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Alternative design of Steel/Aluminium Car deck Pane

Master's Thesis in the International Master's Paogme in Naval Architecture and
Ocean Engineering

ANDERSSON, ERIK

GUHREN, AXEL

Department of Shipping and Marine Technology

Division of Marine Design, Research Group Marinei8tures
Chalmers University of Technology

ABSTRACT

This thesis evaluates if parts of the structurahnts in a liftable car deck can be
replaced with aluminium to obtain a lower weight.drder to be able to compare the
final solution to an existing one, two car deck ganwith different dimensions
(14.37x14.64 and 14.37x10.22) on a Pure Car andkT@arrier (PCTC) were used as
a reference. Different concept designs where tbel $op plate was replaced by an
aluminium structure were evaluated by utilizing ieegring beam theory, goal driven
optimization and finite element analysis. The eatibn resulted in a steel/aluminium
car deck design with extruded aluminium profiles aastiffened top plate and a
conventional steel beam system structure as support

The final design of the larger car deck panel tesuin a weight reduction of 7.5%

while the smaller car deck panel was weight reduegtd 28.7%. Based on this

difference, studies of how the free length betwsgoports affects the steel structural
weight were carried out.

A cost analysis was performed to evaluate whetherdesign was economically
feasible. It was found that the payback time of pheposed design is 2.4 times the
desired payback time, compared to the averagénife of a PCTC which is 23 years,
it was concluded that with the aluminium cost 012@he design is too expensive.

Key words: aluminium, finite element analysis, lgdaven optimization, liftable car
decks, weight reduction.
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Notations
Roman upper case letters
Breadth of car deck panel [m]
Young’'s modulus for steel [Pa]
Moment of inertia [rfi
Length of car deck panel [m]
Extra cost for manning [SEK/m]
Bending moment [Nm]
Price of aluminium (including FSW) [SEK/k(g]
Price of steel [SEK/kg]
Load on a beam [N]
Static moment [}
Tyre load on deck plate [N]
Aluminium weight for new design [kg]
Steel weight for new design [kg]
Steel weight for reference solution [kg]

Roman lower case letters
Extra weight for brackets [%)]
Cost of one bolt [SEK]
Material factor
Load per length [N/m]
Displacement [m]
Distance from neutral axis to fibre studied [m]

Greek lower case letters
Deflection [m]
Error in response surface
Curvature of a line
Critical buckling stress after correction [Ngm
Critical buckling stress [N/fh
Equivalent stress according to von Mises [R/m
| Stresses normal to the cross-section fiji/m
Stress limit for reaching the yield point [Nm
" Shear stress [Nfh
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Terminology

This section presents the definitions of commomsgditerms in this thesis.

Aluminium stiffeners: The webs and flange of the aluminium profile. Fegu
1, (1).

Attachment points: The corners of the beam system, which is simply
supported. Figure Il, (2)

Beam system:The supporting beam system which consists of mdrand
longitudinal/transverse stiffeners. The beam systemade of steel

Brackets: Vertical supports for the aluminium panels, addsmanor
contribution to the weight. Figure la, (3)

Frame: The outer beams of the beam system. Figure Il, (4)

Friction Stir Welding (FSW): A method to weld the profiles together.
Investment: The total manufacturing and material cost of adsak panel.
Lashing holes: The cargo (Vehicles) is fixed in place during vogaby
attaching a lashing strap between the hole andatgo. Figure lll, (5)
Longitudinal frame: Beams of the frame mounted in the longitudinal
direction of the ship. Figure Il, (6)

Longitudinal stiffener: Beams within the frame mounted in the longitudinal
direction of the ship. Figure Il, (7)

Mechanical fastening: Alternative, mechanical method to attach the
aluminium profiles together. Figure Ib, (8)

Panel: The complete structure. The panel consists oftiflened aluminium
top plate, the frame and the longitudinal/transyet#feners.

Payback: The time it takes for a more expensive solutionp&y off by
savings in operation cost.

Profile: An extruded aluminium profile consisting of a tpfate, web and
flange. Figure 1lI, (9)

Stiffened top plate: The profiles welded together to form a top platéhw
integrated stiffeners. Figure I, (10)

Transversal frame: Beams of the frame mounted in the transverse ttbrec
of the ship. Figure I, (11)

Transversal stiffener: Beams within the frame mounted in the transverse
direction of the ship.

(b)

[Figure deleted due to confidentiality]

Figure |

VIl
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Figure Il

Figure Il
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1 Introduction

During the last decades environmental issues hateerga more significant role
within society at large but also in the shippindustry. During this period, the fuel oil
prices have been increasing, giving the shippidystry smaller marginal profits due
to higher expenses (Heydova et al, 2011). Furthesnthe International Maritime

Organization (IMO) are imposing more stringent iegment regarding hazardous
gases, such as NGand SQ. These changes are making light weight alternatise

ship equipment a viable option as a result of thssiple long term savings in fuel
expenses. Regardless of the increased productiat cften associated with
alternative materials, effort is put into findinight weight solutions for the marine
industry.

For example, Lauenstein and Sokjer-Petersen, (200&pstigated the possibility to
reduce the weight in car deck panels by using dxgh tensile steel. Gunnarsson and
Hedlund, (1994) concluded that extruded aluminiurofifes could be used in car
deck structures in order to obtain a lower weidldrslund, (2002) studied how the
use of aluminium in the stiffened top plate affettie effective breadth of a steel
beam. Furthermore, a sandwich structure made fratnuded aluminium was
constructed and tested with good results regardingctural strength by Hanson,
(2000). However, this design was too costly to bedu

If the higher investment cost can be motivated byngreased earning capacity and
following reduced operation costs, the liftable dack panels in Pure Car and Truck
Carriers can be constructed from an alternativeenatinstead of steel. Lightweight
materials can be sustainable both from an econamdcenvironmental point of view
since it gives the possibility to reduce the averamount of fuel needed for each unit
transported.

1.1 Background

In a PCTC vessel there are usually two differenti&iof adjustable car decks; liftable
and hoistable. Liftable and hoistable car decksnareintegrated decks, divided into
panels that each can be moved in the vertical titrecWhile not in use they are
stowed beneath the deck head. To keep the effigcieigh and to optimize the cargo
capacity in PCTC vessels these car decks are balefThe vertical movement is
performed by a mobile deck lifter for liftable cdecks and an integrated system for
hoistable car decks. This gives the possibilit)comfigure panels and optimize the
height of the headroom for certain set of cargo.

Traditionally, these decks are made of steel ame laastructural arrangement with a
top plate supported by a grid of longitudinal arehsverse stiffeners that translates
the loads of the cargo to the load carrying pilldm®ugh the frame. Furthermore, to
optimize the cargo intake, the structure is usuadistricted to a specific building
depth. Consequently, the elastic properties ofntla¢erial are not utilized fully. An
example of a conventional car deck structure casele@ in Figure 1.1. The holes that
can be seen in the structure are used to attaclashang hooks to ensure the cargo
does not move due to wave induced motion.

CHALMERS, Shipping and Marine TechnologyMaster’s Thesis 2014: X-14/303 1



Figure 1.1 Structural arrangement of a conventional car deck.

Replacing a certain amount of steel with aluminionight increase the long term
profits for the shipowner. While replacing the emtstructure with aluminium would
be impossible due to the building depth limitatiotieere is a large weight-reduction
potential of replacing the top plate of car deckthvan aluminium solution. The
reason for this is the fact that the steel topeptdta car deck cannot be made thinner
than 6 mm due to manufacturing limitations. Consedly, the top plate corresponds
to approximately half of the total weight.

1.2 Problem definition

The objective of this thesis is to evaluate thespmlty of replacing today’'s
conventional car deck panels in PCTC vessels withaliernative light weight
structure while satisfying the design requiremesftduilding height, deflection, as
well as the classification society Det Norske \&si{DNV) stress requirements for
car deck panels. This is done by replacing the plte and stiffeners with an
aluminium solution. Aluminium makes it possiblergach a lower weight for the car
deck panel but with the drawback of higher investhwost. The aim is to find a cost
effective solution that gives the shipowner a reabte payback time compared to the
expected increased investment cost.

Furthermore, manufacturing and material costs alevant to evaluate since they
affect the investment cost. If the investment eé®@$bo high compared to the benefits,
the solution might not be desirable for shipownersinvest in. A more detailed
analysis of the wishes and demands of the staketsoéte presented in Section 1.4.

1.3 Methodology

The car deck panel comprises of two main partsstiftened top plate and the beam
system, which in this thesis are treated separaiély stiffened top plate supports the
vehicles and transfers the loads to the beam systéinch in turn transfers the loads
to the attachment points of the car deck paneltfi®stiffened top plate, deflection is
not a critical design parameter, thus it can besttanted from aluminium, making for

a great potential weight saving. However, aluminioas a larger material cost than
steel. Thus, the first step is to focus on theidetalesign of the stiffened top plate.

CHALMERS, Shipping and Marine Technologyaster’'s Thesis 2014: X-14/303



This decides the boundary conditions for the begstem, which is treated in the
following part.

The stiffened top plate is designed utilizing tb&ware MATLAB (The MathWorks,
2012) and Abaqus (Dassault Systéemes, 2013). A agnogeritten in MATLAB is
used to evaluate the global responses while Ab#&jused to evaluate the local
stresses.

The design of the beam system is based on thersif top plate, since the profiles
are designed to be placed freely over a certaitarie. This distance decides the
minimum number of longitudinal stiffeners in theabe system. The beam system is
analysed in ANSYS (ANSYS, (2014)) with a responsdage screening in an initial
stage for finding a viable solution, and optimizbg utilizing the goal driven
optimization tool (GDO).

Subsequently, the stiffened top plate and beanesystre simulated together using
GeniE (DNV Software, 2014) to ensure that no stregseeds the maximum
permissible stresses. Extra attention is given hHe stresses in the boundary
conditions, which can be different from when sintinig the stiffened top plate and
beam system separately.

The last step is calculating the cost of the negigieas well as comparing it to the
reference solution. Furthermore, weight reductiod the corresponding fuel savings
are taken into account. These calculations indicateether the solution is
economically sustainable or not.

CHALMERS, Shipping and Marine TechnologyMaster’s Thesis 2014: X-14/303 3



Section 1.3.1 Section 1.3.2

Section 1.3.3

Section 1.3.4

Figure 1.2 Flowchart describing the work process.

1.3.1 Design of stiffened top plate

Several concepts are evaluated for the stiffenpdplate. One interesting type of
stiffened top plate is extruded aluminium profilesich are connected to each other.
The profiles can be connected either by weldingoprmechanical fastening. The
concepts are presented in detail in Section 4.1.

To compare the concepts, an elimination-matrix, Balgle 4.2, is utilized. Different
aspects such as estimated weight, estimated mamfa@c cost, possibility of
avoiding exceeding the maximum permissible stredseskling and failure due to
point loads, insecurity in terms of knowledge ais#t of fatigue are weighted. In this
comparison, one concept is chosen to be evaluatdtef in an iteration process. The
purpose of the iteration is to minimize the mateoiathe stiffened top plate, since it
will account for the majority of the production tos

CHALMERS, Shipping and Marine Technologylaster's Thesis 2014: X-14/303



1.3.2 Design of beam system

The purpose of the beam system is to transfer dadsl from the top plate to the
attachment points of the beam system. This shoeldathieved with a limited
deflection of the system as well as low weight amahufacturing cost. Consequently,
if this can be utilized, the beam system can beenligihter. The difference between
the concepts evaluated is the number of longitudamal transversal beams in the
beam system.

1.3.3 Final simulation and boundary condition study

When the final design is set, everything is simedatogether, using the software
GeniE. This simulation shows how the stiffened gie contributes to the deflection
of the beam system. Special attention is givehédibundary conditions.

1.3.4 Cost analysis

The purpose of the cost analysis is to calculateee exact manufacturing cost of the
new design. The investment cost is expected toidfeeh than that of the reference
solution. However, if the weight of the panel isvly, the increased investment will
get a payback time due to reduced fuel consumpfanthermore, aspects such as
reduced need of ballast tanks due to a lower \&@rtgentre of gravity can be taken
into account.

If the investment for the new design is too higlwill be less likely to be used today.

However, it can still be interesting for the futwi@ce the fuel prices are expected to
increase. In addition, the raw material prices tflate which can make a solution

more or less viable in the future.

1.4 Design criteria

In order to compare the different concepts with teference solution as well as
designing an applicable structure, the designraitae established together with TTS
Marine AB. These criteria are also used as comgtfanctions in the optimization.

1.4.1 Dynamic factor

When a ship moves in the water it is subjected aveninduced motion. Because of
this motion a dynamic factor is introduced to tiwvaleation. This dynamic factor is
taken as the worst case that will occur for a PCHéhce, the dynamic factor is 1.5 in
accordance with DNV, (2014a) and is added to a@ttowhen evaluating stresses. A
ship is pitching and rolling due to waves at semgomode, causing different
accelerations at different positions of the shipchHhg of the ship causes the highest
accelerations in the most aft and forward parthaf $hip, while rolling causes the
highest accelerations at the sides. The dynamidsi@®e in general smaller in the
middle of the ship.
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1.4.2 Deflection

When the liftable deck is used for cars only, tlegght from the cargo to the above
deck is kept to a minimum in order to optimize tago intake. However, a fixed
free height needs to be maintained to ensure frassgge between decks.
Subsequently, in order to maintain this free heig¢ sum of the moulded depth of
the deck and the maximum deflection needs to egtesl; this is established to be
455 mm. When evaluating deflection, no dynamic dags used since the panels
deflect equally when loaded.

1.4.3 Stresses

The maximum load the car deck will be subjectedstan axle load of 1.5 tons. This
is decomposed into two criteria which are evaluaeparately, a point load of 750
kg/wheel and a uniformed distributed load of 250nKy These loads together with
the self-weight of the panel will give rise to sses in the structure, which should not
exceed the maximum permissible stresses accordingable 1.1 below. These
stresses are dependent on the material constémtich is 0.61 for aluminium (DNV,
2014c) and 1.39 for steel (DNV, 2014b). The frint&tir welded material is assumed
weaker than the extruded material, consequentlyntbeerial factor is lower, it is
assumed to be 0.45 (TTS Marine AB, 2004).

Different structural members have different stresguirements; Table 1.1 presents
the maximum permissible stresses for thes8.; #&nd  #lenote normal, shear and
von Mises stresses. The mechanical propertieseofrterials used in this study are
presented in Table 1.2.

)

Table 1.1 Maximum permissible stresses for different stnadtonembers in the car
deck structure.
Aluminium % |'og (MPa) |*, (MPa) | * (MPa) Reference
Plate for cars | 0.61 | 55 112.1 97.7 DNV, (2014d)
Stiffeners 0.61 | 55 122.9 109.9 DNV, (2014e)
FSW 0.45 | 40.2 82 71.5 TTS Marine AB, (2004
Steel 1.39 | 125.1 250.2 222.4 DNV, (2014d)
Table 1.2 Material properties of the materials used in theady.
Constructional Aluminium
steel NV-36 NV-6063-T6
Density (Kg/m°) 7850 2700
Yield stress(MPa) 355 170
Poisson’s ratio 0.3 0.33
Young’'s Modulus (GPa) 210 70
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1.4.4 Stakeholders’ requirements

The above requirements are the most critical irelotd design a safe structure that
complies with the regulatory requirements. Howewgner stakeholders are involved
in the design and manufacturing of a liftable cackd Below follows a list of
stakeholders associated with the liftable car dd@ble 1.3 shows their respective
demands or wishes.

TTS Marine AB: The company that designs and sells the car dac&lp.
Classification Societies (DNV) Approves that the car deck is designed in
compliance with standards.

SAPA Profiler: The company that manufacture extruded aluminiuofilps.
Shipyard: Installs the car deck during the constructioma ship.

Shipowner. Operates the ship where the car deck is installed

Cargo owner. Owns the cargo transported on the car decks.

Society. Wants a product that is consistent with a suatdenfuture.

1.5 Limitations
The limitations in thesis were the following:

The study focuses on two reference panels with ifgpedimensions and
locations in the ship. One panel in the centrénefghip (14.64 x 14.37 m) and
one on the side (10.22 x 14.37 m).

The maximum vertical extent of the panel, includitsgdeflection, is 455 mm.
The classification rules used as a base for thgynlese those of Det Norske
Veritas (DNV).

The analysis is limited to the structure. Hencey, effiects of a lower weight,
such as vibrations, are omitted from the evaluation

A patented solution for lashing in aluminium is dis€Consequently, no
attempts to modify any parts of the lashing areenad

The fatigue life of welds and other connectionsrareevaluated.

Dynamic loads are evaluated with the use of a dynéawtor.

The global strength of the beam system is evaluatedg a uniformly
distributed load while axle loads from the cars ased for the local strength
of the panels.

The behaviour of stresses around bolting holest®wmaluated.

CHALMERS, Shipping and Marine TechnologyMaster’s Thesis 2014: X-14/303 7



Table 1.3 The stakeholders’ requirements.
Stakeholder Requirement Value Demand or wish
TTS Marine| Panel Dimension 14.46x14.37 m Demand
AB 10.22x14.37 Demand
Able to withstand | 750 kg/tyre Demand
local loads
Tyre area 150x200 mm Demand
Able to withstand | 250 kg/m2 Demand
global load
Building depth + 455 mm Demand
deflection
Competitive Able to | Wish
product economically
compete with othe
solutions
Weight reduction 25% Wish
SAPA Profiler | Maximum width 620 mm Demand
Minimum thickness| 2 mm Demand
Maximum height 200 mm Demand
Shipowner Easy cargo handling Demand
Lightweight Wish
Lashing Lashing holes Demand
compatibility minimum 50 mm
from webs
Payback time [Deleted due to confidentiality]
Cargo owner No/low risk of Wish
damage of cargo
due to the design of
the car deck, i.e.
falling tools.
DNV Maximum .. 100 Demand
permissible stresses”. . 224
(aluminium plate) | 3 . 4454
(MPa)
Maximum . 46/ Demand
permissible stresses”. . 22
(aluminium 3 . 4557
stiffener)
Maximum .. 5557 Demand
permissible stresses”. . 45244
(Steel) 3 . 5265¢
Society Environmental Wish
friendly product
Shipyard Easy to assemble Wish
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2 Reference solution

The ship used as a reference in this thesis isECP@ssel with approximately 150
liftable car decks, corresponding to an area of688 nf. The supporting pillars
divide the ship into three sections; port and starh, which are mirrored, and the
centre. Consequently, two different car decks aeduas reference for this study,
hereinafter referred to as side car deck panelcentte car deck panel, the car deck
panels selected as reference solutions are mankgeey, see Figure 2.1. The panels
have different working positions as presented guFe 2.2. Depending on the cargo,
the decks can be configured vertically to optintlee cargo intake.

Figure 2.1 Car decks on deck 6, with the reference car decisey.

Figure 2.2 Different configurations of the liftable car degénels.

The reference solutions have structural arrangesngintilar to a conventional car
deck; it consists of a steel plate designed tostesi point load of 750 kg/tyre
supported by a beam system that can support thghtvef the plate and a uniform
distributed load of 250 kg/m

The top plate is stiffened with HP 120x6 bulb stiférs and it is resting on the beam
system. The thickness of the top field plate israportant factor for the total weight
of the car deck. However, a thinner field plateréases the risk for entire field plate
buckling and for deflection, but can be preventgdhlaving a higher number of
transversals. In the top plate, there are holdasio the cargo. The distance between
the holes are in the longitudinal direction 480 rand in the transverse direction 700
mm. Figure 2.3 shows a model of the top and botibthe centre car deck panel.

CHALMERS, Shipping and Marine Technologylaster’'s Thesis 2014:; X-14/303 9



Figure 2.3 Conventional car deck solution.

2.1 Centre car deck

The centre car deck panel has a length of 14 370amanwidth of 14 640 mm. In
Figure 2.4 the arrangement of the beam system easebn. It is a conventional
structural arrangement with longitudinal and tramse stiffeners. The dimensions of
the stiffeners are presented in Table 2.1. Thequawf the two transverse beams in
the beam system (T6 and T14) is to support théndifof the frame while the
longitudinal stiffeners translate the forces to fitzene. The total weight of the centre
car deck is 19 597 kg which corresponds to a strattveight of 93.16 kg/fa

Figure 2.4 The supporting frame and grid system of the carfierence deck.
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Table 2.1 The dimensions of the different structural members

Name Dimensions mm| Type
L3, L4, L5, L6 354x6 + 170x20| T
L2, L7 354x6 + 170x20| T
T2, T18 354x6 + 450x20, T
T6, T14 120x6 HP

2.2 Side car deck

The side car deck panel has a length of 14 370 mdraavidth of 10 220 mm. Since
the car deck panel covers a smaller area comparéuetcentre car deck panel, the
beam system has a slightly different arrangememe. dimensions of these stiffeners
are presented in Table 2.2. Figure 2.5 shows th@ngement of the supporting
structure of the side car deck. The total weighthed car deck panel is 12 818 kg,
which corresponds to a structural weight of 87.88rk.

Figure 2.5 The arrangement of the supporting structure far ¢ide car deck reference

solution.
Table 2.2 The dimensions of the different structural members
Name Dimensions Type

L2, L5 354x6 + 150x20| T

L3, L4 354x6 +170x20| T

T2, T20 | 354x6 + 200x20| T

T3A 354x6 + 200x20| T

T7,T16 | 120x6 HP
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2.3 Lashing

During voyage, the cargo is attached to the cak gmel by lashing straps with
hooks at the ends. The lashing straps are attachda front and back of the cargo
and to the lashing holes located in the top platating the cargo. In conventional car
deck panels the lashing hole is just a plain hibke steel is strong enough to meet the
requirement of the forces the lashing cause. Howatéhe top plate is made of
aluminium, the lashing hooks will cause failure.isTHhesis is not evaluating
alternative concepts for the lashing, but is apgya patented solution from TTS
Marine AB.

This solution reinforces the lashing holes in theranium panel by introducing a ring
with higher stiffness. This solves the problem wypbtential fatigue cracks, by
evening out the load. Furthermore, this soluti@o ddandles the stress concentrations
that will arise at the edge of the lashing holes.

Naturally, the lashing of cargo will give rise twesses in the structure. However, the
lashing holes used and the tyres will always beasgpd which results in low
interaction between lashing stress and stressesodcargo. Furthermore, the worst
case scenario for lashing is when the ship hasxtnrerse list and cars are almost
hanging from their lashings; in this scenario, tixe load is neglected (Andersson
and QOisjoen, 2011). Based on this, it is assumaditkie existing lashing solution can
be used without further analysis, as long as tlokiless is the same or greater.

2.4 Material

Steel is traditionally used in ship building sintteis both low cost and strong.
However, since the fuel prices increase, in timeeldbnefits of light-weight materials
grow more significant. Today’s challenge is to depesolutions with lower weight
and equal load carrying capacity.

Aluminium is a material that is increasingly usééuminium has, compared to steel,
a lower Young's modulus, higher price and a lowengity. Applying aluminium in
some areas might increase the profit over timetdueduced fuel consumption, even
if the investment cost increases. Aluminium is alswre resistant against corrosion.

High tensile steel (HTS) is a material that carplegintribute to weight reduction due
to the increased yield strength compared to nowuaktruction steel. However, the
Young's modulus for HTS is the same as for conwerdi steel, which means the
stiffness will be unchanged. In this thesis tham lanitations in deflection and is
most likely the dimensioned factor, thus HTS is aeiable option in this case.

Composites can have very varying properties depgnal fibre and matrix materials,
fibre directions and ply thickness (Agarwal et 2006). Composite materials are
however very expensive, and are hard to make hmalein the problem described in
this thesis. Composite materials consist of layeach with fibres in different

direction and matrix as filling, making it possible have different properties in
different direction with low weight. Depending dmetmaterial in the fibres and in the
matrix, the properties and cost vary. Compositeghirplay a bigger role in the future,
if the restrictions regarding emissions increases enore.
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3 Theory

In this section the theories used in different gaft the study is introduced. These
include engineering beam theory used in the desigll structural members as well
as buckling theory, which is used in the stifferied plate design and goal driven
optimization which is used for evaluating the stalcture.

3.1 Engineering beam theory

For the initial design and evaluation of the stifd top plate, engineering beam
theory is used. A few assumptions are made in erging beam theory. For example,
plane sections must remain plane under loadindoAg as the shape and size of the
cross section is constant in the longitudinal dicgcas well as the cross section being
closed, this assumption should be true for thectiras evaluated (Thelandersson,
2002). Furthermore, the load case evaluated is a&e, with the loads applied
according to Figure 3.1. Consequently, warping ofewh torsion is not evaluated in
the initial design of the stiffened top plate. Thigans that when the load is applied
unevenly, the stress response can be slightly higHewever, the local stress
concentration from the tyres is assumed to be dimemmg. Furthermore, a
conservative approach is made by using a mix betiged and simple supports in
the global strength evaluation.

Figure 3.1 Load case used in the evaluation of the globarjth.

Since the structure is assumed to be subjectecptoeavertical force, the only stress
that is evaluated in the initial design is normahdling stress and bending shear stress.
The normal bending stress, denoted# calculated with Equation 3.1.

I gs (3.1)
Where #s the bending moment, # the moment of inertia for the cross section
and z is the distance from the neutral axis tofitthe currently being studied in the
cross section (Thelandersson, 2002). Figure 3.&/slaographic representation of the
normal bending stress, zero stress will occur arbutral axis and the stress level
will increase as the distance from the neutral ardeeases.
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Figure 3.2 The normal stress distribution due to bending.

The bending shear stress in the structure dueetdottd of a tyre is calculated with
Equation 3.2.

" BQ (3.2)

Where #s the load, #s the static moment, #is the moment of inertia, and t is the
thickness where the shear stress is evaluatesikitawn that the highest shear stress
in the structure will occur in the neutral axis.w&ver, the normal stresses will be
zero in the neutral axis which that the highestsstes will occur in the top or bottom
of the structure since it is known that the shéaass will be lower than the normal
stress for this structure and load case.

Even though both normal stresses, other than bgndimd St Venant stresses will
occur when the profile is unevenly loaded, thisdd evaluated in the initial script.
Consequently, the equivalent Von Mises stresseseaatuated with Equation 3.3
(Lundh, 2008).

>7/@ 7@ A, A A, @BY @B* @BY (3.3)

Where .6% .6%" .6%$", .6 . This assumption is made since the profile
will be subjected to pure bending in this load cdd9ds means that the approximate
von Mises stresses is calculated with Equatiorb8ldw

> J@BT # (3.4)

3.2 Buckling

The parametric study set rough dimensions of tlien@ium profile, rejecting all
solutions that cannot resist buckling. In the ttaigy two cases of buckling can occur.
The first case is buckling of the upper flangeg $second is buckling of the upper
plate between the webs. See Table 3.1 for a vimtan of the cross-section. The
reason only the top plate is exposed to bucklintpas the whole panel is deflecting
downwards, leading to compressive stresses imoghelate and tension stresses in the
bottom plate of the stiffened top plate.
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Table 3.1 Cross-section of aluminium profile.

Buckling case #1: Buckling of the| Buckling case #2:Buckling of the top
flanges of the top plate. plate between the webs.

For both buckling cases, the concerned area isidenesl a plate. The profiles are
bolted in the ends and can therefore be considesdked supports. As long as bolts
don’t get loose, the profile is fixed. Hence, adiog to Ringsberg, (2011) the critical
buckling stress can be calculated as in Equatisn 3.

?

D —
°E L7 (3.5)

2 FGHDI ‘JE

In the equationMis the thickness of the plate ands the distance between supports.
In the first case, buckling of the flanges, thaatise between supports is the length of
both flanges combined, since in the actual bucklbage the profiles is welded
together, making a plate as wide as two flangesthén second case the distance
between supports is the length between the webeeprofile.

However, since this theorem does not take plagticib account, the stresses have to
be checked. If the critical buckling stress$i# higher than the yield point of the

material divided by 2, the Johnson’s and Ostengeltbrrection needs to be used
(Ringsberg, 2011). The Johnson’s and Ostenfeldisecis describing the relation

between influences of plasticity and buckling clktedstics. The relation can be

expressed according to Equation 3.6.

Ne
JAASL (3.6)

In theory, all materials are perfectly elastic upthe yield point. In reality, the
materials are starting to deviate from the perfdastic behaviour at half the yield
point. The correction factor () corrects the buckling formulas to be closer to
reality.

3.3 Deflection

Deflection is a dimensioning factor in this thesifie stiffness of the profiles and

beams is dependent on the cross-section, and e tbe stiffness is the higher will

the deflection be. The deflection also depends hen doundary conditions at the
attachment points, the deflection of a beam withpée supports in the ends have five
times higher deflection compared with a similarecasth fixed supports, as can be
seen in Equation 3.7 and Equation 3.8 below (Lu2abg).

QRS
UVOE9 (3.7)
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UVOE9
These equations can be deduced from the diffeteaqistion of the elastic line. The
curvature of a line can be expressed in accordaitbeEquation 3.9

(3.8)

vy
= X —7# (3.9)
w F\ FZ[F11DID
Where F l#s the displacement of the line afdis the radius of the curvature. The
following relationship has been made, see Equéatia.

. (3.10)

Furthermore, the deformation of most beams is asdusmall, hence +-I " 4
results in the simplification presented in Equatiohl.

A —FIl.# (3.11)

This equation shows the relationship between tHea®n, bending stiffness and
moment.

D T
a_ gy, 2ZR0 by (3.12)

al b al T E9

Depending on the boundary condition, the deflectisihbe given by the solution to
this differential equation. As it can be seen tb#attion is highly dependent on the
free length between supports (Lundh, 2008).

The beam system in this study is considered beingplg supported. However,
simply supported in theoretical terms is that omppert is pinned and the other one
rolled. In reality, the supports are fixed in trimi®nal degrees of freedom but free to
rotate. In reality, the boundary conditions are stimmg between simply and fixed
supports, but closer to simply. To be conservatllezalculations regarding the beam
system in this thesis are based on the theoré@oal of simply supports.

All deflections in this thesis are obtained by siations with simple supports. The
boundary conditions used in the software is dispteent supports, with zero
deflection in x-, y- and z-axis in one support,xysaand x-axis in two supports and z-
axis in all supports.

3.4 Goal driven optimization

This section presents the theory used in the GoaleB Optimization (GDO) tool
(ANSYS, (2014)). The GDO tool is a multi-objectiwptimization technique that
finds the design that best fits the user defingeatives based on the input geometry
parameters. The method is used to find a weighitnigeed solution for the supporting
steel structure. The section contains a brief mtasien of the different parts of the
GDO tool which includes design of experiments, oese surface, sensitivity analysis
and the optimization algorithms.
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3.4.1 Design of experiments

In this tool the geometry parameters are given @recuand lower value. Instead of
running the simulation for all possible combinasoaf geometry parameters, the
design of experiments determines sampling pointgetexplored in the most efficient
way. This reduces the sampling points needed amdecpently it reduces the
computation time. The program combines one cerdiet pvith points along the axis
of the geometry parameters, these points are detednmby a fractional factorial
design (Dodge, 2008).

In order to predict the shape of the response seiidasecond-order polynomial model
is used. In this case it determines which geomadirgmeters gives a certain response
and to what magnitude. Furthermore, the program assetral composite design to fit
the second-order model (Montgomery, 2009).

3.4.2 Response surface

The response surface is used when analysing aepnolhere the response is
influenced by multiple variables and the aim i®pdimize this response. In this study
it is used to find a design with a limited heigindadeflection combined with a low
weight. This is of course dependent on severakwfit geometry parameters and a
range of output parameters such as web heightedi®ih and geometry mass. The
geometry parameters can be seen as a function~ $-,$d-.I @ where #is the
error in the response. A response surface is tepresented by $-$d-.11#
example of a response surface can be seen in Bgai(®ontgomery, 2009).

Figure 3.3 An example of a response surface for an analgbswing the expected yield
for temperature and pressure as the input paranse{®tontgomery, 2009)

Since the relation between the response and theejep parameters are unknown,
the program approximates these responses withoadarder polynomial model.

c.f g@hf ij-j@hf ij-f@hfuhij-j- @ (3.13)
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This approximation is usually enough in order tm an analysis of the response
surface that corresponds to the actual system @oomery, 2009). However, since
the software approximates the surface between lasdclipoints, any solution taken
from the response surface needs to be rechecked.

3.4.3 Parametric sensitivity analysis

The computational time of the optimization routiree mainly dependent on the
number of input parameters. The software runs anpeiric sensitivity analysis of the
input parameters and based on this the user hahithee to constrain parameters that
have a very small effect on the output. Based ers#nsitivity analysis, the user can
make changes to the range of different parameteigwin turn can make the analysis
less time consuming.

3.4.4 Optimization

ANSYS offers a range of optimization methods inith@DO tool; in this study
screening and Multi Objective Genetic Algorithm (IB@) has been used. Screening
is based on the Hammersley algorithm (Diwekar & X005). It uses direct sampling
and sorting to find a multiple objective design.isTimethod is well suited for
preliminary design since the number of points doesincrease exponentially with
the number of input parameters. Because of its Igiityp the screening method is
preferred as a base for more advanced optimizatgorithms.

The MOGA is inspired by natural evolution wheressover and mutation can yield
an offspring that is superior to both parents.his study the MOGA has been used
for structural optimization. Interested readers ftatt more information about genetic
algorithms in (Konak et al, 2006) and more genénédrmation about the other

optimization algorithms in (ANSYS, (2014)).
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4 Concept Development

In this thesis, the stiffened top plate is desighetbre the beam systems. This has
both benefits and drawbacks. The most significamefit is that the stiffened top
plate can be weight-reduced at much as possibtettars reducing the investment
cost since the stiffened top plate is made of ahivmi. The drawback is it is setting
more narrow boundary conditions to the beam systameath.

To generate a concept for the stiffened top platyeral proposal designs are
weighted against each other in an elimination-mairhe elimination-matrix is based
on a parametric study using, as well as discussans hypotheses between the
authors and experts from TTS Marine AB. The mosinpsing concept of the
stiffened top plate is iterated by a global analyssing MATLAB, and a local
analysis using Abaqus. Depending on how the seffetop plate is designed and
applied, it might give restrictions to the desidrttee beam system. The beam system
is analysed and optimized using ANSYS workbench.

4.1 Concept generation of stiffened top plate

The first part is to generate concepts for thdestéd top plate. Several concepts are
investigated but only one is evaluated further. Thp rated concept from the
elimination-matrix, see Table 4.2, is extruded ahiom profiles that extends
between the longitudinal stiffeners and are fixathwolts. The benefits of extruded
profiles are that they contribute to the stiffne$she whole panel. The profiles are
fixed to each other by friction-stir welding (FSWrming a stiffened top plate
structure. FSW allows the profile to contributethie effective flange of the stiffeners
across the panel.

An alternative concept of the stiffened top plat@aihoney comb structure. The idea is
to have two thin plates with honey comb structheexagon) in the vertical direction
in between, see Figure 4.1. The honey comb strigiiexpected to add a certain
contribution to the panel stiffness and reducediigection. It is also possible to add
foam in the honey combs to even out the loads. Kewehis concept is rejected due
to high estimated cost.

Figure 4.1 Honeycomb sandwich structure

Composite materials are a combination of two or enonaterials. Normally,
composite materials consist of fibres of one or enoraterials in plies upon each
other. The filling material (matrix) is one or mareterials. Depending on how thick
the plies are and in what direction the fibresriedifferent properties can be obtained
in different directions. Composite materials cawegihe possibility of reaching
desired properties in certain directions with a Maeight (Agarwal et al, 2006). This
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concept is rejected due to the high cost of comi@anaterials. Composite materials
are expected to have higher potential in the futifrehe oil price continues to
increase. A short summary of the top plate conca@presented in Table 4.1

Table 4.1 Brief explanation of various concepts for stifféihep plate.
Concept Explanation Benefits Drawbacks
Extruded profiles Various cross-sections Low Sensitive to
are evaluated, see Figufenanufacturing | buckling.
4.2. cost.
Honey combs Two thin plates with a | Expected to add High
honey comb structure in a certain manufacturing
between. It is also contribution to | cost.
possible to add foam in | the panel High estimated
the honey combs to evenstiffness. weight.
out the loads. Reduce
deflection.
Sandwich structure Composite materials arn theory, itis | High
a combination of two or| possible to manufacturing
more materials that reach high cost.
together can reach strength levels
different properties in | in desired
different directions. directions with
a low weight.

Three different cross-sections of extruded profées evaluated to make sure the
optimal solution can be found. . All three crosstgms are evaluated in a parametric
study to see which cross-section can reach theslioweight per area. The parametric
study does only take global analysis into accobat,the idea is to get estimations
how big potential each concept has from a weigtiticéon point of view. The cross-
sections with brief explanations are presentedgare 4.2.

(@) (b) (c)

Figure 4.2 Concepts of extruded aluminium: a) Concept #1:tivarwebs with closed
cross-section, making this concept good from a kigigrspective and
resilient to buckling. b) Concept #2: Webs inclineith an angle and closed
cross-section, making this concepts ideal for tdsigkling but of the cost of
slightly higher mass. c¢) Concept #3: Vertical, $ingieb cross-section,
making this concept ideal for reaching low weigbiuions, but of the cost if
higher risk for buckling.

In the parametric study the inputs of different dimsions is set as intervals with
discrete numbers. All possible combinations areluatad. The combinations that
cause too high stress and/or buckling are rejectbé. purpose of the parametric
study is to find which cross-section can reach Itveest weight per square meter
while meeting the strength requirements.

All combinations of dimensions that do not meet tbquirements of buckling and
avoiding maximum permissible stresses are rejecéed, among the remaining
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candidates the solution with the lowest mass pearsgmeter is kept. The reason the
two first concepts (see Figure 4.2a and Figure )4h2lve the same number of + in

Table 4.2 is that the parametric study finds theelst weight when the web is vertical.

Practically, this means these two concepts aredhee.

Table 4.2 Elimination-matrix for stiffened top plate concept

Explanation: (+) good (-) bad (?) need more info

Extruded| Extruded| Extruded| Honey Honey | Sandwich
#1 #2 #3 combs | combs | (composite
with foam | materials)

Estimated + + + + + +
weight

Estimated + + + - - -
cost

Meet + + - + + +
strength
requirements

Meet + + - + + +
buckling
requirements

Resistance + + + + + +
for point
loads

Resistance + + + ? ? -
for fatigue

Lack of + + + - - -
experience

Concept| Concept| Concept| Concept| Concept | Concept
accepted rejected | rejected | rejected| rejected rejected

Composite material (sandwich) is rejected partlg tlu manufacturing cost, but also
due to the fatigue limitations. Fibre breakdown ocanur sudden and is considered a
risk of safety in this case (Agarwal et al, 200B)e honey comb concepts are rejected
due to the lack of experience for this kind of stawes in the marine industry. The
single-webbed aluminium profile concept (Extrude®) # rejected due to higher
weight compared to the other aluminium profile.

The concept evaluated further is studied using bebheory and plate theory.
Engineering beam theory and plate theory is usegetdorm a global analysis,
evaluating how the different concepts behave raeggrouckling, deflection and what
stresses occur for different free lengths.
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4.1.1 Parametric study

The first step of designing the stiffened top plaeto evaluate the aluminium
concepts with a parameter study. Each dimensiothefcross-sections are divided
into a number of points with the lowest respectiviabghest manufacturable limit as a
constraint. All possible combinations of dimensiane then evaluated and the lowest
weight solution that meets all requirements is ehodHence, all dimensions that
cause too high stress and/or buckling are rejedtkd.target is to obtain dimensions
that minimize the weight per square meter of theepavhile the stress criterions are
fulfilled. See Figure 4.3 how the stress due todosmand weight behaves to the web
height, lower plate thickness and upper plate tiesk. Figure 4.3 is based on the
final design, see Figure 4.2a.

Figure 4.3 Bending and weight depending on web height, upped lower plate
thickness. In the graphs, all dimensions are sebuating to the end design,
except for the variable under study.

Figure 4.3 shows that the web height has the higbestribution to the bending

stiffness, while it has a low contribution to theight. The upper and lower plate
thicknesses affect the neutral axis, which in @ffacts bending stresses. To lower the
bending stress the lower plate thickness needs tmdreased. It is evident that to
obtain a low weight solution, a high web height Wdobe used while the plate

thicknesses are kept at a minimum. The paramétratyss strongly dependent on the
free length between supports of the profile. Sdvaases are carried out for different
number of beams. Since the ratio length-heightigs the case is considered being
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pure bending. Therefore, no further evaluationasedof the shear force since it is
assumed to be low.

4.1.2 Design iteration of the aluminium profile

Since the design from the parametric study is @mreunder dimensioned, a more
detailed analysis is necessary. To reach the fiasign of the aluminium profile it is

iterated with a design spiral using engineeringnbeheory and FEM. The design
spiral iterates the design between a global arelgsd a local analysis. The global
loads analysis calculates stress due to bending E§aation 3.1) and buckling (See
Equation 3.5 and 3.6), see Section 3 for more ldet@he local analysis calculates
stresses due to local loads near the tyres anddades using FEM. The goal of this
process is to optimize the stiffened top plate ettesigning the beam system.

4.2 Concept generation of the beam system

The purpose of the beam system is to transferifermly distributed load, which is
set to 250 kg/f to the attachment points. The design is resttiatebuilding depth
and deflection according to the design criteripi@sented in Section 1.4. Depending
on how the aluminium profile for the stiffened tplate is designed, the design of the
beam system also has restrictions to the minimumibeu of longitudinal stiffeners to
avoid to high stresses in the aluminium profiles tlubending.

Since the main purpose of this thesis is to keepwhight down it is beneficial to
have as few beams in the structure as possibtgereral, few large beams contribute
more to the stiffness per mass than many small belam
Knl
?

As can be observed in Equation 4.1, the height@bieam has a cubic contribution to
the moment of inertia, which is the reason few dabgams is to prefer to obtain a
high stiffness to low weight. Therefore, the lowalbwed number of beams in the
longitudinal direction is set by the aluminium plef Consequently, only having
beams in the longitudinal direction translates nodshe loads to two out of four sides
of the outer frame. By having transverse beamseadlsewen outs the loads to all four
sides. Only having beams in one direction musthwatever be a problem since the
frame can be dimensioned differently on the diffiéreides. The different concepts
shown in Figure 4.4 will only differ in the numbeftransverse beams.

(4.1)
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() (b)

Figure 4.4 Transverse stiffener: Concept (a) has no transddssams, making it ideal
for keeping manufacturing costs low. This concdgb &as the potential of
reaching the lowest mass. Concept (b) has two wemsal beams, which
allows the structure to reach a lower deflectiothwhe cost of higher mass.

Having beams in a diagonal pattern is possiblerdanster the loads directly to the
attachment points. However, the length of a diagdmesam is longer than a
longitudinal, and therefore the deflection and/mnehsions are larger. The diagonal
pattern of the stiffeners is not evaluated sindeatls to a higher weight of the panel
(Alatan and Shakib, 2012).

To avoid having the neutral axis of the structurehe middle of the stiffeners, they
are fixed on the upper flange or on the bottomdgéawnf the frame, see Figure 4.5.
Both of these scenarios have pros and cons. I¢tiffeners are fixed on the bottom
flange, the aluminium profiles can fit on top ardid reducing the manufacturing
cost, but with the drawback of even more limitedoweeight of the longitudinal

stiffeners. It is however possible to fit the alammm profiles even if the longitudinal

stiffeners are attached on top of the frame byitplshorter profiles between each
longitudinal stiffener. This is a dilemma of invesnt cost in relation to weight,
where the investment cost is increased due to imalteng is needed, and the weight
is reduced since the height of the web of the kmagnal stiffener can be used in
higher extent to increase the moment of inertia.

(@) (b)

Figure 4.5 Longitudinal stiffeners attached on upper flangg &nd on lower flange (b)
of the frame.

4.3 Assembly methods

This section presents how the structure is asseimblepending on which assembly
method is used; the investment cost, strengtiguatlife and boundary condition can
vary.
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4.3.1 Aluminium-aluminium connection

The idea with the aluminium profiles is that théyk be welded together and form a
stiffened top plate. Since keeping the materialgrfas aluminium down is of value,
welding is an interesting method since it doesetfjuire any overlap. Friction-stir
welding (FSW) is a commonly used process-methocliaminium alloys that allows
the plate to achieve good weld strength without pestment (Nicholas ED, 1998).
This method is applied in this thesis and can bevaied by the low concentration of
defects and is in general a good choice when wgrkiith low thicknesses.
Compared to conventional welding methods, frictgtim welding is stronger in the
welds which is necessary in this case becausesqidint loads from the tyres.

Other methods discussed are fusion welding and Stangnert Gas (TIG) welding,

and mechanical fastening. According to Ericsson &addstréom, (2011) FSW offer
several benefits over TIG and fusion welding. FS¥érs stronger welds that are
more fatigue resistant, compared to TIG. Simultasgo FSW is using a lower

temperature than fusion welding, resulting in lowleermal stresses. Hence, FSW
seems like the superior choice in this case dukdsolid-phase weld, low distortion
and low cost (Nicholas and Thomas, 1997). Mecharfacstening is the cheapest
choice and has the potential of reaching the mosha@mical beneficial solution.

However, mechanical fastening is not evaluatedhis thesis due to the lack of
experience for the distribution of forces in thi;dk of structure. For example,

utilizing this solution would significantly reducthe effective flange contribution

from the aluminium on the steel beams.

4.3.2 Aluminium-steel connection

The aluminium profiles need to be mounted to thenbeystem, and depending on
how they are mounted the boundary conditions vhrythis thesis the profiles are
bolted into the frames and stiffeners of the begstesn. This means that as long as
the bolts do not come loose, the profiles can msidered as having fixed supports in
the ends.

An alternative and potentially cheaper way is twdothe position of the longitudinal
stiffeners and having the aluminium profiles placedtop of the stiffeners. Hence,
the aluminium would only be bolted in the framef bince the deflection is such a
dimensioning parameter in this case, this is notbeial.

4.4  Concept development summary

The final concept of the stiffened top plate isesal aluminium profiles with two
vertical webs, see Figure 4.2a, welded togethermgusSW. This cross-section has the
potential of keeping down the weight of the stifdrtop plate and therefore also the
investment cost, while it meets the strength regménts. These profiles are bolted
onto the beam system in the frame and in the ladgnal stiffeners.

Under the stiffened top plate, the beam systemesgded with two longitudinal

stiffeners for the side car deck panel and fourttier centre car deck panel. Either of
the car deck panels have transversal stiffenerausecit only reduced the deflection
marginal with the cost of higher weight, accordingimulations, see Figure 4.4a for
centre car deck panel. The longitudinal stifferemes attached on the upper flange of
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the frame due to the magnitude of the web heigltt @eflection correlation, see
Figure 4.5a.
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5 Structural Analysis and Optimization

In order to investigate the deflection and stressebe structure, the finite element
method (FEM) is used. Since the stiffened top pdaie beam system are investigated
separately, two different FEM softwares are usdshgus (Dassault Systémes, 2013)
Is used to verify the results obtained from thebgloanalysis as well as evaluating
local stress responses while ANSYS workbench (ANS¥2914)) is used when
evaluating the steel structure. The optimizatiothefsteel structure is also carried out
in ANSYS workbench.

5.1  Aluminium profile

The aluminium profile is evaluated and weight reztuiin MATLAB while Abaqus is
used to verify the results obtained when utilizeggineering beam theory and to
study the profiles in more detail. S4R shell eleteesre used since this is a thin
structure. For this analysis a profile with the dimsions obtained from the parametric
study script is modelled. The material propertisedufor the analysis are the ones
presented in Table 1.2

Since the material changes shape during loadin@nhéysis is run with a geometric
nonlinear model, generally nonlinear geometry stidnd used if the deformations are
larger than 1/20 of the parts largest dimension (Dassault Systég@@8). While the
plate deflection is small, it behaves in a nondinway. Consequently, a non-linear
analysis is used. When trying to reduce the weadlat structure it is important that a
geometric nonlinear analysis is used in order wichever dimensioning. The reason
for this is that the results from a nonlinear aimeadr analysis of the same structure
can differ a lot. This is due to the change of ghapd consequently changes of
stiffness in the material. The load of a linearlgsia retains its direction which will
give a higher stress response while the load obrdimear analysis will follow the
deformations. An exaggerated illustration of thegé de seen in Figure 5.1 (Dassault
Systemes, 2008).

(a) (b)

Figure 5.1 The principal difference between loads of a rinedr analysis (a) and a
linear analysis (b). Dassault Systemes, (2008)

The load cases for this analysis are when the wHesh two cars are situated exactly
in the middle between supports, one case wheravlieels are situated between the
webs, hereinafter referred to as load case 1, ared case when the wheels are
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between the stiffeners, hereinafter referred tmag case 2. This is assumed to be the
worst case scenarios. Figure 5.2 shows the steieisiwell as the wheel prints, the
boundary conditions for the analysis are fixechatshort edges while the other edges
have a symmetry boundary condition.

(@)

(b)

Figure 5.2 The two different load cases studied in the FEh=is

The stress levels obtained from the beam theoryysisaoriginates from pure
bending. However, the wheel prints give rise talatresses; hence this is evaluated
with FEM. When performing a FE-analysis, there jossible sources for error, for
example the mesh might be too coarse in order tamobeliable results. Thus, a mesh
convergence study is carried out in order to canfthe accuracy of the results.
Furthermore, the global mesh sizing for shell elet®ieshould be kept above a
minimum of 5 times the biggest thickness (Hogstr@01,0). This is due to a limited
number of integration points in the thickness & glement, if the distance between
these points is too large, errors in the solutidhagcur.

Figure 5.3 shows the convergence study conducted.r&d line represents 5 times
the biggest thickness for the model. It is eviddat the solution converges for mesh
sizes between 0.0375 and 0.0285. At mesh sizes tvae 5 times the thickness there
is an increasing numerical error in the solutioor. fhe analysis a mesh size of 0.0325
is chosen.
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Figure 5.3 Convergence study for the Abaqus model.

The above models are assumed to be sufficient heae a reliable result for the
weight reduction iteration, since the stresses edmg and approach zero over the
surface. However, the middle third of the car decknodelled in order to verify this
assumption and to evaluate the how the differenntplmads affects the global
structure. Figure 5.4 shows the structure and theel prints from above. The
boundary condition is fixed at all edges. This laade is referred to as load case 3.

Figure 5.4 One third of the car deck modelled in Abaqus.

The distance between wheel prints are defined uasimgprmal car as a reference,
while the load is as presented in Section 1.4 #ssumed that the cars will be parked
as close as possible to each other, which meahgh#haistance between two tyres is
set to 0.2 m. Figure 5.5 shows the dimensionset#r used.
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Figure 5.5 Dimensions of the car used for determining théadise between tyre prints
in load case 3.

5.2 Steel Structure

For the analysis of the steel structure, ANSYS Wwerich is used. For this analysis
the system is considered to have supports as dedcm Section 3.3. This result in
lower stresses in the corners compared to fixedpmip Furthermore, the

dimensioning parameter for the supporting steelctitire is the deflection, not the
stresses. Hence, the choice of elements and mugledlystem is based on this
assumption. Line bodies with assigned cross sextame used for modelling the
structure since it is quick and easy to make changbe element type used in this
evaluation is BEAM188 elements, where each nodéldegyrees of freedom (x- y- z-

translation and x- y- z-rotation). Furthermore, prag is unrestrained.

The load used for the analysis and optimizatiothés UDL as presented in Section
1.4, converted to a line load. The self-weighta$ & part of this analysis due to pre-
tension of the steel structure.

The elements of a FE-model highly affect the acoyat the results. Because of this
a convergence study is carried out where the lggnent division of the structure is

changed to see if the results differ too muchhis tase the solver uses BEAM 188
elements which use cubic interpolation in orderstive the deformation. The

maximum deformation occurs in the middle of thegitudinal beam as can be seen in
Figure 6.8; hence, both the longitudinal beam drel ftame were refined for this

convergence study.
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Figure 5.6 The result from the convergence study, showinigatefn (mm) for different
number of line divisions

Figure 5.6 shows that the results converge afteeléfents per line. The solution
converges to the fifth decimal place at a lineslom of 128 elements. Hence, in order
to reduce computation time, the simulations arewith 16 line divisions.

5.3 Summary of the structural analysis
For the analysis of the stiffened top plate 3 nha#@d cases are used

Load Case 1 (LC1): The load from two tyres (22.099 situated in the

middle between supports in the transverse dire@rhon top of the stiffener
in the longitudinal direction. See Figure 5.2a.

Load Case 2 (LC2): The load from two tyres (22.099 situated in the

middle between supports in the transverse direciwh between stiffeners in
the longitudinal direction. See Figure 5.2b.

Load Case 3 (LC3): One third of the panel loadethwiars in the worst
possible configuration which corresponds to a ttdatl of 110.475 kN. See
Figure 5.4.

In addition to the above load cases the weld isuat@d by having two tyres (22.095
kN) situated in the middle between supports inttaasverse direction and on top of
the weld in the longitudinal direction. Furthermotbe structure is evaluated by
turning one tyre (11.047 kN) 90 degrees with theesaonfiguration as LC1 and LC2.

The deflection of the beam system is evaluated witlniform load of 250 kg/m
without the addition of a dynamic factor. This @sponds to 516.475 kN for the
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centre car deck and 360.545 kN for the side cak.dearthermore, the stresses in the
side car deck are evaluated with the same load avitlynamic factor of 1.5 added.
This corresponds to a load of 540.817 kN.
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6 Results

This section presents the findings for each evalngterformed. The final design of
the aluminium profile is presented in Section 6dlloived by results from the

structural analysis. The beam system evaluati@h@svn in Section 6.2. Section 6.3
presents the analysis in GeniE that confirms thength of the car deck panel. The
section is concluded with a short summary.

6.1  Aluminium profile

Several iterations were made in the aluminium aebigfore a solution satisfying the
design requirements were found. The dimensionsefihal design are presented in
Figure 6.1; the free length of the profile is 3.2ltrcan be seen that the top plate has a
quite large thickness; this is a result of the Hgygtal stress concentrations in the top
plate due to the tyre load. The only method to cedihese stress concentrations is to
increase the number of stiffeners or by increaiegtop plate thickness. The reason
for this limitation is that material only can bedad in one direction when using
extrusion as a manufacturing process. Figure 6o2vsithe aluminium profile with
lashing holes. The bending stress in the profilafiected by the web height and the
position of the neutral axis, a combination of th® were found where the lower
flange thickness could be kept low, reducing thaltaveight of the profile. The final
design has a weight of 20.673 kg/nWhile the proposed design has a uniform
thickness in the top plate, the mass could be emtistghtly by removing material at
low stress locations; this would require a new Fadel without shell elements. This
is due to the high uncertainty in the results ieaar where sharp edges, due to
transitions between different thicknesses, arethiced.

[Figure deleted due to confidentiality]

Figure 6.1 The dimensions of the proposed aluminium profilemim where the free
length is 3.2 m
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Figure 6.2 Aluminium profile with lashing holes

6.1.1 Stresses in the aluminium profiles

The figures in this section show a selection olltssfrom the structural analysis
performed in Abaqus. The complete result, showhag &ll stress requirements are
fulfilled can be found in appendix A. Figure 6.3dalRigure 6.4 show the Von Mises
stresses in the profile for load case 2. If comgacethe requirements presented in
Section 1.4 it can be seen that the stresses dne émit in the top plate while they
are slightly below the limit for the stiffener. Flaermore, the stresses approaches zero
already two profile lengths from the load. This whkathat the assumption that the
existing lashing solution can be used, without och interaction with the local
loads, is true.

Figure 6.3 The Von Mises stresses in the stiffened top piaeo the tyre load.
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Figure 6.4 The Von Mises stresses in the stiffeners duesttytk load.

Figure 6.5 shows the stress response for the Wwaadtcase the welded material will
be subjected to i.e. when a tyre is placed diremtlyfhe weld. The red line represents
the approximate location of the weld and the stneagnitude is at the allowed limit.

Figure 6.5 The highest stresses that will occur at the welel t the tyre load.

The stresses normal to the cross section for laaé 2 are shown in Figure 6.6 and
Figure 6.7. This is the load case that yields tlghdst normal stresses. Here, the
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normal stress due to bending is dimensioning wioitdoad case 1 the normal stress
due to local loads are dimensioning. This is duth&increased thickness in the top
plate above the stiffeners. The stresses in thedzsotes are slightly lower than the
maximum permissible stresses.

Figure 6.6 The highest normal stress that occur in the panel.

Figure 6.7 The normal stress in the stiffened top plate dadicase 2.
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Contour plots for all load cases are presentedgpefddix A. It includes load case 3
as well as a load case where the car is turnedeffeds. This is to ensure that the
structure can withstand the load when cars are th@eeoss the car deck during
loading/offloading. In Appendix A, Figure 16, it rrabe seen that the stress
approaches zero already 1-2 profile widths fromtyies.

6.2 Beam system

This section presents the final design of the supmp beam system for the two
different dimensions evaluated. As previously nmmed, the deflection is
dimensioning. Hence, only the final dimensions loé structural members and the
corresponding deflection of the structure will begented here. The stresses in the
structure is however evaluated and presented itidBeg. 3.

6.2.1 Centre car deck (14.64x14.37)

The solution found for the centre car deck pangrésented in Figure 6.8. The beam
system has a steel frame and four longitudinall dieams. All the beams in the
solution are I-beams. The only solution found whitiee web height + deflection did
not exceed the allowed building depth was by utifzongitudinal beams, attached in
accordance with Figure 4.5a, with a 340 mm webHhteigherefore, the longitudinal
stiffeners are attached to the upper edge of #madrto avoid exceeding the allowable
building depth, which results in additional bolting

Figure 6.8 Vertical deflection of the centre car deck panel.
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The dimensions of all the structural members a$ agethe deflection can be seen in
Table 6.1. The corresponding weight for the ergtracture as well as a comparison
to the reference solution is shown in Table 6.2 attachments are bolts, brackets,
and welds and their approximated weight is 3 %heftotal weight.

Table 6.1

Dimensions and deflections of the beams in theeeear deck panel.

Transverse Longitudinal Longitudinal
frame frame stiffeners

Bottom flange width (mm) 420 250 250
Bottom flange thickness (mm) 35 15 20
Upper flange width (mm) 350 150 250
Upper flange thickness (mm 25 6 30
Web height (mm) 400 400 340
Web thickness (mm) 6 6 6
Deflection (mm) 55.5 53.8 108.8
Web height + deflection 455.5 453.8 448.8
(design depth) (mm)

Table 6.2 Weight of the reference solution as well as therahtive design of the centre

car deck panel.

Reference Alternative design
Aluminium weight (kg/m) - 22.64
Steel weight (kg/r) 93.16 63.6
Attachments (kg/f) 2,79 2,59
Total weight (kg/m) 95.95 88,83
Weight reduction (%) - 7.42

While these results are from the response surfaceesing and an optimization
would reduce the total weight of the beam systeghty, the weight is too far from
the desired reduction which is 25%, see Table C@nsequently, the design is
considered not beneficial and not optimized further

6.2.2 Side Car Deck (10.22x14.37 m)

The solution that yielded the lowest weight for beam system for the side car deck
has a steel frame with two steel longitudinal stifrs (y-direction in Figure 6.9). All
the beams in the solution are I-beams. Due to thgnitude of the span between
supports; there was no solution that made it ptesstbplace the aluminium panel on
the top of the longitudinal beams. The reasonli is that the stiffeners need to be
attached to the upper side of the frame in ordeotaply with the building height and
deflection requirements presented in Section 1a$lél6.3 presents the dimensions of
the final design while Table 6.4 presents the carapa between the proposed design
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and the reference solution. As in the previous sediion, the attachments are bolts,
brackets and welds and corresponds to an approedh@® of the weight of the steel

structure.
Figure 6.9 Vertical deflection of the side car deck panel.
Table 6.3 Dimensions and deflections of the beams of theecd deck panel.
Transverse Longitudinal Longitudinal
frame frame stiffeners
Bottom flange width (mm) 309 308 220
Bottom flange thickness (mm) 11 12 20
Upper flange width (mm) 308 315 309
Upper flange thickness (mm) 9 8 20
Web height (mm) 415 415 340
Web thickness (mm) 6 6 6
Deflection (mm) 39.5 40.1 115.0

Web height + deflection
(design depth) (mm)

454.5

455.1

455.0
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Table 6.4 Weight for the reference and alternative design.

Reference Alternative Design
Aluminium weight - 20.7
(kg/n")
Steel weight (kg/r) 87.28 41.54
Attachments (kg/f) 2.62 1.87
Total weight (kg/m) 89.9 64.11
Weight reduction (kg/f) : 28.69 %

A weight-reduction of 28.69 % is satisfying and Iwdbntribute to a significant
reduction of fuel consumption, but is only benefids the investment cost can be
repaid in[Deleted due to confidentiality]See Section 7 for more details regarding the
cost analysis.

6.3 Verification analysis of assembled structure

In Section 6.2 it was concluded that the aluminicmncept is not beneficial for the
centre car deck panel. Consequently, only the sadeleck is modelled and evaluated
in GeniE (DNV Software, 2014). The result from thE-analysis can be found in
Appendix B, it shows that the design fulfils theess requirements set up by DNV.
Furthermore, the aluminium contributes to the glateength of the car deck panel
which results in a lower overall deflection of theam system. Figure 6.10 presents
the deflection when the panel is loaded with 37&kgIf the deflection in Figure
6.10 is compared to Table 6.3, it is evident thatdluminium reduces the deflection
significantly. Without the increased stiffness fréime aluminium the deflection is 115
mm while it is 113 mm with aluminium and the dynarfactor added.

Figure 6.10 The deflection of the car deck panel.
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6.4 Summary of the structural analysis

A summary of the FE-analysis for the side car d#esign is shown in Table 6.5. The
maximum stresses from the simulations are showredmh part of the structure as
well as the percentage of the maximum allowabkesstr

Table 6.5 Summary of the FE-analysis of the side car deckgeG0-60%, yellow 60-
90% and orange 90-100% of maximum permissible stees

Maximum stress

Percentage of *

allowed (MPa) * (MPa)|', (MPa)
112.1 -91.85

deck plate 100% 94%

79 -71.5

weld 96.30% | 100%
110.8 -108.1

stiffener 90% 98.4%
222 221.6

beam system 88.9% 98%

As can be expected for closed cross section asasdHbeams subjected to bending,
the shear stresses are significantly lower tharalloevable. For the stiffened top plate
the highest stress occurs in the top plate dubkedadcal tyre loads In order to reduce
this stress the distance between stiffeners nedx towered or the plate thickness
increased. Both methods would result in an increbdstal weight. The most critical
normal stress that arises in the aluminium stiffeng located in the aluminium-steel
boundary for load case 1. There is an uncertamthis area and further investigation
of the boundary condition should be conducted tofiom that the stress
concentration does not exceed the allowable.

In the beam system the highest stress concentrafitioth normal and von Mises
stress will occur in the lower flange of the loadtweg frame. This is expected since
all the loads from the cargo will be translateatigh the frame to the pillars.

It should be noted that the load case identifiethasmost critical is where two cars
are parked with the wheels exactly in the middlémeen supports. This is not a
standard cargo configuration and will occur verydem, if anytime. Hence, the

normal stress in the aluminium structure will bevéo most of the time. However,

regardless of the distance between tyres and sigppe stress concentration in the
top plate will always be the same since this iscall phenomenon.
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7 Cost Analysis

[Section deleted due to confidentiality]

7.1 Car deck size analysis

The weight-reduction potential of using aluminiu® a substitute to steel in the
stiffened top plate is higher when smaller car de@kels are considered. Due to this,
an analysis is performed where the width of theep@reduced in steps in order to
show how the weight is affected by the lower freregkh between supports. Figure 7.1
shows how much it is possible to reduce the weightthe use of aluminium,
depending on the width of the car deck panel. Risrdnalysis the aluminium profile
presented in Section 6.1 is used as it would beito® consuming to design a specific
profile for each case. Figure 7.1 also shows tfereéace solution weight compared to
the design with aluminium profiles with two respeely four longitudinal stiffeners.

Reference solution
Four longitudinal stiffeners
Two longitudinal stiffenel

Figure 7.1 Weight per area for different sizes of car decks.

The results in Figure 7.1 are based on respongacsuscreenings, hence it has a
potential of reaching slightly lower weight tharetiagram indicates. All solutions

meet the deflection and building height requireraeiifigure 7.1 indicates that the

weight-reducing potential of aluminium is greatérl@aver dimensions of car deck

panels. This verifies the statement that a 6 mokttap plate of steel is excessive.

7.2 Payback time

[Section deleted due to confidentiality]
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7.3 Cost allocation

The reason the new design of the car deck panehdse expensive than the
conventional design, even if the weight is lowsrthat aluminium have a higher raw
material price and also requires FSW. As can be sedigure 7.2 below, the raw
material of aluminium and FSW stands for 55.5% lué total cost. As can be
expected, the payback time is varying drasticaipehding on the aluminium price
since it stands for such big portion of the totatg.

Figure 7.2 Cost allocation of the side car deck panel

The manning cost and cost for bolting is dependénthe beam lengths and the
number of stiffeners, which makes this cost highar larger car deck panels.

However, to reduce the biggest portion of the toteit, the aluminium, it is necessary
to add more steel, which increases the weight.nlfalernative to FSW could be

found, that would be a possible way to reduce tivestment cost and therefore also
payback time.

Unfortunately the desired payback time could notdaehed. Even if this solution is
not economically justified to apply today, it cae beneficial to use in a near future.
The investment cost is reduces if the raw matgrige of aluminium decreases, fuel
costs increases or less aluminium is used. Figi€@ .6 shows how the payback time
depends on these variables. If the payback timeeisto be[Deleted due to
confidentiality], then one of the following claims must be true:

[Deleted due to confidentiality]
[Deleted due to confidentiality]
[Deleted due to confidentiality]
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Figure 7.3

Figure 7.4
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Payback time depending on the change of the alumiprice.

Payback time depending on the change of the alumiweight.
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[Figure deleted due to confidentiality]

Figure 7.5 Payback time depending on the change of the fuptioe.
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8 Discussion

This study shows that the weight reduction potémdiaighly dependent on the outer
dimensions of the car deck panel. If the aluminizoncept is to be used on car deck
panels with a free length between attachment pantpassing 10-12 meter, the
building depth requirement need to be compromigedrder to obtain a section stiff
enough for possible cost saving. This is due to wed height having a cubic
contribution to the moment of inertia as was présgim Equation 4.1. The reason for
the loss of stiffness for this concept is also abimation of a lower NA, loss of
effective flange and lower young's modulus duehte teplacement of the steel top
plate. The restriction in building depth is the degt obstacle for a lower weight for
these kinds of structures. Furthermore, if the tergth between attachment points
can be reduced, for example by utilizing more sllar by introducing suspension
cables, the suggested design can be made moretwaigh cost-efficient since the
initial assumptions that panels can be placed pretdhe supporting structure would
be true, resulting in reduced steel weight, ledsngpneeded, and the elimination of
supporting brackets.

The dynamic factor used for this study is consévreaand represents the highest that
can occur for the ship. If an adjustable dynamatdawas to be used, depending on
the position of the car deck being designed, sosuk devels could have a slightly
lower aluminium weight. However, the deflectiontbe steel structure is evaluated
without the addition of a dynamic factor, hence weaght saving would be low since
the steel structure would be unchanged. Althougs Would require individually
designed decks for each level, the payoff coultiigh since even a low reduction of
aluminium weight would result in a significant retion in payback time.

In this project the weight-reduction task is divdd@&to two separate parts where the
stiffened top plate is weight-reduced first. Theiga of the aluminium plate is used
as a base for the design of the beam system. Hémeejuestion could be raised
whether the results would differ if the beam systeould be optimized first. Would
this result in a lower or higher free length betwestiffeners? While a lower free
length would reduce the height of the profilesastbeen shown that the local stress
concentrations in the top plate is dimensioning tuad the stiffeners only account for
approximately one third of the profile weight. Fhetmore, even though it is possible
to optimize the two structures together, creatihng FE-model and running the
simulations would be time consuming as the numldemput variables increase
significantly.

As mentioned in the previous paragraph, the beastesyis evaluated separately.
However, by utilizing bolts as a steel-aluminiumngection, the aluminium will
contribute to the effective flange of the steelrhsaConsequently, the deflection will
be lower than the results from the beam systemlation suggests. This can be seen
in Figure 6.10. Hence, while fulfilling all the nelgements, some of the material in the
beam system can be removed.

The FE-analysis of the aluminium profile is conductith fixed boundary conditions

based on the assumptions made in Section 4.3. Whils believed that the

assumption is correct and yield reliable resuttsyauld be more conservative to use
one side fixed and one side simply supported. Hewesince this study is about
weight-reduction and there are safety factors sashthe material factor and the
dynamic factor already in place, the boundary cioma are not evaluated further. If
it is proven that the assumption is non-consereatiie bending moment would be

46 CHALMERS, Shipping and Marine Technologyaster’'s Thesis 2014: X-14/303



slightly higher and consequently the bending se®swould increase as well.
However, if the permissible stresses for the stdfs presented in Section 1.4 are
compared to the actual stresses in the structyspdidix A) it can be seen that there

is a small margin for increasing the stressesenatiea that would be affected by such
a change.
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9 Conclusions

This thesis presents the design and evaluatioraofdeck panels of two different
dimensions where the steel top plate is substitui¢idl extruded aluminium profiles

welded together. Several concepts are discusse@\aidated in a parametric study.
The structural strength of the proposed design esmeuated using FE-analysis.
Furthermore, the supporting beam system was desigased on the design of the
aluminium profiles and optimized using goal drivagtimization. Conclusively a cost
analysis was carried out.

The major findings of the study are summarizedagoints below:

The proposed design for the centre car deck pddeB7x14.64 m) yields a
weight reduction of approximately 7.5%. This resulta too long payback
time compared with the desir¢deleted due to confidentiality]The concept

with extruded aluminium profiles is concluded to lo&avourable for panels
of this size.

For the side car deck panel (14.37x10.22 m), ahtereduction of 28.7 % is
achieved by using the proposed design. This isinvitie aim of the study and
considered acceptable. However, the payback tinieoidigh (2.4 times the
desired) due to the increased material and assesobtyfor aluminium.

If an alternative aluminium-aluminium connectionthe can be developed,
the payback time may be reduced significantly sif8&V corresponds to 10%
of the production cost.

It is concluded that the design may become moreauoaally feasible in the

future due to increased fuel oil prices, the uséiigher quality fuel due to

pollution restrictions as well as possible redutiio raw material prices.

From the parametric analysis of aluminium and tBeaRalysis it can be seen that
local loads are the dimensioning factor for the ftolpte. The stiffeners only

correspond to approximately a third of the paneigive Hence, the only method to
further reduce the weight of the aluminium is tauee the free length between
supports which means adding more steel weighteatitucture.

Based on the two first points above and the cak dexe analysis described in Section
7.1 it is concluded that the conventional designmisre cost-efficient, than the
suggested concept, for car deck panels with bi¢gegth between the attachment
points. This is due to the increased stiffnesseghiinom the top plate when utilizing
the conventional design. The difference in weight quare meter between the two
reference car deck panels is 5.9% while the diffeeewhen utilizing the aluminium
concept is 27.8 %. This shows that the weight-redngotential for the aluminium
concept is higher for smaller panel sizes.
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10 Future Work

Since the structure is mounted on a ship, the diméactor comes from the waves
which mean the loads are cyclic. This thesis hagail@n cyclic loads into account
and a study concerning fatigue design should beecaout in the future. In that
study, also vibrations should be investigated siflmger weight cause higher
vibrations (Ulfvarson, 2004).

From an economic point of view, the investment ¢bat is the major problem with
aluminium structures, and a more economic oriestady could be carried out in the
future regarding manufacturing and attachment nsthdhe aluminium raw material
is approximately 40% of the panel cost, and the FS\W0%. Finding a substitute to
FSW and/or keeping down the aluminium weight eveorenwould reduce the
payback time drastically. An alternative method tines been discussed is mechanical
fastening; a study of the structural strength o saethod could be carried out. If it is
shown that it can be used, the only cost associaitixdthe method is a new extrusion
tool. Consequently the total cost could be redweitial 10%.

A change in weight affects the stability of thepshA weight-reduction above the
centre of gravity (CoG) of the ship causes highaity, and below a lower stability;
this is due to the change of distance between th@® @nd metacentre. However, a
more detailed study should investigate more exduily much the stability is change,
since this may be interesting for designing othetgof the ship where the stability
may be a limiting factor.

Another area that needs further study is the lphioles in the flanges of the steel I-
beams. While it is believed that the stress comagahs will not be a problem due to
the washers on both sides of the flange, this shioalstudied further.
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APPENDIX A: Abaqus contour plots

Figure 1 Von Mises stress, LC1.

Figure 2 Von Mises stress, LC1
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Figure 3 Normal stress, LC1.

Figure 4 Normal stress, LC1.
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Figure 5 Shear stress, LC1.

Figure 6 Shear stress, LC1.
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Figure 7 Von Mises stress, in the top plate between wedg, dne tyre turned 90
degrees, LC1.

Figure 8 Von Mises stresses, LC2.
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Figure 9 Von Mises stresses, LC2.

Figure 10 Normal stress, LC2.
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Figure 11 Shear stress, LC2.

Figure 12 Shear stress, LC2.
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Figure 13 Von Mises stress, in the top plate between séifferirom one tyre turned 90
degrees, LC2.

Figure 14 Von Mises stresses due to the load from two glexed on the weld.
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Figure 15 Normal stresses due to the load from two tyresqaaon the weld.

Figure 16 Von mises stress in the stiffened top plate fad lcase 3.
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Figure 17 Von Mises stress in the stiffeners for load case 3

Figure 18 Normal stress in the stiffeners for load casel® Megative stress of 119
MPa occurs in the web, in this model this isthetnormal stress since the
S22 direction of that structural member is not nakro the cross-section,
this can be seen in Figure 19. Hence, this is digrded.

CHALMERS, Shipping and Marine Technologylaster’'s Thesis 2014:; X-14/303



Figure 19 S22 direction for the structural members, here32€ of the flange and top
plate is normal to the cross-section while the 82the webs are not.
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APPENDIX B: GeniE contour plots

Figure 1 Von Mises stresses in the car deck structureyiep.

Figure 2 Von Mises stresses in the car deck structurepbottiew.
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Figure 3 Normal stresses in the load bearing frame.

Figure 4 Normal stresses in the longitudinal stiffeners.
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