy suffered a similar problem. While there was some variation
in elastic modulus, Mofflin adopted the standard value of 70,000 MPa for his analysis of the
result.

Mofflin’s test programme included analysis of the effects of welding and initial out-
of-plane deformations. To simulate longitudinal welds, TIG welding passes were made at
the edge of the panel without adding any filler metal. The heat input was equivalent to that
required to produce a fillet weld with a 3mm or 4mm leg, thus giving two different heat
input values. To simulate the effects of transverse welds at mid-length of the plate, a MIG

welding pass was made on top of the plate with a weld metal area equal to that of a single-

vee full penetration butt weld. The weld metal was then removed before compressive
testing. Measurement confirmed that residual stress had indeed developed in the plate,
roughly as expected by prediction techniques. No welds were placed at the transverse
(loading) edges of the plate. Initial out-of-plane deflection was introduced after welding,
and took the form of a “bump” in the centre of the plate, extended over roughly the middle

third of the plate’s length. Two different deflections were used, corresponding deflections of

0.001 and 0.005 of the plate width.
Mofflin’s experimental results are an excellent data source to validate methods for

predicting the behaviour of aluminium HSV structures. The alloys, boundary conditions,

and fabrications techniques used match those conventionally assumed for HSV analysis.
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Additionally, both ultimate strength values and stress-strain curves are available for the
plate results. As these data are quite extensive, they will not be presented in this thesis at
this time. After the presentation of the various prediction methods, the data required for
each comparison study will be presented as required. Readers are referred to Chapter 3 of

Mofflin's thesis[45] for a complete description of the test results.

3.3.2 Compressive Ultimate Strength Prediction

When investigating plate behaviour, the first question is often how much does
buckling reduce the ultimate compressive strength of the plate? Several methods have been
proposed for predicting the ultimate compressive strength of the plate, usually taking the
form of an equation or group of equations that relate the ultimate compressive strength to
the yield stress. These methods, in general, do not give information about the stress-strain
behaviour of the plate in compression, simply the maximum compressive stress which the
plate is capable of resisting. In this section, four different methods will be presented, and

then compared with each other and with the experimental results from Mofflin’s program.

3.3.2.1 Faulkner’s Approach

The first method is not an aluminium method, but rather a steel method originally

proposed by Faulkner which has shown good agreement with experimental results and has

been widely adopted in the marine industry[20, 122, 136). It takes the form of an equation

based on J3, the plate slenderness

In ~1.0 when g <1

Oy

gﬂ-=-—2—--—}7 when S 21

o, b F N
Where : quation 1

o, Mean stress in plate at failure
o, Plate yieldstress
[ Plate slenderness ratio

Faulkner’s approach is included in this comparison as it is a method that naval
architects may be familiar with, and comparing it to aluminium-specific methods may
highlight the difference between aluminium and steel behaviour. As is clear from the form
of the equation, this approach cannot account for the different shapes of the stress-strain

curve between alloys. Faulkner[122] extended this method to account for the residual

compressive stress induced by welds on the longitudinal edges of the plate for materials that

follow an elastic-plastic stress-strain curve. However, as this extension was designed for
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steel, it does not address welds at the transverse (loaded) edges of the plate, nor variations in

the yield stress of the plate . When implemented for aluminium, the 0.2% offset proof stress

was used in place of the yield stress, and Faulkner’s steel welding correction was not added

to the formulae.

3.3.2.2 Paik and Duran’s Approach

An aluminium-specific approach following a similar structure has been proposed by
Paik and Duran[38]. The equation is based on the results of non-linear finite element
analysis of 25 plates made of the new Sealium (5383-H116) alloy with the ANSYS finite
element package. The reduced strength in the HAZ around welds was included, as was
initial deformations equal to 0.009b, but no residual stresses. Their approach modifies the

slenderness value, B, for the plate based on the relative volume of HAZ material to base

material:
C
m 1.0 when B'<0.46
c.,
Om —_0.2158'+1.1 when 0.46 < B'<2.2
T,
I — -0.0834'+0.81 when B'>2.2
O-eq
Where :

o, Mean stress in plate at failure

o, Plate yield stress

ﬂ':g o'eq Equation 18
t U E

P

— P,
“  ab

Pp = (a -—2bp')(b ""'2bp')0'0 + 2 abp'+(b _2bp'}Jp'}70_HAZ
a Plate length

b Plate width
bp' Width of HAZ

o, Base material 0.2% offset proof stress
HAZ material 0.2% offset proof stress

O

Oo_ Haz
Note that this equation follows the form of the equation first presented at the RINA
Advance Materials conference[151], not the journal paper where the predicted strength was
non-dimensionalized by the proof stress of the HAZ, not the base material. The use of the
HAZ strength in the journal paper is believe to be an error. This equation is capable of

representing the effects of welding at the boundaries of the panel, though not in the middle
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of the panel. It will also account for the rounded shape of a 5000 series stress-strain curve,
though it may not be accurate for the 6000 series alloys which have a different stress-strain

curve.

3.3.2.3 U.S. Aluminium Association Specification

The U.S. Aluminum Association has published a Specification for Aluminum Structures
as part of the Aluminum Design Manual[53], which includes methods to estimate the
compressive strength of various types of plate structures. Flat plates supported on all edges
are covered in Section 3.4.9 of the Specification. The Specification divides plate buckling
behaviour into three different types of response, based on the breath to thickness ratio of the
plate. Stocky plates are allowed to reach the full yield stress, while plates of intermediate
slenderness buckle inelastically and highly slender plates buckle elastically, with allowance
for post-buckling strength. The three different zones of the response are shown graphically
in Figure 10 below, taken from Kissell and Ferry’s[49] book on aluminium design which
explains the basis of the Specification. The general form of the mean strength (without partial

safety factors) equations are given in Equation 19 for plates where post-buckling strength is

recognized.
Yield strength b e e e e e e — s . —— ——— o
' Inelastic buckling
: strength
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Figure 10: Aluminum Association Buckling Approach(reproduced from[44])
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o, =0,, When § <SS
c, =B, —DP(k-?) when §;, < S <S8,
k,|B,E
o, =-i—b“’--when S>S,
k=
{
Where :

_ . Equation 19
o,  Mean stress 1n plate at failure 1

0,, Plate compressive proof stress
B,, D,,k, Code material constants
S,9,,9, Actualslenderness and intersect points

§=2
{

k Edge support constant

The slope and intersects of the inelastic and post-buckling range are computed
separately for each alloy, and different equations and constants are used for alloys whose
stress-strain curves have different shapes, thus accounting for the effect of different alloys.
The strength curve is linear with respect to the b/t ratio for inelastic buckling, and the post-
buckling curve varies with one over the b/t ratio. The influence of welding is addressed in
Section 7.1.2 of the Specification. Where the area of the heat-affected zone from longitudinal

welds is greater that 15% of the cross-section area of the plate, a reduction in plate strength is

made based on the ratio of the area of heat-affected material to the area of base material, and

the strengths of the two materials. Welds at the transverse edges of the plate may be
ignored, provided that the final strength calculated does not exceed the proof strength of the

heat-affected material. Transverse welds in the middle of plate cannot be explicitly handled

by the code, the only option is to treat the entire plate as if it was made of heat-affected

material.

3.3.2.4 Eurocode 9

The fourth and final method reviewed for plates is the Eurocode 9[60]. Eurocode 9 is
the European Committee for Standardization (CEN) standard design code for structural
design with aluminium, and includes a formulation for flat plates in compression. Two
strength calculations are made, the first is an overall yielding calculation, where the cross-
sectional area of the plate is first reduced to account for buckling and longitudinal welds,
and the failure load is taken as the remaining area multiplied by the proof stress of the

material. The second calculation is a local squashing calculation based on the ultimate
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strength of the material at the least-favourable cross-section of the plate. The area of the least-

favourable section is reduced to account for transverse welds and any bolt holes or other cut
outs that may be present. The relative thickness reduction for welding is prescribed by the

code, and the thickness reduction for buckling takes the form:

fe -1 whenZec2 <C,
[ E
o & G — when Prcs >C,
t P Prco &
& £
Where :
b
Prco = "'t" Equation 20
250
£= _[—
Oy

¢, Effective plate thickness

t Plate thickness
o, Materal proot stress, MPa
C,,C,,C, Code - prescribed constants

The code-prescribed constants vary with the type of alloy, and whether the plate is
welded or not. Thus, the effect of different stress-strain curves for different alloys and the

effects of welding are incorporated in the formulation. In calculating the effective
thicknesses, Bulson’s[152] advice was followed, and the effective thickness reductions for

buckling and HAZ effects were not taken as additive, rather, the largest reduction was taken

as governing.

3.3.2.5 Comparison of Methods

These four prediction options were compared to each other and to Mofflin’s

experimental data. As a baseline comparison, the ultimate strength predicted by each
method for non-welded 5083 and 6082 alloy plates was plotted as a function of the plate
slenderness ratio, 8. The material properties assumed in the comparison were typical values,
as shown below in Table 9, and the predicted ultimate strengths are shown in Figure 11 and
Figure 12. For the 5083 plate, Paik and Duran’s approach is more conservative for stockier
plates, though this may be influenced by the fairly high initial deformations included in the
finite element models that this approach is based upon. The remaining methods agree well,
even though Faulkner’s approach was developed for steel, not aluminium. In the slender
region, where the buckling would be expected to be initially elastic, Faulkner’s approach is

slightly more optimistic than either of the aluminium design codes. For the 6082 plate, Paik
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and Duran’s approach is more conservative, though as noted above this approach was based
on a 5000 series alloy with a different shape of material stress-strain curve than the 6000
series. The difference is the most pronounced in the low-slenderness region where inelastic
buckling occurs and the shape of the stress-strain curve would be expected to be more
significant.

Following on this analysis, Mofflin’s experimental data for plates without welds were

extracted and plotted on top of the curves, as shown in Figure 13 and Figure 14. Note that in
these figures, the lines for the Aluminium Association and Eurocode 9 predictions are for the
typical properties list in Table 9. Both of these methods are functions proof stress in more
ways than B alone, and the intersects between the different portions of the curve and the

slope of the curves will change with the different proof stresses of the different experimental

plates. However, these changes are generally small when plotted against .

Table 9: Material Properties for Plate Comparison

Stress(MPa)
(MPa)
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Figure 11: Comparison for 5083-H116 Plate, No Welds
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Figure 12: Comparison 6082-T6 Plate, No Welds

In general, the agreement between the test points and the prediction methods is
excellent, and the natural scatter between the test points is as large as the difference between
the prediction methods. Note that Paik and Duran’s equation agrees better with the plates
with large out-of-plane deflections, which were closer to the level of deflection (0.009b) used
in the finite element analysis to develop the equation. The one exception is Paik and Duran'’s

equation applied to the inelastic buckling region of 6082 alloy, where the approach seems

conservative. This shows the influence of alloy on the plate response, and underscores the
need to include the difference between alloys in the prediction method. This is further

reinforced by the performance of Faulkner’s method, which appears to agree better with the
design codes and the experimental results for the 6000 series alloy than it does for the 5000

series alloy. The stress-strain curve of the 6000 series alloy is much closer to the elastic-

plastic response of steel than the more rounded 5000 series alloy curve.
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Figure 13: Comparison of 5083 Test Results and Methods, No Welds
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Figure 14: Comparison of 6082 Test Results and Methods, No Welds

With these encouraging results, the four prediction methods were applied to the
remainder of Mofflin’s experimental results, with the exception of plates with a transverse
weld at mid-length, as none of the methods are capable of simulating such a weld. Previous

studies[9] have shown that plates with such a weld behave in a similar fashion, but with
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strengths lying between the predictions made assuming the entire plate consists of heat-

atfected material and the all-base material prediction. The results were divided by alloy, and
within each result set by the size of the initial out-of-plane deformation, and the type of
weld. The experimentally measured ultimate strength was expressed relative to the 0.2%
offset proof strength of the plate, determined by Mofflin. The results of the four prediction
methods were expressed as a bias relative the experimental result, where the predicted
strength is divided by the experimental strength. With this approach, a bias of 1.0 indicates a
perfect prediction, while a value over 1.0 indicates a optimistic prediction of strength. These
results are presented in Table 10 and Table 11, along with the mean bias of the prediction
methods, and the coefficient of variation (COV) of each method, defined as the bias sample
standard deviation divided by the mean value.

Overall, the methods compare excellently with the test data, with mean bias very
near 1.0 and small COV values, in all case less than 10%. It is interesting to note that for the
5083 plates, Faulkner’s method slightly over predicts the strength of the plates, while it is
nearly perfect for the 6082 plates. As mentioned above, the stress-strain response of 6082 is
much more similar to steel than that of 5083, which may be reason for this difference.
Furthermore, Paik and Duran’s method developed for 5000-series material performs very
well on the 5083 plates, but under predicts the 6082 plate strengths whose stress-strain curve
is elastic for a proportionally longer time than the 5000 series alloys, as discussed in Chapter

2. This reinforces the need to consider the alloy-specific stress-strain behaviour when

making predictions for aluminium structures.

3.3.3 Compressive Load-Shortening Prediction

If the entire load-shortening curve, or the corresponding stress-strain curve, of a plate

is required, there are several methods which can be used to calculate the response. The most
numerous of these methods seem to be numerical methods, such as using a general-purpose
non-linear finite element program. This approach has been used by Kristensen and
Moan[142] to investigate aluminium plates under complex circumstances, or by Paik and
Duran[38] to develop a data set for their regression equation which was reviewed
previously. Another option is to use a specialized numerical program based on a similar
approach to finite elements, but adapted for the specific problem of the collapse of plates,
such as those developed by Little[132]. As discussed above, these methods can produce very
accurate results, however they are intensive in terms of time and effort. Another class of

methods are the approximate approaches, where the complex buckling phenomenon is
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replaced by a simpler model of what is happening in the plate. It is was decided to

investigate applying and modifying such a method for aluminium plates.

Table 10: Comparison of Experimental Results and Predictions for 5083 Plates

b/t Go.2% Exp./ | Faulk./ AA/ ECY/
(MPA) | 0©o.24 Exp. EXxp. Exp.

20SUS/71 S| Ul  20]  1.09] 208] 1.06] 0.94] 082] 094 004

255058 S| U] 25| 06| 25| _097] _1.03] 090] 103 103
255UA] S| U] 25| 080] o1 096] 1.04] _0.94] 104 To4
305US6| S| __U| 80| 61| 202] _087] 099 087 101 093
30SUA| S| U[ 30| 108] _ o] _095] 1.04] 001 10| 105
205U5/"
50SUSM| S| U|__ 50| _ 285] 182] _061] 103|058 096 093
30556 S| ] 30| 161] 202|077 111 054 _1.06] 093
20BUS77| _ B| U 20| 1.08] _208] _1.00] 099 087 100] 099
25BUS8| _ B| U] 25| 1.06] 125|097 _1.03] 090 104 104
25BUAB| __B|  U[ 25| 090 01| _0.4] _1.06] 056 106|106
"30BUSB| _ B| Ul _30] 161 202| _078] _1.10] _0.96] 113 103
30BUAS| __B| U 30| 108 _ 91| 089 142 088 112 113
40BUS/| __B| Ul 40| 204] 12| 070] _1.05] _0.84] 104 097
A0BUAB| __B| __U[ 40| 144 o1 079 1.14] 089 142|109
50BUSAM| __ B| U] 50| 255 12| _060] _1.05] _1.00] 008 065
50BUAB| __B| Ul 50| 180  ©1| _074] _1.09] 087 1.06] 101
60BUSE| __B|  U| 60| 322] 202|051 _1.02] .06 081 092
70BUSB| __ B| U] 70| 296 15| 055 _4.02] _1.03] 091 082
85BUS/7| __B| U] 85| 463|208 _037] 103 _1.14] _0.87] 091
25BL6B| B| L] 25| 06| _125] 098] 102 089 057 084
30BL6B| _B| L] 30 61| 200 072] _120] _toi] _1i4] 1ol
a0BLSM| _ B| L] 40 204|182 064] _1.15] 101 1.15] 004
a0BLAB] B[ L] 0| 144]  oi| 078 116|101 114|100
B0BLGM| _ B| L] 50| 255|482 054 117 109 110|064
6oBL6B| _ B| L] 60| 322] 202 048] _108] _1.10] 087 085
20BWs77| _B| W[ 20| 10| 208 _088] _1.13] 087 081 102

9
25BWS/B|  B| W] 25| 1.06] _125] _0.92] _1.08] 03
25BWAS| B[ W] 25| 090 61 _0.89] .01 .
30BWs/6] B[ W[ 30| 161] 202|075 115
SOBWAS| B W[ 30| ___108] 91| 093 107 09
20BW5M| _ B| W] 40| 204 182] _065] _1.15] 1.0
20BWAR| B[ W[ 40| 1.44]  o1| 073] _124] _1.08
B0BW5A| _ B| W] 50| 255] 182 054 _1.16] _1.07] _1.04] 093
BOBWAS| B W| 50 180 o1 o070 115 102 _1.08] _0.95
60BWS/6| __ B| W] 60| 322 202|046 _1.43] _1.44] _1.01] 089
B5BW5/7| B W| _ 85| 463 208|034 114 _1.24] _007] _0.68
Mean |  1.08] 098] .03 057

COV__| 006 005 _007] 006

(8
-

-

I
-
&)
-
O

Notes:
1. Out-of-plane deflection, S corresponds to OOP/b = 0.001, B corresponds to OOP/b = 0.005

2: Weld on edge, U denotes no welding, L denotes light welding, W denotes heavy. For code
calculations, the HAZ width was assumed to be 15mm for light welds, and 25mm for heavy
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Table 11: Comparison of Experimental Results and Predictions for 6082 Plates

bt Go.2°% Exp./ | Faulk./ AA/ ECY/
(MPA) Go.2v Exp Exp. Exp.
.03

2050672 T2873] 200 _0.968

255U6/3| S| U| 25 1.6115] 201 0895] _0.96] 0.84] 103 059
"30SUG/M| S| U 30[1.9376] _ 292] 0.844] _0.91] 081 095 067
1.9376
20BUB2] __B| U] 20[1.2873] 20| _ 092 _1.03] _0.89] _1.08] 1.09
25BU6/3| __ B| U 25[1.6119] 2091|0867 099 _0.87] 106 102
30BUB/A| _ B| Ul 30/1.0376] 292| 0.802] _095] _0.85] .04 0.67
40BUB/5| __B| U] 40|2.5835] 292 0641] 07| 093] 0.8 0.97
50BUB/5| _ B| U] 50{32203] 292 0559 _0.94] _0.57] _0.0] 0.62
60BUG/4| _ B| U 60[38752] 292 0475 _095] _1.03] _0.88] 0.93
70BUBB| _ B| Ul 70[45133] 291|041 _096] 106 088 0.4
85BUB2] _B| U| 85| 5471]  200] 0374] _0.69] _0.95] _0.79] 0.86
25BL6/|  B| | 25[16119] 201] 0.807] 1.03] _0.84] 0.5 _0.93
30BL6/4] B[ L| 30{1.0376] _ 292| 0.742] _1.03] _0.86] _1.02

40BL6/5| _B| L] 40{25835] _ 292] 0637] 098] 088 099

50BL6/5| _ B|  L|  50[3.2293] 22| 0523 __1.00] _0.99] _0.96

Notes:
1: Out-of-plane deflection, S corresponds to OOP/b = 0.001, B corresponds to OOP/b = 0.005

2: Weld on edge, U denotes no welding, L denotes light welding, W denotes heavy. For code
calculations, the HAZ width was assumed to be 15mm for light welds, and 25mm for heavy

An example of such an approach is the effective width approach. The axial stress

distribution across the width of a long, simply-supported plate which has buckled is non-

linear, varying from a maximum at the edge to a minimum in the centre of the plate, where
the buckling deformation have reduced the axial stiffness. If the exact stress distribution is
known, or the total resisting force of the plate is known, an average stress can be determined.
This is shown in the upp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>