A Methodology for Designing Light Hull Structure of Ice Class Vessels
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ABSTRACT

Polar navigation requires more powerful ships with increased hull strengthening capable of overcoming the
additional resistancpresented by sea ice and able to withstand the impacts of the many ice formations that
might appear. The increase in capability of a ship to overcome the resistance whilst moving through ice infested
waters, plus the extra weight of its structure due ® higher strengthening, requires greater power.
Consequently, the added requirements needed kyoiog vessels entail higher emissions of pollutants into

the atmosphere, greater initial investment for shipbuilding and huge operational costs. Hulestieggif

ice class vessels is defined by a proper Classification Society in their rules, which trend towards conservative
equations (TRAFI2016). This work describes a methodology to obtain lighter hull structures of polar vessels
by using an impact motlef a ship against an ice flppased on energy metho@sdfocused on early stages

of design (Popoet al. 1967 Daley 2001 Jumeau & Risk&018). The hull structure of the bow region of an

ice class ship is designed according to the FirSiskdish IceClass Rules (TRAFR016) and both results of

the shipds bow weight <calculated through direct
some conclusions related with weight reduction are shown.

Keywords: weight optimization; hullstrengthening; ice impact; FSICR; igeing vessels; shie
interaction
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Contact force [MN]
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Ice floe thickness [m]

Frame span[m]

Length between perpendiculars [m]

Ice floe length [m]

Application point of the ice load [m]

Initial point of the ice load [m]

Maximum bending moment on araveraged frame fixed at both ends and simply
Maximum bending moment on asimply supported frame[N m]

Maximum bending moment on aframe with rectangular uniformly partially distributed
load [N m]

Maximum bending moment on a frame withriangular partially distributed varying load
[N m]

Maximum bending moment on a frame fixed at both end®l m]

supported [N m]

Pressurearea exponent f]

Ice load [MPa]

Nominal, peak oraverage ice pressure [MPa]

Frame spacing [m]

Draught [m]

Total weight of the bow region of a vessel design [t]

Total weight of the bulb flat profiles [t]

Total weight of the angle profiles [t]

Total weight of the shell plate [t]

Total weight of theice stringers|t]

Total weight of the custombuilt T profiles [t]
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Thickness of the shell plate [mm]
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Icefloe velocity [m s1]

Ship velocity [m st]

Width of the load patch [m]

Width of the load patch smaller thari [m]

Width of the load patch equal ta [m]

Width of the load patch bigger thari [m]

Displacement due to bending of the ice floe [m]

Displacement due to crushing of the ice floe [m]

Movement of the ice floe produced by the displacement of the ship [m]
Displacement due to thdranslation of the ice floe [m]

Section modulus [n3]

Waterline angle [°]

Frame angle [°]

Normal frame angle [°]
Sheer angle [°]
Displacement [t]

Ice-edge opening angle [°]
Required yield stress MPa]
Buttock angle ]

Flare angle [°]

Finish-Swedish Ice Class Rules

International Association of Classification Societies
International Maritime Organization

Lower lce Waterline



M/S Motor Ship

RMRS Russian Maritime Register of Shipping
STA Swedish Transport Agency

TRAFI Finish Transport Safety Ayency

UIWL Upper Ice Waterline

WARC Wartsila Arctic Research Centre
WMO World Meteorological Organization

(b) Bulb flat profile

(M Custombuilt T profile

(L) Angle profile

1. INTRODUCTION

As ships navigate through northernmost or southernmost routes, they reach latitudes where additional hazards,
notably sea ice, may have to be overcome. Sea ice is any form of ice found at sea which has originated from
the freezing of sea wateany forms of sea ice can be presented depending on size, origin, concentration,
age, stage of development, etc. These forms give a wide number of different definitions for sea ice defined by
the World Meteorological Organization (WMQ@014). If sea icémpacts a vessel navigating in ice covered
waters, it can cause severe damage to the structure of the ship.

In order to avoid damage to the hull,-geing vessels must be designed according to existing rules whose aim

is to provide safe ship operationdaprotection of the polar environment by addressing the risks presented in
polar waters. The risks of navigating ice infested waters under extreme climate conditions are wider than only
the impact of ice itself: topside icing, the congealing of fluiddfiernt systems due to low temperatures and

the inexperience of crew members in polar waters among others. These hazards necessitate special
requirements regarding t he shipbs structur e, p o\
consideratios concerning equipment and navigation among others. These requirements are detailed in the
Polar Code (IMQ2014).

The construction of polar class ships must be in accordance with certain special sets of rules that define the
required features of ice cdpla vessels. The creation of these regulations is based on the experience gained
throughout the years by studying ice model tests, ice navigation features and damage to ships when navigating
through ice. The impact produced by level ice is not usuallgla since its thickness and properties are
included in the design rules. However, risk may be presented when occasionally hitting undetected larger ice
floes. Aiming to obtain an adequate approach to the forces exerted by the ice on the hull of iceesgrlble

some models have been developed for the impact between ship and ice. These models are used to estimate th
ice loads on different structural elements of a ship and to determine the required thicknesses and structural
configuration, which can besad as a basis for the development of the ice class rules or direct design.

Popovet al. (1967) developed a model which set the basis for the ice class rules of the Russian Maritime
Register of Shipping (201§RMRS). Popovds model i s used for obtain
shipbs hull whi |l st s ai | nmadedgfor thanship ané floe i ordereto simplfyuhap t 1
model, such as the ship being symmetric with respect to its centreline and the ice floe being round in shape.

The complexity of crushing prompted researchers to devise new tests in order to understancttising

process. Crushing is understood as a-camtinuous process including elastic contact, damage to the solid,
fracture, rebreaking of trapped ice, and extrusion of granular material. Joensuu & Riska (1989) conducted
experimental tests for criagg in Helsinki, at Wartsila Arctic Research Centre (WARC) in 1988. As results

of these tests, they observed that the ice in contact with the indenter was thin ¢ikd.lifeey also noticed

that the recorded signal had triangular peaks that greweanagizn the indentation increased. Daley (1991)
created a simple model for crushing that was able to reproduce most of the results obtained by Joensuu & Riska
(1989). His model treated ice edge failure as a hierarchy of failures, each being superseeddiloyetiof

the supporting mechanism and did not contain extrusion considerations.



Daley (19992001) proposed an enerpsed collision method for different ice floe shapes and impact types
(shoulder,head n) . The met hod i s b adsigrdducingtheReonpeptofpressaaae r g y
relationship for the indentatian the ice. Other models have been proposed for impact of a ship against ice
(Daley & Kim 201Q Bueno 2012Dolny 2018).

The risk of damage to a polar vessel when impacting a laegfloe is reduced by increasing the strengthening

of the hull through augmented thicknesses for their structural elements according to a proper ice class. Ice class
regulations tend to be quite conservative at the moment of assigning hull scantiisgfnay turn into an
excessive increase of steel weight and, consequently, rising pollutant emissions and operational and
constructive costs. The present paper aims to present a methodology to reduce the weight of this kind of vessels
through a direct caldation method.

The second section of the article presents a method for hull scantlings calculation for a sample vessel, through
one of the most popular ice class regulations: The FirtBngbdish Ice Class Rules (FSICR). Next, section 3
describes a methqatoposed to estimate the hull scantlings of a vessel by means of direct calculation based
on Poealyl869) model and the load patch concept. By using this method, the hull scantlings for the
sample vessel are recalculated and the weight of mudtgdgns is obtained and compared to that estimated

by means of the FSICR, whose results are shown in section 4. Finally, the conclusions for this work are shown
in the last section of this article.

2. HULL SCANTLING THROUGH ICE CLASS REGULATIONS

The oldeste gul ati ons concerning navigation through ic
developed by Finland in 1890, (Finland being a part of Russia at the time). Initially, they were only a set of
recommendations related to the construction anchditbut of ships for winter navigation. Since the
development of the rules, they have included some updates. In 1920 the first Finish ice class rules for shipping
were created in which scantlings were set as some relative increase in the open watgsstatdimin 1932,

three ice classes were introduced (IA, 1B, IC) as well as ice class Il corresponding to open water ships and ice
class Ill corresponding to barges. The next significant change came in 1965, with the introduction of the ice
class IA Supe After having noticed that the strengthening for these ships was too weak based on the evidence
of damage caused to ships, a large ice damage survey was carried out. As a result, Finland and Sweden made
an agreement and jointly developed the Fi8stedsh Ice Class Rules in 1971, in order to give adequate
strengthening to icgoing ships and to manage the maritime traffic in winter. In 1985, the hull rules changed
with the introduction of a new idea relating to ice load height. The ice performanceneguirchanged in

2002, requiring a minimum speed of 5 knots in a brash channel according to the design class. In 2006 the rules
were updated with regard to the ice waterlines and in 2008 new machinery rules were introduced. The rules
were updated in 2010 iorder to streamline the hull rules. The latest update of the rules was made in 2017, to
include new azimuthing requirements for operating in ice (TRAFI 2Bifka & Kamarainen 2011). The

FSICR has been selected to address a hull scantling calculatnmgtthice class regulations for weight
estimation.

Experiences of winter navigation in the Baltic Sea have been collected throughout the years and safety
measures and knowledge have been consequently adopited,sas pr esent ed i n tldse r ul
Regul ations and the Application Thereof (TRARbubIl i s
Finland)and the Swedish Transport Agency (STA, Sweden). They have 6 different ice classes defined as ice
class Ill, 11, IC, 1B, 1A and IA Super, in osd of increased strengthening. The hull strengthening is divided

into 3 main regions (bow, midody, aft) and 2 subareas within the bow region (fore foot and upper bow ice
belt), as shown in Figure 1.
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Figure 1. Different regions for the ice strengthening defined by the FSITHRAFI, 2016) The red box
indicates the bow region, which is the area of the vessel to be studied in this work.

For the sake of later comparison with the direct calculation method asunfolicity, only the bow region is
considered in the calculations of hull scantlings. Once the engine output and the ice load for the selected ice
class are known, the ice pressures applied to the hull produced by a ship of certain features and power are
determined. With the ice loads applied to each single member of the hull (plate, frames, stringers and web
frames) the whole shipds scantlings can be cal cul

In order to give an approach of the calculatéthe weight in the bow region through the FSICR to be further
compared to the weight calculated by means of the direct calculation method, a case study has been used. The
sample vessel used for this research is the- tallier M/S Eira, a vessel of thtempany ESL Shippin020)

shown in Figure 2. This vessel was built in 2001 by Tsuneishi Shipbuilding Co. Ltd, Japan, and currently sails
under the flag of Finland for bulk trading between Nordic Countries. The vessel was classified by the
Classificatmn Soci ety Ll oydds Register and was built to
Swedish Ice Class Rules. The engine output and hull scantlings have been recalculated for the vessel, according
to the real structural distribution of its membérs m& m,0 ¢ m). The recalculated engine output used

for the hull scantling is superior to the actual engine installed on the ship, due to a change in this part of the
rules. The value used for the engine output is 10470 kW.

S Ak

Figure 2. General arrangee nt of t he pr o f(Juineau &Riskat 208) 6 M/ S E | R

Tablel:Par amet ers of t he 0Mhedu&ERiSRAROIESLaSHippmd 2020 f r o m
Length between perpendiculars 0 148.00 m
Breadth 0 24.60 m
Draught Y 9.03m
Depth 0 13.00 m
Displacement 3 26000 t




3. DIRECT CALCULATION METHOD

The direct calculation is addressed to obtain an estimation of the hull scantlings of the sample vessel, their
weight being compared to that obtained througHHBECR.

3.1 ImpactModel

The model of i mpact between an ice floe against a
collision force and the ice load on frames and plating on the selected ship has been developed by Jumeau &
Riska (2018). Tie model is based on an energy method model initially developed by Bopb\{1967),

including the idea of load patch extracted from the conclusions of Joensuu & Riska (1989) and the concept of
pressurearea relationship developed by authors such ade8son (1988). The crushing depth is calculated

by using a Lagrangian approach. The model is developed for oblique or shoulder collision, that is, an impact
on the bow, on a side of the shipbd6s hull, where i

waterline plan sheer plan

V3
waterline anglg sheer angle and buttock anglg
transverse section AA section BB
{)L /
\
frame anglg normal frame anglp éndflare angle

Figure 3: Left: Hull angles definition, unified from IACS, Dal€$¥999, 2001 andthe FSICR(TRAFI, 2016)

Right: Definition of main dimensions of the sample ice floe. The ice floe considered for the impact model is
rectangular shape, its size being 20 m in lengithm wide and thickness of 1 m (adapted fthrmeau &

Riska, 2018

In order to simplify the calculation of the contact force, different assumptions are included in the model, similar
to those for the model of Popetal.(1967) for a round ice floe. linis case, the ice floe is rectangular wedge
edged shaped and relatively small in comparison with the ship. The ship is considered to be a rigid solid body.
During the impact, hydrostatic and hydrodynamic forces resulting from the translation of thadkfye ice

floe are assumed to be small compared to the contact f@c8dfore the impact, the ship is moving at a
speed) in positive direction of the X axis and the ice floe remains immobile (). Theinfluence of
frictional forces on the value of the ice loads is relatively small. Therefore, frictional forces are disregarded.
Sliding is not considered in the model.

The process of collision includes several displacements originatdiffésent phenomea. For the sake of
simplicity, the threedimensional (3D) model is reduced into a-alensional (1D) system considered as a
l'ine normal to the impactés direction on the hul]l
displacement of thehip () in the direction of the impact is then divided into the sum of the translation of
the ice floe @ ), the displacement due to crushing § and due to bending).
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Figure 4: Diagram of impact taking translation, crushing and bending into account. Cross section of the ship
and the ice floe with a vertical pl aneetal @d®).ai ni ng

The definition of the contact force, accordiogJumeau & Riska (2018) is
O 0N6 0 Dh p
substituting the pressure area relationship, it béingd & , the formula for the contact force is
O 0D W h C
where0 is the average or nominal pressurés the pressur@rea exponent ariilis a geometry factor.

This model does not consider the breaking of the ice floe. Therefore, it is valid when the bending force is not
greater than force needed by the ice floe to break, that is, the fracture force Otitg wéthe ship is assumed
to be 5 knotdor the impactsame as appointed by the FSICR for direct calculation.

3.2 FrameFormulation

When applying the model of impact between the sample ship and the sample ice floe, the maximum contact
force isderived. This value of the contact force is used to calculate the maximum stress on the hull structural
members. The value of the maximum bending moment generated in beams and that of the sectio®)moduli (
of the profiles to use in the shipbuilding akganed in order to further calculate the required yield stress.

Due to the nature of the loads produced when a ship is sailing in ice and the need of weight saving, most ice
going ships are built with the transverse framing system. The risk of hittimgntainly localized in the bow

and sides of the ship, within the ice belt. Here, the highest loads are registered on the frames more so than on
the plating, the transverse frames being the weakest members of the structure. The ice stringers, distributed
along the depth of the ship, are less likely to be hit. Thus, the study of the ice load is centred on the ice frames.
When the side of the vessel és hull i mpacts a piec
triangular area ontheecb s corner dependent on the geometry pr
footprint is also the area of the load patch on the hull.
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Figure5: Lefttl ce | oad patch configuration, the width of
l ength and its height in the direction of the shi
when 0 i(; 2) Load patch whend i ; 3) Load patch whend) i ; Right: Load division in two cases

when the framing configuration allows a load patch area 3: case 1) rectangular load, green triangles are
excluded and its load is supported by the next frame; case 2) Triangular load (adapted from Jumeau & Riska
2018).

Dependingon the configuration of the frames (frame spacing), the evolution of the load patch over time can
diverge into two different situations, in terms of supported load patch area by a single frame. The ice load is
assumed to be applied directly to the frathe,frame being the symmetrical axis of the load patch area (see
Figure 51 ef t ) . If the selected configuration of the
spacing, the load patch area (1) is always within the space between two tranaveesd( fr thus the width
(horizontal base of the triangle) of its footpriat § is never bigger than the frame spacing I this situation,

the whole impact load is supported by the single frame and the load patch has dimetigingriangular

shape, according to the previous definition in Figure 5.

On the other hand, if the configuration for framing implies that the frames are too closely distributed, the ice
load starts growing with area 1, the width of the load patch arga@géing smallethan the frame spacing)(

As time continues, the load patch area grows until the moment in which its widtre@ches the size of the

frame spacing (maximum triangular area supported by a single frame, area 2). With the increasing load, the
width ofthe triangle ¢ ) comes to a value larger than the distance between two frames and the loaded area is
also shared between the adjacent frames (small ,girg@mgular area in the figure above, area 3). In this
situation, the load patch area supportedh®ysingle frame is the sum of a rectangle (case 1) and a triangle
(case 2).

The frames on a ship welded to the shell plate can be presented in multiple ways, their ends being welded to
the supporting frames or crossing them, and with or without bradketsinstallation mode of these frames

can give higher or lower stiffness to thedsgstem, allowing different movements and restrictions. The use of

the beam theory to approach the frames is not an exact solution in reality, but gives a good apprégimation

it. For this reason, the beam theory is used to determine the bending moments produced by the ice load applied
on aframe. In order to include the possible differences presented in reality, the frame is approached as a simply
supported beam and as abefixed at both ends.
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Figure 6: Ice load distribution on a simply supported frame (left) and on a fixed frame at both ends (right)
when the horizontal dimension of the load patch area is greater than the frame spacing (adapted from Jumeau
& Riska, 2018).

Ice loads presented in FiguBecorrespond to a rectangular uniformly partially distributed load (part of the
contact area greater than the supported area by a single frame, case 1) and a triangular partially distributed
varying load (part of the contact area smaller than the suppamedby a single frame, case 2). The total
length of the frame() or frame span is then considered as the sum of the length of application of the
rectangular load (case 1) and the triangular load (case 2), the distance between the beginning oftite beam
the initial point of the loadl ) and the distance from the end of the load to the end of the tmeanTloe
application point of the ice load is defined by the distanc&he maximum bending mome(it 3)] )

is then calculated for thesgd cases. Assuming small and linear deformatithressuperposition principle can

be appliedthe total maximum bending momegbt ) for a simply supported frame is the sum of them both,

0 0 0 o

The framing system of a ship candeomplished by using several types of frames. Each profile type has a
different capability to resist loads on structures depending on their shapes, which determine their capacity to
withstand shear forces and loads through proper shear areas and sedtitindh This profile shape also

affects the total weight of the profile and thus, the weight of the whole ship. For this case, bulb flat, angles (L)
and T profiles have been selected for thethearpdti mi z:
frequently used types in the shipbuilding industry. The profiles are differentiated into commercial bulb flat and

L profiles by buying standard profiles, and custbuilt T profiles which are manufactured in the shipyard.

This differentiation ignade with the aim of optimizing the individual thickness and height of T profiles, since

they can be custofuilt to the desired dimensions.

Once the maximum bending momentaoframe { ) and the elastic section moduldy 6f a frame and its
associted plate are calculated, the required yield stress of the material used to build the frajnehith
have to withstand can be obtained.

3.3 ShellPlating

When navigating in ice infested waters, the risk of structural damage due to ice imipaclynaffects the
transverse frames. It is actually possible that the ice hits the ship in the middle of a panel of the shell plating.
This scenario has been considered for the estimation of the hull plate scantling.

Single location loads are loads exigetto occur rarely and are considered to occur in the centre of the panel,
where the bending moment is the maximum (Hughes &,P4k0). Ice impacts can be considered as
accidental loads, since collision is intended to be avoided when navigatingTihigcéheory for concentrated

loads, developed by Hughes & Paik (2010), has been used to estimate the plate thickness. As explained for the
frame formulation, the load patch is triangular shape, thus the loaded area within two frames varies depending
on thestructural configuration, as shown in Figure 7. Due to the fact that the load area defined for the single
location loads theory is rectangular shaped, a transformation of this triangular footprint into a rectangular one
is made.



Figure 7: Load patch on the shell plate due to impact against a wsdgmed ice floe. Left: when the frame
spacing is larger than the width of the load padch i . Middle: when the frame spacing is smaller than the
width of the load patchy i . Right: Parameters definition for a panel and the footprint created by a partially
concentrated load, according to Hughes & Paik (2010).

3.4 Optimization Process

The input data for the optimization process are obtained from the parametesoratirgs to the ship features,

the ice floe, and those that are necessary to obtain the contact force. Once the problem is défifedishe

codeis run to obtain the contact forc®( ). This force is the ice load to be applied for the calculatigdheof

shell plate thickness and the maximum bending moment produced on a frame for a simply supported frame
(0 ), fixed frame ® & and the average of them both ( ). With the bending moment and the shell

plate thickness, the modulus of the fraamel its associated plate can be calculated. Three types of profiles are
then used, and their moduli are to be obtained, changing the profile size (for standard profiles) or parameters
which define the profile (for custodouilt profiles). The number of tdtalesigns to be considered in the
optimization process depends on the selected range of these parameters of the profile and the number of profiles
for each type, together with the number of configurations for the stiffeners, that is, the distributeomesf fr

and stringers to study.

The weight for each of them is estimated according to the configuration, frame type and size of every design.
Since the bending moment and section modulus are also calculated, the required yield stress of the material to
use n building that ship design is obtained. Each case is plotted on a graph representing required yield stress
weight, and the lightest designs which do not exceed the actual yield stress of the steel used in the ship (355
MPa) are selected and pointed in Bereto front. Then, all the futures of the selected designs are extracted,
having different ships with certain total weigh¥{ ¢ structural configurationi {0), shell plate thickness

(O), profile type (bulb flat, L or T) and sizé (and'Q of the profile). Tke optimization process shownin

Figure 8.

1C



\

\\ WEIGHT OPTIMIZATION PROCESS J

}

[L Direct Calculation Method

Fax =J M pax M _Mmax"'Mmaxr
avg =

INPUTS:
from the ship,
ice floe,
structure and
model

2

Shell Bulb flat Commercial Custom-built
Plate profiles angles (L) profiles (T)
\

| [
¥

TOW &
OUTPUTS: \ TW piate + TW, profites + TW gingers (tonnes) (Mpa) ,=355
TWoiate + TW o profites + TWaingers | TOW
L (tonnes) -

Twplate + TWT profiles + TWstingels

ty
h,
hy
g,

ris Search for the best designs [+———=—

Gis
(MPa)

Figure 8: Overview of the performance for the process of hull's weight optimization.
4. RESULTS

Theframetype used to determine the hull scantling through the FSICR is T profile, in order to simplify the
calculation and maximize the weight reductiéiming atredudng the number of assessed desitmsugh
the direct calculation method, for T profileke thickness of the flange is taken to be the same as that of the

web, itswidthb ei ng hal f t h.ahe samé assummidn @s $akeh ferithg hutl scantling calculation
through the FSICR.

Table 2 shows the hull scantlings calculated through the FSICR, obtaining the values for the dimensions of T
profiles estimated for the different structural members. Foplgity,t he cur vat ur ehasiodent h e
neglected when estimatirige weight of these structural membébsice the weight of all these elements is
estimated, the total weight of the steel used for the bow region is calculated.

Table 2 Hull scantlings obtained through the FSICR.

Shell Transverse Ice stringer Web frames Total
(mm) frames (mm) (mm) (mm) weight,
o} 6 Q60 QO o6 Q0o Q o6 Q o0 Q design
22 10 225 10 112.5 20 300 20 150 22 850 22 425 (tonnes)
Total weight

111.14 41.38 17.49 63.06 233.064
(tonnes)

0 = Thickness of the shellplaté =Thi ckness of ;fQh=eHeight ab the
prof i l;&dFEhickwesdofthe@ r of i | e@sWifdtalmgef the pr

11



Figure 8 shows the design space with all the feasible designs calculated through the direct calculation method.
Y -axis showstie total weight of the bow regidar those designs, and the required yield stress of the profiles
used to build those designssisown in the Xaxis. Each point on the graph is a unique design, it being built

with custombuilt T profiles (blue), bulb flat (black) or andlgreen)profiles All these designs are lighter than

the design calculated through the FSCIR and have beemihilprofiles which require steel with yield stress

of 355 MPa or less. Amongst them, optimal designs (red circles) are found in the Pareto front (red line), which
are the lightest and mesgsistant designs.

Figure 8: Pareto front on th&easible designs using averaged maximum bending moments. The three selected
designs are pointed on the Pareto front (Design 1: orange = lightest design; Design 2: grekesidigimt
design; Design 3: purple = massistant design).

The features of fig designs estimated under the three studied assumptions of supporting system are shown in
Table 3. These designs correspond with the lightest design (1), theasistint design within the lightest
designs (3) and one-tmetween (2). Since most desigme huilt with T profiles, the lightest design built with

the rest of profile types are also shown, even though some of them are not found in the Pareto front.

Table 3 Features of the designs obtained through the direct calculation method.

I (mm) U4 w(mm) = gnm)
Desian 6 6 'O i 0 "YOow 5 6 O i 0 "YOw o5 6 O i 0 "YOow
9 (m) (m) (tonnes) (m) (m) (tonnes) (m) (m) (tonnes)

1(T) 2612250 0.5 1.5 199.96 26 12 350 0.5 3.3 200.14 26 12 320 0.5 1.9 202.05

2(T) 2612 350 0.5 1.7 214.13 28 13 450 0.6 3.3 220.18 28 13 350 0.6 1.9 214.72

3(T) 3416350 4 1 22332 341655036 1 227.22 3416 450 3.6 1 224.76

4(b) 2612280 0.5 1.5 200.44 28 13 370 0.6 3.3 205.42 26 12 320 0.5 1.9 202.05

5(L) 28 16 200 0.6 1.9 209.46 31 20 200 0.8 1.9 219.32 31 16 200 0.8 1.9 210.72
(T) = Custombuilt T profile; (b) = Bulb flat profile; (L) = Angle (L) profile. Designs 1, 2, and 3: according to
figure 8. Designs 4 and 5: the lightest of its kingbwfile.
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