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Abstract

Material e ciency in bridge structures is an important research topic to reduce the
climate footprint and initial costs. One way of increasing material e ciency is to
use appropriate materials where their properties bene t the structure. Aluminium
o ers a high sti ness-to-weight ratio, high durability, and is to a large degree re-
cyclable. These properties make aluminium an interesting material for bridge deck
applications.

The initial cost of the bridge deck has high priority amongst bridge authorities
in Europe. To minimize the initial cost, one target is to minimize material con-
sumption. This thesis aims to develop an optimization procedure with the objective
to minimize the material consumption of extruded aluminium pro les for pedestrian
bridge deck applications. In the design of the deck, requirements stated in Eurocode
are followed. The optimization is made using a genetic algorithm function from the
global optimization toolbox in the software MATLAB. Cross-sectional geometries
generated by the optimization procedure was evaluated separately by the imple-
mentation of a FE-module. The FE-module is controlled by parameterized Python
scripting to create a FE-model and execute an analysis in the software ABAQUS
CAE for each iteration.

The optimization provided a cross-sectional geometry for the bridge deck. These
results were used for a cost comparison between the optimized cross-section and
more conventional alternatives in C-Mn and duplex steel. The comparison showed
that the weight per square meter of the resulting optimized pro le was signi cantly
lower compared to the deck alternatives in steel. It also showed that saving from 8%
up to 27% can be made on the initial investment cost if choosing aluminium instead
of a conventional deck alternative in stainless steel. Thus, aluminium is shown to
be a potential alternative to steel.

Keywords: Optimization, extruded aluminium pro les, pedestrian bridge, bridge
deck, genetic algorithm, aluminium bridge, nite element analysis.
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Sammanfattning

Materiale ektivitet inom brokonstruktion &r ett viktigt forskningsomrade for att
minska klimatavtryck och initiala kostnader. Ett sétt att 6ka materiale ektiviteten

ar att anvanda lampliga material dar deras egenskaper gynnar konstruktionen. Alu-
minium har en hog styvhet i forhallande till vikt, hog bestandighet och ar till stor
del atervinningsbart. Dessa egenskaper gor aluminium till ett intressant material
for brodack.

Den initiala kostnaden for brodacket har hdg prioritet bland broférvaltare i Eu-
ropa. Ett satt att minimera den initiala kostnaden &r att minimera materialatgan-
gen. Syftet med denna avhandling ar att utveckla en optimeringsrutin med malet
att minimera materialférbrukningen for extruderade aluminiumpro ler for gang-och
cykelbrodack. Dacket utformas for att uppfylla de krav enligt Eurokod. Opti-
meringen utférs med en genetisk algoritm fran verktygsladan for global optimering
i programvaran MATLAB. De genererade tvarsnittsgeometrierna utvarderas med
implementering av en FE-modul. FE-modulen styrs av ett parametriserat Python-
script for att skapa en FE-modell och utféra en analys i programvaran ABAQUS
CAE for varje iteration.

Optimeringen resulterade i en tvarsnittsgeometri for brodacket. Detta resultat an-
vandes for att gora en kostnadsjamforelse mellan det optimerade tvarsnittet och
mer konventionella alternativ i stal och rostfritt stal. Jamforelsen visade att vik-
ten per kvadratmeter for den resulterande optimerade pro len var betydligt lagre
jamfort med dackalternativen i stal. Den visade ocksa att besparningar med 8-27%
kan goras om aluminiumalternativet valjs istéllet for ett konventionellt brodéack i
rostfritt stal. Aluminium har visat sig vara ett potentiellt alternativ till stal.

Nyckelord: Optimering, extruderade aluminiumpro ler, gang-och cykelbro, brodack,
genetisk algoritm, aluminiumbro, nit elementanalys.
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1

Introduction

Aluminium is naturally corrosion resistant and problems related to deterioration and
maintenance can consequently be reduced. However, aluminum has a high initial
cost and the use of aluminium in bridge construction is not a conventional choice.
Limiting the investment cost is of essence to make aluminium a competitive choice.
This can be achieved by the use of optimization.

1.1 Background

Bridge authorities in Europe generally consider the initial costs more important to
minimize over Life-Cycle-Cost (LCC) (PANTURA, 2011). Repair or replacement of
bridge decks is one of the main priorities for concrete and steel bridges, which ac-
counts for a large percentage of rehabilitation activities (PANTURA, 2011). About
70 percent of strengthening activities carried out in Sweden are related to the re-
placement of bridge decks (PANTURA, 2011). Exploring alternative solutions for
bridge decks is therefore important in order to reduce LCC. One solution is to re-
search less conventional materials.

The rst application of aluminium in bridge deck construction was in 1933, Pitts-
burg, USA (Walbridge & de la Chevrotiére, 2019). The introduction of aluminium
primarily came from the need to increase the load-carrying capacity by replacing the
old and deteriorated bridge decks in concrete, steel, or timber with an aluminium
deck (T. Siwowski, 2006; Walbridge & de la Chevrotiére, 2019). Aluminium is a
lightweight material with a higher strength-to-weight ratio than steel, even if steel
generally has a higher strength. The use of aluminium in modern bridge design
tends to mainly be governed by applications where low self-weight is of importance
such as in movable bridges, reconstruction of existing bridges and pedestrian bridges.

Aluminium has high corrosion resistance and does not require protective coating
(T. Siwowski, 2006). One of the most frequent maintenance measures in Europe
for a superstructure in concrete and steel bridges is related to protection against
corrosion (PANTURA, 2011). Walbridge and de la Chevrotiére (2019) explains that
in comparison with conventional building materials, an aluminium construction can
be economically advantageous in terms of lifetime. The entire life-cycle period must
be included in order to fairly evaluate costs, from construction and operation to
maintenance and recycling. However, the initial material cost of aluminium is high
and makes up for a large proportion of the total LCC.
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Lightweight structures are of interest for many bridge deck applications and one
widely studied structure is the Steel Sandwich element, shown in Figure 1.1. A
Sandwich element consists of a top plate, a bottom plate, and a separating core.
The separation of the two face plates leads to an increase of bending sti ness whilst
the material use is limited, explained by Nilsson (2015), as the sandwich e ect.
The Steel Sandwich element requires a great deal of welding using advanced welding
techniques such as laser-welding. The core geometry is also limited.

Figure 1.1: Section of a sandwich element for bridge deck application

Extrusion is a method for shaping aluminium, where the material is heated and
pressed through a die. The production method allows the section to be made as one
unit without welds to join the face plates and core. The extruded prismatic alu-
minum pro les, therefore, provide greater freedom in the shape of the cross-section
than for conventional steel solutions (Djedid et al., 2020; Saha, 2000). Previous work
on hollow extruded aluminium pro les in bridge decks has shown potential for good
performance regarding both bending and torsional sti ness (T. Siwowski, 2006).

There exists a number of suppliers that o er prefabricated bridge deck systems
in aluminium. However, the application of these products is either for highway
bridges or for pedestrian bridges with an additional underlying load-carrying struc-
ture (T. Siwowski, 2006; Walbridge & de la Chevrotiére, 2019). Di erent aluminium
bridge deck systems have also been the topic of several research projects. The per-
formance and calculation methods in various standards and for di erent aluminium
alloys have been evaluated. It has been stated that extruded aluminium is a viable
option for vehicular bridge applications(Hoglund & Nilsson, 2006; Misch et al., 1999;
Saleem, Mirmiran, Xia, & Mackie, 2012; T. Siwowski, 2006).

However, besides that many studies have focused on vehicular bridges, the pro les
studied have either been of existing extrusion geometries or direct derivatives of
them (Dobmeier, Barton, Gomez, Massarelli, & McKeel Jr., 2001; Massicotte, El-
Hage, Lagier, & Fafard, 2020; Misch et al., 1999; Raknes Brekke, 2017; Saleem et
al., 2012; T. W. Siwowski, 2009).

Research aiming to develop methods to nd optimal geometries for extruded alu-
minum pro les for pedestrian bridge applications is limited. Especially with regard
to the application of Eurocode regulations.
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1.2 Aim and Objective

The aim of this master's thesis is to develop an optimization routine for a pedestrian

bridge deck constructed of hollow aluminium extrusions. The extruded sections are
to be designed to meet the required structural performance according to Eurocode
(SS-EN 1990, 2002) and optimized with regard to material consumption. Produc-

tion costs are then compared with similar decks in steel to evaluate if aluminum is a
competitive construction material in such a structure. The objectives are presented

below.

Study structural aspects of aluminium and limitations from production through
a literature review. De ne an initial parametrically de ned core con guration
for the optimization.

" De ne the design basis and develop a parameterized Finite Element (FE)
model that can be used throughout the optimization.

Perform the optimization using Genetic Algorithms (GA).

Analyse production costs for the optimized pro le and compare with conven-
tional orthotropic steel decks.

1.3 Methodology

In the rst part of the project, a literature review is conducted. This is to gain back-
ground knowledge about aluminium as a structural material, sandwich structures,
production methods, and limitations in production as well as optimization and GA.
Existing aluminum pro les and previous work carried out in the eld is also studied

to identify developments and areas of limited investigation. Further, the basis of
design is established, consisting of material properties, loads, design assumptions,
and design veri cations. This is done by studying Eurocode (SS-EN 1990, 2002)
and national standards in addition to the literature review.

The second and largest part of the project is to develop an optimization routine
that minimizes the cross-section of a pedestrian bridge deck in aluminium. The ini-
tial core con guration of the extruded aluminum pro le used for the deck is de ned
and the cross-section is parameterized. A FE-model is created with ABAQUS for a
segment of the bridge deck. The segment is meant to represent the global structural
behaviour of the deck in the transverse direction of the bridge. The model is built
using Python scripting to be fully adaptable for analysis of all possible cross-section
dimensions limited only by the production process. A convergence study is con-
ducted to determine the length of the bridge segment and mesh size.

The optimization routine is created in MATLAB R2021b. The optimization algo-
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rithm used in the optimization was GA, which is a part of the Global Optimization
Toolbox in MATLAB. The FE-model is implemented as a module to the optimiza-
tion routine. The design assumptions made for the optimization procedure is then
veri ed for the resulting optimized cross-section.

Finally, the production cost for the optimized pro le is analyzed and compared
with more conventional alternatives in C-Mn and duplex steels. This is to evalu-

ate whether aluminum is a competitive alternative to conventional orthotropic steel
decks.

1.4 Limitations
This thesis is carried out with regard to the listed limitations and simpli cations.

A life cycle perspective of the bridge deck is not considered in the analyses.
However, it is discussed.

The deck is oriented with the extrusions perpendicular to the bridge longi-
tudinal direction.

The bridge deck carries the load transversely to a main longitudinal load-
carrying structure. The connections to the main structure are assumed to
allow rotations. The deck is thus modeled as simply supported on two edges.

Linear elastic analyses is performed.

Welds are neglected in the analysis. Possible welding positions are estimated
for the cost comparison of the optimized cross-section.

Loads are limited to self-weight and tra c loads stated in Eurocode.
The optimization is performed with aluminium alloy AW-6005A-T6.
One core con guration is optimized.

Transportation and on-cite assembly is not included in the cost comparison.
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1.5 Outline

This thesis is divided into the following chapters.

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

A literature review was carried out to establish a foundation of knowl-
edge for the research topic. It contains information on the state of the
artin the eld, aluminium properties, production methods, structural
behavior of bridge decks, and optimization theory.

Contains the basis on which the pedestrian bridge deck was designed.
Material properties, load and load combinations, design assumptions,
and design veri cation is presented.

The structural model used for stress analysis in the optimization rou-
tine is presented and veri ed in detail. The pedestrian bridge deck is
put into a context and the geometry to be optimized is presented.

The optimization routine is explained in detail and the resulting opti-
mized cross-section is presented and veri ed. The structural response
of the optimized cross-section is also analyzed. How the FE-model is
implemented in the routine, settings of the Genetic Algorithm opti-
mization used, and the design assumptions are veri ed for the opti-
mized pro le.

The production cost of the optimized aluminium bridge decks is com-
pared to conventional steel and stainless-steel decks in four di erent
materials. The costs are compared, indicating that aluminium is com-
petitive against both ordinary steel and stainless-steel alternatives.

The results from both the optimization routine and the cost compari-
son are discussed. Areas of improvement are identi ed as well as how
the limitations might have a ected the results.

Contains a brief summary of the thesis followed by the conclusions
made from the ndings of the project. Furthermore, topics for future
studies are suggested based on the results of this thesis.
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Literature Review

The literature review is carried out in order to gain knowledge about di erent parts
related to aluminum bridge decks. Including important background information
about aluminium as a structural material and its related production methods. De-
sign and theory describing how a bridge deck behaves are presented. Finally, the
procedure of optimization is studied.

2.1 Aluminium as a structural material

Aluminium has successfully been used as a structural material for decades in various
applications. From an environmental point of view, aluminium, compared to other
structural materials, has the advantage that it is to a high degree recyclable. Prac-
tically all produced aluminium can be recycled to nd new usage areas, with only
small material and quality losses. 5% of the energy used to produce primary alu-
minum is required to recycle used aluminum (Mazzolani, 2004; Norsk Hydro ASA,
2023; Walbridge & de la Chevrotiére, 2019). There are di erent aluminum alloys
developed for dierent purposes and applications. In the following sections, the
standardized designation system used in Europe is described. Alloys of interest and
their mechanical properties are presented.

2.1.1 Aluminium alloys

There exist various numbers of aluminum alloys depending on the characteristics
required. To categorize aluminum alloys, the designation system according to Eu-
rocode (SS-EN-573-1, 2005) is followed. The designation system is constituted of
the pre x EN, followed by A for aluminium, and C or W, depending on if the alloys
are cast or wrought. Then the constituents of the alloys are speci ed with four digits
(e.g. EN-AW-XXXX). As this report is limited to extruded aluminium pro les, only
wrought alloys are under consideration.

Depending on the main alloying element, alloys are grouped into nine di erent series
according to the rst digit in the designation system (SS-EN-573-1, 2005). The nine
groups as well as their main alloying element, are presented in the table 2.1.
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Table 2.1: Grouping of aluminium alloys and their main alloying element (SS-EN-
573-1, 2005).

Series Main alloying element
1000 At least 99% aluminium
2000 Copper

3000 Manganese

4000 Silicon

5000 Magnesium

6000 Magnesium and silicon
7000 Zinc

8000 Other elements

9000 Unused series

Further modi cation of the properties of alloys can be done by changing the metal-
lurgical stage by tempering with di erent fabrication processes (Mazzolani, 2003).
Dependent on what method is used a letter and a number are added to the desig-
nation system (Mazzolani, 2003). The most common tempering for alloys used in
civil engineering applications is heat treatment. A combination of the following pro-
cesses is used for heat treatment: solution, tempering, natural aging, and quenching
(Mazzolani, 2003). If the alloy has been heat treated the letteF followed by a digit

is added behind the chemical composition symbol in the designation system. The
digit represents which combination of the processes presented above that has been
used.

In a paper by Mazzolani (2004), a comparison between steel and aluminium was
made to determine applications in civil engineering where aluminium can be a com-
petitive material. According to the paper mainly alloys within the 6000- and 7000-
series have properties necessary for the topic of this thesis. The alloys considered
have to be weldable, extrudable, and have properties suitable for load-bearing com-
ponents in a bridge. According to Eurocode (SS-EN 1999-1-1, 2007), suitable alloys
within the 6000-series are AW-6005A, AW-6061, AW-6082 and AW-6106. This cor-
responds to the alloys used for the aluminium extrusion decks found in the literature
presented in the previous section.

Of the alloys mentioned in the 6000-series, temper T6 is most common. Temper
T6 indicates that the alloys have been solution heat-treated and arti cially aged
(Mazzolani, 2003). According to Eurocode (SS-EN 1999-1-1, 2007), AW-6082-T6
provides a higher strength than AW-6005A-T6 while the latter can be extruded into
more complex shapes with thinner wall thicknesses.

2.1.2 Aluminum properties

Compared to steel, aluminum has a considerably lower density, = 2700kg=n?,
which is about one-third of that of common mild steel. This property gives alu-
minium an exceptional strength-to-weight ratio compared to steel. According to
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Mazzolani (2004), the weight savings can be as large as 50-70% by choosing alu-
minium instead of a steel structure. Another advantageous property of aluminum is
that it forms a thin inert layer of oxides on its surface when subjected to most envi-
ronments. Therefore it has natural corrosion resistant properties and does not need
a protective coating. However, caution must be taken when in contact with steel as
galvanic corrosion between the metals can initiate (Saleem et al., 2012; T. Siwowski,
2006).

The mechanical behavior of aluminum up to the elastic limit is comparable to steel,
where it has a linear stress-strain relation although with a di erent slope, see Figure
2.1 (Mazzolani, 2004). The dierence in slope inclination means that aluminum
has a lower sti ness. The Youngs modulus is around three times smaller than for
steel. After the elastic limit is reached, aluminum has continuous strain-hardening
in contrast to steel which has a de ned yielding plateau (Mazzolani, 2004). In the
absence of a clear yielding plateau, the yield strength is commonly expressed as an
elastic limit stress,f(, called proof strength (Mazzolani, 2003). The proof strength
is de ned as the stress level where the stress-strain relation o sets from the ini-
tial linear relation by 0.2 percent (Mazzolani, 2003). The relation between stress
and strain for aluminum can be described by the Ramberg-Osgood law (Mazzolani,
2004). Another characteristic resistant value of aluminium is the ultimate tensile
strength f,. The proof strength and the ultimate tensile strength vary for di erent
aluminium alloys and material thicknesses (SS-EN 1999-1-1, 2007).

The linear thermal expansion coe cients of aluminium alloys are greater than of

steel, 23 10 ®°K ! and 12 10 6K 1!, respectively (SS-EN 1993-1-1, 2023; SS-EN
1999-1-1, 2007). This makes aluminium more sensitive to temperature uctuation,
especially at xed connections in composite structures where the materials have
di erent thermal expansion coe cients (Mazzolani, 2003).

Figure 2.1: Stress-strain relation for aluminium compared to steel (Mazzolani,
2004).
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2.1.3 Heat a ected zone

When aluminium is exposed to high temperatures such as welding the material
properties change, leading to a local loss of strength and ductility. This phenomenon
occurs up to a certain distance away from the weld and is called Heat A ected
Zone (HAZ), see Figure 2.2. The strength loss and the extension of this area are
a ected by the welding parameters and will therefore vary between di erent welding
methods. Outside the HAZ, the strength values quickly transition to the base metal
strength values. To reduce the e ect of the HAZ in design welds can be placed in
areas with low stresses or bending moments. Another alternative is to increase the
material thickness in areas where welds are placed to compensate for the strength
loss.

Figure 2.2: Extent of HAZ in grey (SS-EN 1999-1-1, 2007).

The softening behavior of the HAZ in uence the cross-sectional resistance. To ac-
count for the strength loss in design reduction factors can be used to lower the 0.2%
proof strength (f o.naz ) and ultimate tensile strength ¢ ,.naz ) of the material, or it
can be incorporated as an e ective thicknesisy using onaz and ypaz (Mathers,
2002; Nazemi & Ghrib, 2019; SS-EN 1999-1-1, 2007). The relationship is visualized
with the relation below for a simple rectangular cross-section part (b). The ex-
tent of the area (byaz ) is determined from the thickness of the cross-sectional part,
and the values are presented in Table 2.2 for Metal Inert Gas (MIG) welding. The
measurement is de ned from the welds center line and propagates in all directions
(SS-EN 1999-1-1, 2007).

oHaz 1) b fo=toerr b fo

foraz =t (
t W=( wnaz 1) b fy=tyes b fy

t b
t b funaz =

Table 2.2: Extension of HAZ for MIG welding (SS-EN 1999-1-1, 2007).

Thickness [mm] byaz [mm]
0<t 6 20
6<t 12 30
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2.2 Aluminium in bridge construction today

Aluminium has a long history in bridge applications, where the rst aluminium
bridge deck was constructed in the 1930s (T. Siwowski, 2006; Walbridge & de la
Chevrotiére, 2019). In its rst application, the original heavy steel deck of the
Smith eld Street Bridge was replaced by a signi cantly lighter aluminium deck. In
this manner, by reducing the self-weight of the bridge, allowance for higher live
loads was possible (Walbridge & de la Chevrotiére, 2019). This is still one main
application for aluminium in bridges, where the original deck is deemed function-
ally obsolete because of deterioration or increased loading needs(T. Siwowski, 2006;
Walbridge & de la Chevrotiére, 2019).

Corrosion of existing concrete and steel bridges has been identi ed as the major
cause of deterioration, especially in the presence of de-icing salt (T. Siwowski, 2006).
According to Arrien et al. (2001), in the US alone there are more than 250 000

bridges in service that are in need of rehabilitation. An aluminium deck can replace

most bridge decks where no composite action is required (Arrien et al., 2001). This
means that aluminium bridge decks can be considered for applications where the
deck is simply supported between steel beams. This con guration applies to more
than 2700 of the bridges of the Province of Quebec in Canada, leaving the poten-
tial market for aluminium as a bridge material to be substantial (Arrien et al., 2001).

The lightness of aluminium decks has several bene ts in retro tting applications,

it allows for the widening of the bridge and increasing its capacity without chang-
ing the rest of the structural system (Arrien et al., 2001). Furthermore, weight
reduction can be a measure to rehabilitate bridges where the support conditions are
inadequate without further reinforcing. Aluminium also allows transportation of
larger prefabricated segments and hence quicker assembly time (Arrien et al., 2001,
T. Siwowski, 2006). This a ects not only the direct cost of the construction but
also the indirect cost originating from the bridge being inoperable, causing tra c
disturbance.

In the earliest implementations of aluminium in construction, there was no alloy
available o ering both su cient strength and strong corrosion resistance (Arrien et

al., 2001). This changed in the 1960s when new types of extrudable and weldable
alloys were introduced whilst still o ering exceptional corrosion resistance (Arrien

et al., 2001; T. Siwowski, 2006). With this background, the interest in aluminium
bridge decks increased and over the years several di erent concepts have been de-
veloped. In the following sections, a selection of existing aluminium deck pro les is
presented.

11
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2.2.1 Alcoa bridge deck system

The Alcoa bridge system resembles an orthotropic steel deck, where extruded AW-
6061-T6 pro les are welded to an aluminium top plate (Arrien et al., 2001). The
deck system was developed in the mid 1960s. The lower part of the main pro le
wedges is clamped between steel plates and the steel girder with galvanized bolts.
The panels are prefabricated and connected together at the ends with bolts through
a C-shape extrusion pro le, see Figure 2.3. According to Arrien et al. (2001), due
to extensive amounts of welding the deck system is prone to fatigue and expensive
to produce.

Figure 2.3: Alcao bridge deck system, illustration of a typical prefabricated panel.
The Figure is taken with permission from (Arrien et al., 2001).
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2.2.2 AlumaDeck / Reynolds deck system

The AlumnaDeck, also known as the Reynolds Deck system, was developed in the
mid 1990s by the Reynolds Metal company (Arrien et al., 2001). In agreement with
the Virginia Department of Transportation, the new deck system was implemented
as a research project by replacing a functionally obsolete deck on a highway bridge
in Virginia (Misch et al., 1999). The research project contained physical tests in a
laboratory environment where Dobmeier et al. (2001) tested the static response of a
deck panel, and installed on the bridge where Misch et al. (1999) tested the dynamic
and static behavior of a deck in service.The studies showed that the Reynolds alu-
minium deck is a viable alternative to reinforce concrete decks for vehicular bridge
applications.

The deck is constructed of two-voided extrusions in aluminium alloy 6063-T6, shown
in Figure 2.4. The single extrusion pro les are welded together in the top and bot-
tom ange forming prefabricated panels in the desired dimensions. The deck system
is sti er in the direction of the extrusions, hence the orientation of the extrusions
is usually placed parallel to the bridge span (Misch et al., 1999; Zhang, Qiu, & Bai,
2012). The aluminum deck is placed on top of steel girders and connected with
shear studs followed by an injection of grout in the compartments with shear studs
to assure composite action between the material (T. Siwowski, 2006).

Figure 2.4: AlumaDeck / Reynolds bridge deck system, illustration of the two-
voided extrusion. The illustration is inspired by a gure in (Misch et al., 1999) that
has been reworked by the authors.
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2.2.3 The Svensson deck / SAPA deck system

In the 1980's another bridge deck system of extruded aluminium was developed in
Sweden called the Svensson deck (now being sold under the name SAPA) (Arrien
et al., 2001). The deck was made in two di erent dimensions now named SAPA
SFG250/53 and SAPA SFG300/100 (Hydro Building Systems Sweden AB, 2022).
The cross-section, shown in Figure 2.5, consists of multi-voided extrusions that are
connected to each other mechanically by a tongue and a groove connection in the
top anges while the bottom anges are clamped to the main girders with bolts
(T. Siwowski, 2006). This type of connection allows for rotation between the sep-
arate panels which can be bene cial compared to welded connections in terms of
fatigue (Arrien et al., 2001). Furthermore, Arrien et al. (2001) claims, that limiting
the amount of welding results in a signi cantly cheaper deck to produce. However,
after years of service, problems with cracks in the wearing surface have appeared to
originate from the allowance of the rotation between neighboring panels (Arrien et
al., 2001). This is also con rmed by E. Rossell (personal communication, 16 Febru-
ary 2023) at the Swedish Transport Administration who helped gather information
from bridge inspectors.

The bridge decks are designed to be oriented perpendicular to the ow of trac
(Hydro Building Systems Sweden AB, 2022). The smaller of the two pro les are
designed for a maximum distance between girders of 0,8 m, while the larger can be
used with a distance is up to 2,6 mm between the girder. According to Arrien et al.
(2001), this system is one of the lightest on the market where the self-weight is 41.7
kg=n? and 60kg=nv, for SFG100/53 and SFG300/100, respectively (Hydro Build-
ing Systems Sweden AB, 2022). The alloy used for the extrusions is AW-6063-T6
(Arrien et al., 2001).

Figure 2.5: Deck system SAPA SFG250/53tpp) and SFG300/100 pottom). The
illustration is inspired by a Figure in (T. Siwowski, 2006) that has been reworked by
the authors.
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2.2.4 \ehicular bridge deck developed at Rzeszow Univer-
sity

In a research project reported by T. W. Siwowski (2009), the structural behavior of
an extrusion cross-section developed for a vehicular bridge deck was evaluated. The
cross-section of the extrusion is shown in Figure 2.6. The pro le was designed on
the basis of existing solutions but is now optimized for the production possibilities
and domestic requirements in Poland. The chosen aluminium alloy for the pro les
was AW-6005A-T6. This alloy was chosen because of its insensitivity to corrosion
and its mechanical properties (T. W. Siwowski, 2009).

The deck is formed by MIG welded connection of the individual pro les forming

a geometrically orthotropic deck (T. W. Siwowski, 2009). Furthermore, T. W. Si-
wowski (2009) explains that the main direction of the deck usually is oriented with
the ow of tra c to generate composite action between girders and the deck. The
deck was tested in a laboratory environment where a segment of the deck was tested
to failure. In the experiment, the segment was set-up simply supported on the edges
along the extrusion direction and the load was applied in the middle as a patch load.
The Load tests of the developed deck panel showed that failure began to occur lo-
cally where the load was applied as the top ange began to yield. After further
loading the ultimate load was reached when the material fractured in the HAZ.

Figure 2.6: Cross-section of extrusion pro le developed by T. W. Siwowski (2009).
The illustration is inspired by a Figure in (T. W. Siwowski, 2009) that has been
reworked by the authors.
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2.2.5 Open-hollow bridge deck developed at Osaka Univer-
sity

Another concept for highway bridges was developed in Japan by Okura et al. (2006).
The aluminium deck was designed to be supported on steel girders separated by a
maximum distance of 4m from each other. The extrusion direction was oriented
in the transverse direction of the span of the bridge. Contrary to the other pre-
sented bridge decks, the extruded pro les are open-hollow. Which is more like a
conventional orthotropic plate with closed sti eners. The motivation behind using
open-hollow cross-section comes from that the Japanese Guideline for Quality In-
spection requires that joints formed using Friction Stir Welding (FSW) should be
checked from both sides (Okura et al., 2006). To be able to use the advantages
of FSW while still being in agreement with the guidelines, the open-hollow cross-
section shown in Figure 2.7 was developed. The extrusion pro le presented is only
welded in the top ange while a gap between the bottom anges of each individual
pro le remains open. The chosen alloy for the deck pro les was AW-6061-T6. The
dimensions of the cross-section were limited to a thickness of 15mm to assure quality
in the extrusion and FSW process. Load testing of the deck con rms what has been
reported in other studies as well, high local bending stresses appear at the position
of applied wheel pressure.

Figure 2.7: Cross-section of the extrusion pro le developed by Okura et al. (2006).
The illustration inspired by a Figure in (Okura et al., 2006) that has been reworked
by the authors.
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2.2.6 Bridge deck system developed at Laval University

A paper by Djedid et al. (2020) presents the design of an extruded aluminium bridge
deck that is meant to be supported on steel girders for highway applications. The
aluminium alloy used is AW-6005A-T61, for its mechanical properties, weldability,
and extrudability. The pro le is optimized with regard to fatigue strength in both
welded and non-welded areas (Djedid et al., 2020). The extrusion direction of the
deck system is designed to be oriented along the direction of the trac ow. The
system uses a combination of di erent mechanical joints where adjacent extrusion
panels on intermediate girders are connected with a male-female joint and the deck
is connected to the steel girders with a type of mechanical clamps. With the use of
clamps, free expansion longitudinally of the deck is allowed (Cusson, 2022). Hence,
no-composite action between the two components is possible. This is a design choice
made because the thermal expansion of aluminium is approximately twice that of
steel (Cusson, 2022). Individual extrusion pro les in the span between girders are
welded together using gas metal arc welding (GMAW). The combination of di erent
joints used in the system lead to the need for ve dierent extrusion proles. In
Figure 2.8, the main pro le used in the span between girders is presented.

Figure 2.8: Cross-section of the extrusion pro le developed by Djedid et al. (2020).
The illustration is inspired by a Figure in (Djedid et al., 2020) that has been reworked
by the authors.

2.3 Bridge deck

The obvious function of a bridge deck is to enable passage, on foot or by bicycle in
this case. However, the bridge deck also has several load-bearing functions. It should
be able to carry local loads, e.g. from a service vehicle, and through plate action,
it should be able to distribute the loads to the supporting structure. In some cases,
composite action is utilized where the deck act as a ange to the main load-carrying
structure. This increases the global sti ness and resistance (Nilsson Strand, 2020).
The structural system can be made with various shapes and di erent materials can
be used, where the most conventional are concrete, steel and timber.
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2.3.1 Sandwich panels

Sandwich panels have been used for over 100 years, but mass production for com-
mercial applications started rst during the Second World War for mainly aircraft
production. In the following years, theoretical research on sandwich construction
began to be carried out (Zenkert, 1997).

A sandwich panel is composed of three parts, two thin face plates with high strength
and stiness. Between these plates is a thick and lightweight core. This type of
structure provides a high sti ness-to-weight ratio and the utilization of material is
e cient. To obtain a lightweight core two parameters can be altered in the process,
material properties and geometry. It is not uncommon to use a low-density material
to limit the weight but if the same material is to be used in all parts of the element
it makes the geometrical design a vital part of creating a lightweight core (Zenkert,
1997).

The structural behavior of a sandwich plate is somewhat like an I-beam. A large
amount of material, which is represented by the anges of the I-beam or the face
plates of the sandwich panel, is located at a distance from the neutral axis. This
results in an increased bending sti ness and the idea is that the face plates carry
load in bending. The idea with the web of the I-beam and the core of the sandwich
panel, besides separating the plates, is to withstand shear action with a minimum
amount of material. The core in a sandwich panel, in contrast to an I-beam, gives
rise to evenly spaced supports for the face plates (Nilsson, 2015; Zenkert, 1997).

2.3.2 Plate theory

Several papers and research cover the structural behavior and mechanisms in terms
of bending, buckling, and dynamics of a sandwich plate (Allen, 1969; Reddy, 2004;
Zenkert, 1995). An overview of aspects, theories, and literature is given by Vinson
(2001). The material of which a sandwich panel is made may be isotropic but
the structure has a certain level of orthotropy and the transverse shear sti ness
is generally low. Therefore the addition of transverse force can not be neglected
in the calculation of the total deformations. Libove and Batdorf (1948) derived
a small-de ection theory for orthotropic sandwich plates which includes transverse
shear deformation. This theory is following the rst-order shear deformation theory
(FSDT), also called Reissner-Mindlin theory, with the basis that plane sections
originally normal to the mid-plane remain plane but not normal to the mid-plane.
This implies a rotation of the plate section and constant shear strains over the
thickness of the plate (Agarwal, Broutman, & Chandrashekhara, 2018; Zenkert,
1995).

2.3.3 Core con gurations

A large number of core con gurations exist for sandwich panels. As many materials
require adhesive joints or welding to connect the parts, many pro les have been
adapted with an extra area ( ange) to make this possible, for example, a C-core or
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trapezoidal-core. Aluminium does not require this extra area for joining since it can
be extruded as one unit. Below some common core con gurations and their main
characteristics that could be suitable for an extruded sandwich plate are presented.
The main di erence between them relates to material intensity, the number of con-
tact points between face plates and core, and shear sti ness perpendicular to the
extrusion.

The most basic geometry is the web-core, consisting of only vertical parallel plates
between the face plates, see Figure 2.9. This layout provides discrete support in
the direction perpendicular to the extrusion and the level of orthotropy is high.
(Romano, 2007). The transverse shear sti ness of sandwich plates with web-core
is generally low (Romano & Varsta, 2005). This design also makes it vulnerable
to local de ection which entails concentrated secondary bending stresses, studied
by Romano (2007). Even if the sti ness-to-weight ratio is considered high for a
sandwich plate with web-core, the overall bending sti ness is low compared to other
core geometries (Nilsson, 2015). The simple design makes it possible to de ne the
web plate with only two variables, thickness, and height.

Figure 2.9: Sandwich panel with web-core.

Libove and Hubka (1951) were the rst to derive sti ness constants for a sandwich
plate with a corrugated core. This has since been investigated for triangular cores by
Lok and Cheng (2000) and for sinusoidal cores by Bartolozzi, Pierini, Orrenius, and
Baldanzini (2013). See Figure 2.10 for the two corrugated core geometries, triangu-
lar/truss and sinusoidal. The material intensity is signi cantly higher compared to
the web-core. However, the transverse shear sti ness increase for an inclined web
plate (Lok & Cheng, 2000; Nilsson, Al-Emrani, & Atashipour, 2017). Inclination

of the core plates yields in a slight decrease of the longitudinal bending sti ness
that, in combination of increased transverse shear sti ness, decreases the level of
orthotropy (Nilsson, 2015). In total that yields in a increased over-all bending sti -
ness (Nilsson, 2015). A greater amount of variables are needed to de ne the core
geometry, for instance, thickness and angle of inclination of the triangular core, and
for the sinusoidal core also the radius is needed.

Figure 2.10: Sandwich panel with triangular- (left) and sinusoidal-core (right).

Another category of core geometries is the multi-supporting cores with V- and Y-
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shaped core plates, see Figure 2.11. Both geometries provide twice as many contact
points between the top face plate and core compared to the bottom face plate and
core. They are less material dense than corrugated cores but are still bene cial for
local loads due to the smaller distance of support positions to the top plate. The
geometry of the V-core can be de ned by the thickness and angle of inclination of
the web plate and the distance between these plates. However, the Y-core requires
several more variables; thicknesses, the height of the leg of the Y, the angle of the
crown of the Y, and total height, as well as center distance.

Figure 2.11: Sandwich panel with Y- (left) and V-core (right).

2.4 Production methodology

There exist several processes for forming and joining aluminium. In this part, only
the production method of extrusion is studied and possible welding methods are
overviewed. The entire bridge deck can be prefabricated for easy assembly. To form
the bridge deck, extruded pro les can be joined together to create plate segments
in manageable sizes. The segments can then be joined to the appropriate length
suitable for the purpose, see Figure 2.12.

Figure 2.12: Production process of a bridge deck made of extruded pro les.

2.4.1 Extrusion

Formability is one main advantage of aluminium, enabling the production of complex
pro les for a variety of applications. Extrusion is the plastic deformation process,
where preheated aluminium billets are pressed through a die with the desired cross-
section, see Figure 2.13. This process takes place under great compressive force.
For hollow pro les a two-part die is used; an outer part that shapes the outside
and an inner part named a mandrel to shape the cavity. The pro le is continuously
formed into segments of maximum 45 meters and with a constant cross-section
(Nystréom, n.d.). To prevent imperfections and stresses from production, the pro les
are stretched immediately after extrusion and cooling (Norsk Hydro ASA, 2023;
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Saha, 2000). The extruded sections can then be cut into desired lengths and welded
with a suitable method.

Figure 2.13: Extrusion press with a two-part die.

The industrial company Norsk Hydro ASA (Norsk Hydro ASA, 2023) has pointed
out some design considerations regarding the extrusion process. Simple and sym-
metrical pro les are easier to extrude and are therefore less expensive. Less variation
in the wall thickness of the pro le also makes the extrusion process easier and cooling
more even. However, it is possible to have a varying thickness. In some cases it can
even be bene cial to have a varying thickness, for instance, the bending resistance
can be increased by having a thicker top and bottom surface while the inner parts
have a lower thickness. Finally, all corners of the pro le should be rounded o, a
radius as low as 0.5-1 mm is acceptable. The dimension of the press will limit the
geometry of the extruded sections. According to Norsk Hydro ASA (Norsk Hydro
ASA, 2023) the maximum outline is limited to a width of 620mm for a height of
50mm or a diameter of 320mm for their largest press. Figure 2.14 illustrates the
shape of the press.

Figure 2.14: Outlines of the extrusion press. Created by authors, inspired by Norsk
Hydro ASA (2023).

2.4.2 Welding

GMAW, where MIG is the most common welding method for joining parts of alu-
minium. It is a type of fusion welding process, where the parts are melted together.
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The weld is created by an electric arc with a continuously fed wire as the electrode.
This method does not only heat up and melt the base material, but the wire also pro-
vides ller material to the connection. Shielding gas is protecting the arc and weld
pool during welding. Calculation and veri cation of GMAW is covered by Eurocode.

FSW is a relatively new method for joining metals, invented in 1991 by The Welding
Institute in the UK (Mishra & Ma, 2005). The method adopts a rotating tool that
both heats up and adds pressure to the material, suitable for at plates. The tool

is made of a non-consumable material consisting of a probe and shoulder. The heat
is generated by friction from the rotating tool and causes the surrounding metal to
plasticize. It is a solid-state process, meaning that the temperature is kept below
the melting point of aluminium. The tool moves along the weld joint while the
probe pushes softened material between the plates toward the moving direction.
The process created a homogeneous weld with a at surface (Mishra & Ma, 2005;
Threadgilll, Leonard, Shercli, & Withers, 2009). The heat input is limited which
results in a smaller HAZ. The lower temperature also results in less strength loss
even if a decrease does take place (Mathers, 2002). At present there is no published
standard covering the calculation and veri cation of FSW.

As FSW provides lower strength loss of the base material it is a preferable method
to use. However, the use of FSW is limited by the width of the production rig. A
combination of the two methods can be used, FSWto join extruded pro les to create
manageable deck segments and MIG welding to join the segments into the desired
length of the bridge deck.

To provide for weldability, a minimum target for the plate thickness is normally
speci ed to 3mm. Other preparations needed for single-sided welding of aluminum
are backing and edge preparation (SS-EN 1011-4, 2001), see Figure 2.15. The cavity
formed under the weld line is intended for contamination. These preparations are
applied for MIG welding according to SS-EN 1090-3 (2019), but FSW may also need
some preparation in terms of extra support under the weld line due to the pressure
from production.

Figure 2.15: Principal design of a permanent backing and edge preparation for
single-sided welding. Created by authors, inspired by Eurocode (SS-EN 1090-3,
2019).

2.5 Engineering optimization

Optimization means searching for an optimal solution. The method for nding an
optimal solution varies for di erent problems and depends on what is being sought
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and what limitations exist, which are called objectives and constraints. In this
thesis, the objective is minimizing the use of material while meeting the required
structural performance. The objectives and constraints of an optimization deter-
mine the complexity of the problem to be solved (Yang, 2010).

On generic form the optimization problem can be described with the following prob-
lem functions (2.1, 2.2, 2.3) and variable vector (2.4) (Yang, 2010);(x) is the ob-
jective function with M number of objectives, ;(x) and ((x) are the equality and
inequality constraint functions with J and K number of constraints, respectively.
The vector x containsn number of independent decision variables. In addition, the
domain normally needs to be limited by an upper and lower bound of the decision
variables.

Minimize  f;(x) i=1;2,::;M (2.1)
Subjectto ;(x)=0 j=1;2:3J (2.2)
k(xX) 0 k=1;2:5;K (2.3)

With X = (X1;X2; 225 Xn) " (2.4)

An optimization can be classi ed depending on its properties. One way is to sepa-
rate between single objectiveNl = 1) and multiobjective (M > 1). Single objective
implies that only one objective is sought while multiobjective consists of several
objectives. A multiobjective optimization can be to optimize for costs and mate-
rial consumption simultaneously. In extreme cases, with many con icting targets,
this kind of problem can be very complicated to solve and are according to Yang
(2010) then called black-box problems. Further, optimization can also be classi ed
depending on the number of de ned constraints. One special case is when there are
no de ned constraints, unconstrainedJ = K = 0), which according to Yang (2010)
generally is a simpler problem to solve. All other cases with de ned constraints
fall into the subcategory constrained { + K 1). The problem is called equality
constraintif J 1 and K =0, and inequality constraintif K 1andJ =0. The

di erent classi cations of optimization can be seen in Figure 2.16.

8 8
< Singleobjectives
%Objectlve _ g. _J _
o - Multiobjectives
Optimization 8 _
g . < Unconstrained
Constraint

- * Constrained

Figure 2.16: Classi cation of optimization (Yang, 2010).

An algorithm is a sequence of mathematical instructions, explaining how the search
of a solution is to be performed. Optimization algorithms can either be classi ed
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as deterministic or stochastic. A deterministic algorithm is repeatable and will
follow the same path and give the same solution every time for a xed set of deci-
sion variables and problem functions. However, a stochastic algorithm is based on
some degree of randomness, where the solution will vary for each run (Yang, 2010).
Stochastic algorithms can be subdivided into heuristic and metaheuristic. Heuristic
processes aims to nd a solution by trial and error, this method does not necessarily
provide the most optimal solution but it is computationally e cient. Metaheuristic,

on the other hand, is a higher-order method that uses both randomization and local
search. Randomization reduces the risk of local search and this method gives a more
optimal solution (Yang, 2010). Classi cation of optimization algorithms can be seen
in Figure 2.17.

8
5 Deterministic 8

Algorithms . < Heuristic
g 3 Stochastic _ L
: * Metaheuristic

Figure 2.17: Classi cation of algorithms (Yang, 2010)

2.5.1 Genetic algorithm

GA is a metaheuristic method within stochastic optimization algorithms. It was
rst developed in the 1960s by Holland (1992). He took inspiration from nature and
Darwin” s evolutionary theory based on natural selection and reproduction. The
process of natural selection implies that more suitable individuals survive and can
reproduce, and reproduction provides new combinations of individuals based on
the characteristics of the previous generations and with consideration to mutation
(Holland, 1992). In a GA, a potential solution is named individual, while a set of
individuals are named population. Sivanandam and Deepa (2008) describes that
the optimization starts with an initial population randomly generated, the initial
population will be di erent for each run of the program. After each round, every
individual in the population will get a tness value assigned which describes their
suitability. This value is the basis for selecting the best solutions and passing them
on to create new populations. New populations are guided by the tness value but
also generated with some randomization. The procedure is repeated with more and
more suitable individuals until a nal solution is reached (Sivanandam & Deepa,
2008).

According to Yang (2010), GA have the ability to solve complex optimization prob-
lems, and Holland (1992) argues that the algorithm can solve problems that humans
can not even comprehend. However, Yang (2010) points out some drawbacks. In
order for the algorithm to converge, appropriate choices must be made for the se-
lection criteria and rate of mutation for new populations. If the initial population
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size is too narrow the algorithm can get stuck on a local optima and miss the global
optima. If it is too wide the computational time will increase.
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Basis of Design

This chapter presents the design basis on which the following analyses are carried
out. Material properties of the chosen aluminium alloy, loads acting on a pedestrian
bridge, and load combinations are presented. Design assumptions and design veri -
cations used during and after the optimization is described. The following sections
are based on Eurocode and additional National regulations presented below.

" SS-EN 1990 (2002)

" EN 1990 Annex A2 (2004)

" SS-EN 1991-2 (2003)

" SS-EN 1993-1-1 (2023)

" SS-EN 1993-2 (2006)

" SS-EN 1999-1-1 (2007)

" SS-EN 1999-1-2 (2007)

Krav brobyggande, Tra kverket (2019)

3.1 Material properties

The aluminium alloy used in the optimization is AW-6005A-T6. Its speci c mate-
rial properties are presented in Table 3.1. In the Tabléyaz represent the reduced
proof strength and ultimate tensile strength, respectively, in the the heat a ected
zone while yaz (fuaz / f) represents the remaining proportion of strength com-
pared to unwelded material. The proof strength and ultimate tensile strength are
dependent on the thickness of the material. The remaining material constants used
are presented in Table 3.2 (SS-EN 1999-1-1, 2007).

Table 3.1: Characteristic strength values for unwelded material and material in
the HAZ (MIG welding), (SS-EN 1999-1-1, 2007).

Thickness t fo fu fonaz  funaz 0:HAZ uwHAz  Buckling

[mm] [MPa] [MPa] [MPa] [MPa] class
6005A t 5 215 255 0.53 0.65

E<t 10 200 250 115 165 0.58 0.66 A
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Table 3.2: Material constants according to SS-EN 1999-1-1 (2007).

Modulus of elasticity E 70 [GPa]
Poissoni s ratio 0.3

According to SS-EN 1999-1-1 (2007), Aw-6005A has a durability rating B. For dura-
bility rating B and for plate thicknesses larger than3mm no corrosion protective
measures are needed except in harsh marine environments. In harsh marine envi-
ronments it would have to be investigated from case to case.

3.2 Load and load combinations

In the design of pedestrian bridges, the loads acting on the structure are divided
into permanent and variable loads. Permanent loads are such loads that constantly
a ect the structure, these consist of the structure's own weight. Variable loads are
in accordance with (SS-EN 1991-2, 2003) for pedestrian bridges. The variable loads
are divided into static vertical and horizontal loads. The static vertical load models
consist of a uniformly distributed load, a concentrated load and a service vehicle.
Vertical loads are free action, meaning that the load models should be placed so
that the most unfavorable load e ects are obtained. The horizontal force represents
a breaking force. Vertical and horizontal forces are combined into load groups.
The load groups should be treated as separate characteristics actions. Both the
permanent and variable loads should be combined to determine the static load e ects
in Ultimate Limit State (ULS) and Serviceability Limit State (SLS), according to
Eurocode (EN 1990 Annex A2, 2004; SS-EN 1990, 2002). The di erent loads are
presented in detail below.

3.2.1 Self-weight

The self-weight acting on the structure includes the total weight of the bridge deck
and surface coating. The load of the deck is calculated from the density of aluminium
multiplied by the gravitational constant g. The surface coating on top of the deck
consists of a 10 mm thick layer of acrylate in accordance with the National Annex

(Tra kverket, 2019).

= 2700 [kg=nt]
g=9:82 [m=5]

Gacrylate = 22 [kN:mS]

3.2.2 Uniformly distributed load

For dimensioning of the bridge deck, a uniformly distributed surface loagl, is used

in the design. This represents the load e ect of pedestrian tra c and is based on
pedestrians or cyclists regular or occasional presence on the bridge. The charac-
teristic uniformly distributed load is obtained from equation 3.1 (SS-EN 1991-2,
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2003).

120 ,
: =20+ —— & =m :
25 G =200+ o 50 [KkN=m’] (3.1)

Where,

L Loaded length in [m]

3.2.3 Concentrated load

The recommended value for the characteristic concentrated loa@,x is 10 kN,
distributed over a square area corresponding to 0.01°nG0.1 x 0.1 m). However,
if a service vehicle is allowed to drive on the bridge, the concentrated 08, Is
replaced by the load model representing the service vehid®e, (SS-EN 1991-2,
2003).

Qmk =10 [kN]

3.2.4 Service vehicle

If no permanent obstacle prevents a vehicle from passing the bridge, the load model
representing a service vehicl®s, shall be considered. The model describes a
vehicle with two axle-pairs at a distance of 3 m. The distance between the wheel-
centres is 1.3 m and the contact area is 0.2 m x 0.2 m. Recommended characteristic
load from the rst and the second axle is40kN and 80kN, respectively (SS-EN
1991-2, 2003). The outline of the service vehicle is shown in Figure 3.1.

Qserv:1 = 80 [kN]
Qserv:z =40 [kN]

Figure 3.1: Geometry of a service vehicle.
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3.2.5 Horizontal load

The static model for horizontal loads to be considered is the designing value of
the following two cases. Either 10% of the total load coming from the uniformly

distributed load on the bridge or 60% of the total weight of the service vehicle. The

load should be applied on the surface of the deck and act in the direction of the
bridge (SS-EN 1999-1-2, 2007).

3.2.6 Groups of tra c loads

Loads that are considered to act simultaneously should be combined in load groups.
The load groups are treated as separate characteristic actions and should be com-
bined in the same way as other loads. Two groups are de ned for pedestrian bridges.
Group 1 (grl), consisting of uniformly distributed loadg, and horizontal breaking
force Qsx . Group 2 (gr2), consists of the load representing a service vehi€ge,
and horizontal breaking forceQsx (SS-EN 1991-2, 2003). The load groups can be
seen in Table 3.3.

Table 3.3: De nition of load groups.

Load type Vertical load Horizontal load
Load system Uniformly distributed load Service vehicle

Groups grl o 0 Qfik

of load gr2 0 Qserv Qfik

3.2.7 Load combinations

The procedure for combining loads used for verifying the design of the bridge is reg-
ulated in SS-EN 1990 (2002) and accompanying Annex A&oplication for bridges

in EN 1990 Annex A2 (2004). The load combinations consist of both permanent
and variable loads, where the permanent load is de ned as eithanfavourable or
favourable and the variable loads are divided intdeading and other actions. Par-
tial factors ; , factors for variable loads ;, and reduction factor for unfavorable
loads ; , together with design values for actions can be found in Appendix A. Load
combinations for ULS and SLS are presented below.

ULS is the state concerning the safety of people and the structure itself. In ULS, the
design situation STR is considered which means that the strength of the material is
governing failure and result in internal failure or excessive deformation. The least
favorable load e ects gained from the two equations (3.2 and 3.3) are to be used in
the design.

X X
GiGkj + @1 01Qk1* Qi 0i Qi (3.2)
i1 > 1
X X
i 6jC0kj+ @1Qk1+ Qi 0i Qi (3.3)
j 1 i>1

Where,

30



3. Basis of Design

Gk; Characteristic value of permanent load
Qx1 Characteristic value of leading variable load
Qi Characteristic value of other variable loads

i Partial factor

i Factor for variable loads

i Reduction factor for unfavorable permanent loads

SLS is the state concerning user comfort and structural function at normal use. The
frequent load combination is used for a reversible limit state, which means that no
e ects on the structure will remain after unloading. Equation 3.4 is to be used for
veri cation of de ections in SLS. In contrast to ULS load combinations, all partial
factors for material and loads are set to 1.0.

X
Gij + 11Qu1+ 2 Qkii (3.4)

j 1 i>1

Where,

Gy; Characteristic value of permanent load

Q1 Characteristic value of leading variable load

Qi Characteristic value of other variable loads
i Factor for variable loads

3.3 Design assumptions

The focus of this thesis lies within the optimization routine, the core geometry chosen

is therefore a web-core. This choice is made as the geometry is the most basic among
the selection of core con gurations and it is most favorable for parametrization. A
segment of a plate with web-core is shown in Figure 3.2.

Figure 3.2: Plate with web-core.

The deck is oriented with the extrusions in the transverse direction of the span of
the bridge. In this design con guration, the deck has a distinct orthotropic behavior
where the sti ness along the extrusions is greater than that perpendicular to them.
It is thereby assumed that the forces will rather directly distribute stresses along
the extrusion direction to the supports, i.e. the main longitudinal load-carrying
structure, see Figure 3.3. Stresses on the deck will thereby primarily come from
global bending around an axis perpendicular to the extrusion direction and local
load e ects from the directly applied wheel.
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Figure 3.3: The Figure illustrated the main load-carrying direction of the bridge
deck.

In an article by T. W. Siwowski (2009), the structural behavior of an aluminum
plate with a triangular core was evaluated. The results showed that stresses at the
top plate were 2-3 times greater than the stresses at the bottom plate and failure
occurred due to yielding of the top plate under the wheel pressure. This indicates
that combined load e ects from global bending and the directly applied wheel pres-
sure is governing the design. It is reasonable to believe that the same applies for
orthotropic aluminium plates with web-core given that the span length and height
of the deck is approximately the same.

Consequently, the focus in the optimization routine will be to evaluate stresses where
the wheel pressure is applied as global and local load e ects coincide in this area.
Hence, the largest stresses are expected there. This implies an assumption that
a cross-section optimized to withstand combined load e ects in this area will also
meet the other design requirements. Hence, the only design check that is included in
the optimization routine is the condition that the stresses developed here are below
the yield limit. After obtaining the optimized cross-section, the assumption needs to
be con rmed. This is done in a later step where the remaining checks are performed.

Welds, and therefore strength loss is excluded from the optimization routine. In-
stead e ects from the heat a ected zone are assumed to be handled for the optimized
cross-section by increasing the plate thickness locally to compensate for strength loss.
Possible welding positions and additional material due to backing for welds are only
estimated for the optimized cross-section to be used in the cost comparison. To
summarize, the following design assumptions are made:

The optimization routine is made for a plate with web-core.

The design is assumed to be governed by stresses directly under the applied
wheel pressure.

Strength loss due to welding is excluded from the optimization routine.
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3.4 Design veri cations

In order to ensure the load bearing capacity of the bridge deck, the load e ects
should be less than the capacity of the structure. A number of design requirements
have been identi ed, which are divided according to whether the check is carried out
in ULS or SLS. The design veri cations are also subdivided according to whether
they are carried out inside the optimization routine or after for the optimized cross-
section. The design veri cations can be seen in Table 3.4.

Table 3.4: Verication's in SLS and ULS.

Limit state Veri cation

During optimization After optimization
ULS Stress in maximum bending region
Stress in maximum shear region
Instability
SLS Global de ections

Local de ection

For calculating the resistance either proof strengthfg) or ultimate tensile strength
(fu) can be used. As only linear elastic analysis is performed, the characteristic
value of the proof strengthf is used to ensure no yielding of the material.

For design veri cations of aluminium structures the partial factor method is used
(SS-EN 1999-1-1, 2007). The design resistanRg for a cross-section is calculated
with equation 3.5, whereRy is the characteristic value of resistance andy the
partial safety factor for material (SS-EN 1990, 2002; SS-EN 1999-1-1, 2007). In
ULS, \ varies depending on whether it is resistance of a cross-section regardless of
Cross-Section Class (CSC), instability of member, or a cross-section in tensiog.;

is recommended for the rst two cases andy , for the latter. Values are presented
below. In SLS all partial factors are set to 1.0 (SS-EN 1990, 2002).

R

Ry= —* (3.5)
M

m1=1:1

M2:1:25

3.4.1 Stress in maximum bending region

As previously described in Section 3.3, the combined load e ects from global bending
and the directly applied wheel pressure is assumed to govern the design. Veri cation
of stresses is thus the only check performed inside the optimization routine. To
obtain maximum stresses, one axle-pair from the service vehicle is placed in the
center of the bridge width and moved over several positions in the longitudinal
direction. The vehicle is centrally placed in the transverse direction to include large
global bending. Figure 3.4 shows bending moment and shear force distribution for a
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centrally placed vehicle with wheel load P. The check is made for Von Mises stresses
(Equation 3.6) according to the yield criterion in Eurocode (SS-EN 1999-1-1, 2007).
Stresses are analyzed in the area under one of the locally applied loads in ULS.

Figure 3.4: Bending moment and shear force distribution for position when veri-
fying stress due to maximum bending. The width of the bridge deck is 3.5m.

%(( xx;Ed )’)’;Ed)2 +( yy;Ed ZZ;Ed)2+( zz;Ed xx;Ed )2) + 3( xy;Ed + yz;Ed + zx;Ed) % (36)
Where,

wEd Stress at considered position, transverse extrusion

yy:ied Stress at considered position, through-thickness

2zEd Stress at considered position, longitudinal to extrusion

x:ed Shear stress at considered position, transverse extrusion-through thickness

yz:zed  Shear stress at considered position, through thickness-longitudinal to extrusion

xed Shear stress at considered position, longitudinal to extrusion-transverse extrusion
3.4.2 Stress in maximum shear region

To verify the shear capacity, the service vehicle is placed close to a support in
the transverse direction of the bridge. Through this position large global shear is
obtained close to the support as seen in Figure 3.5. The veri cation is made for Von
Mises stresses (Equation 3.6) according to the yield criterion in Eurocode (SS-EN
1999-1-1, 2007). Checking the the von Mises stresses instead of the shear stresses is
an conservative choice as the von Mises stresses contains contributions of both shear
and normal stresses. The stresses are analysed in the area close to the supports with

ULS load factors.
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Figure 3.5: Bending moment and shear force distribution for position when veri-
fying stress due to maximum global transverse shear. The width of the bridge deck
is 3.5m.

3.4.3 Instability

To verify if local buckling can occur, a CSC is identi ed for all parts of the cross-
section that fully are subjected to compression. See Table 3.5 for de nitions of the
four classes. The CSC is determined from the width-to-thickness ratio ) of the
part. Large values of the ratio imply a slender cross-section and a higher CSC. For
sections in CSC 4 local buckling will reduce the capacity, while CSC 1 means that the
section is not susceptible to local instablity. If the cross-section consists of several
parts, the highest CSC identi ed will be used for all parts in compression. For
calculation of (), it is distinguished between internal and outstand parts according
to SS-EN 1999-1-1 (2007). The limit parameters (, ,, 3) for classication are in
accordance with SS-EN 1999-1-1 (2007), where material, welds, and location of the
part are taken into account. The only relevant buckling mode for the bridge deck to
account for is the local buckling of the top plate. For the top plate, is calculated
with Equation 3.7.

= b=t (3.7)

Where,

b Width of face plate between web plates (radius excluded)
t Thickness of face plate
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Table 3.5: De nition of cross-section classes.

Class De nition

1 Ductile sections. Enough rotational capacity to form a
plastic hinge with no resistance reduction.

2 Compact sections. Enough rotational capacity to develop
plastic limit resistance.

3 Semi-compact sections. Enough rotational capacity to
develop elastic limit resistance.

4 Slender sections. Local buckling will take place before

the elastic limit stress is reached.

Since only linear analysis is performed in this thesis, it is only necessary to determine
if the top plate of the cross-section is in class 4 or not. If the condition in Equation
3.8 is met, it implies that the cross-section is in class 1-3. The limit parameters
are calculated with Equation 3.9 with the addition of Equation 3.10.

3 (3.8)
=" =18 (3.9)
. 250=f, (3.10)

If the cross-section is in class 1-3, it also implies that the local buckling resistance is
su cient and that the local buckling factor p. can be set to 1.0, see Equation 3.11.

c=1:0 if , (3.11)

3.4.4 Local de ection

Local de ection is not a design veri cation according to either Eurocode or national
standards. However, for the purpose of wearing surface durability, the local de ec-
tion of the face plate between support positions from the core plates should not be
too large. As there are no limits regarding a maximum de ection a comparison to a
steel orthotropic plate is made. In Eurocode (SS-EN 1993-2, 2006) Design of Steel
Structures, recommendations are given for the design, including aspects of durabil-
ity. For pedestrian bridges, the ratio between plate thickness and distance between
sti eners is limited to 40 (Equation 3.12), giving a maximumcc distance of 400
mm if the plate thickness €) is 10 mm. The local de ection of a steel plate with
these dimensions is therefore compared to the local de ection between web-cores for
the optimized cross-section in aluminium.

t 10 mm

cc=t 40 (3.12)
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3. Basis of Design

For calculation of the local de ection, the plate is simpli ed into a girder, continuous
over 6 supports. The load is applied in the middle section. Both girders are assumed
to have rectangular cross-sections with the same widtho)( but di erent material
properties, thickness, andccdistance. The de ection of such a girder is calculated
with Equation 3.13 (Avén, Lantz, & Lorentsen, 1983). Where is a constant,Q is
the point load, L is the span between supports: is Young's modulus of elasticity,
and| is the moment of inertia. The moment of inertia for a rectangular cross-section
is calculated with Equation 3.14.

Q L3
W=k T00E T (3.13)
3
| = blg (3.14)

The limitation condition for de ection can be formulated according to Equation 3.15
by simplifying Equation 3.13. The veri cation is made by modifying Equation 3.15
to calculate the maximum allowed cc-distance, where the only unknown variable is
the resulting plate thickness, see Equation 3.16. If the condition in Equation 3.17
is ful lled, local de ections are assumed to be small enough to assure the durability
of the surface coating.

C% °% (3.15)
En t3, Es 83 '
S Ei
tou C
CGmax = mtios : EA (3.16)
S S
CG  CGymax (3.17)

Where,

tou  Thickness of the aluminium plate

ts  Thickness of the steel plate

cc Distance between webs plates for the aluminium plate

cG Distance between webs plates for the steel plate

EAa Young's modulus of elasticity for aluminium

Es Young's modulus of elasticity for steel. (210GPa (SS-EN 1993-1-1, 2023)).
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3. Basis of Design

3.4.5 Global de ection

The vertical de ection is limited in accordance with the National Annex Krav
Brobyggande(Tra kverket, 2019). Maximum de ection is calculated with equation
3.18, wherel is the theoretical span length between supports. The de ection in the
direction of the extrusions is checked in SLS and only for the uniformly distributed
load presented in Section 3.2.

— (3.18)
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4

Structural model

In the following chapter, the structural model for the FE-model used in the optimiza-
tion is presented. The model is based on material, loads, and design assumptions
presented in Chapter 3. The aim of the model is to analyze stresses due to axle load
from a service vehicle. The model is created in the FE-program ABAQUS and is
later implemented in the optimization routine as a module.

4.1 Structural system

The bridge deck is oriented with the extrusions perpendicular to the bridge longi-
tudinal direction. All load in the transverse direction is carried by the bridge deck,
as this is the case, no additional transverse load carrying structure is used. The
bridge deck is meant to carry the load to a main longitudinal load-carrying struc-
ture, exempli ed by steel truss-girders in Figure 4.1. However, only a segment of
the deck is modeled, representing the global response in the transverse direction.
The deck is modeled to be simply supported as the connections are disregarded.
Consequently, negative moments in the connection will be disregarded and no com-
posite action between the members can be accounted for. In this con guration the
deck has primarily two functions, to transfer loads to the main load-carrying system
while resisting the locally applied load from wheel pressure.

Figure 4.1: Bridge deck supported on a longitudinal load-carrying structure.
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4. Structural model

The three-dimensional coordinate system used for the model is shown in Figure 4.2.
Where X-direction is perpendicular to the extrusions and the direction of tra c, also
referred to as the length of the modelZ-direction is along the extrusions and in the
transverse direction of the tra c, referred to as the width of the model.Y-direction

is the vertical direction.

Figure 4.2: Deck orientation.

4.1.1 Model geometry

The width of the bridge is chosen to be 3,5 meters. According to data collected in
a master thesis by Lindgvist and Svensson (2022) typical widths of the 57 studied
pedestrian bridges in Sweden vary from 1.8 m up to 4.2 m. The width is a xed
parameter in the FE-model.

As a segment of the deck is modeled, the span length of the pedestrian bridge
Is not speci ed. The length of the segment is chosen to be as small as possible to
keep the computational time short, while still accounting for the load distribution
and not overestimating the stresses. The necessary segment length for accurate re-
sults is determined by a convergence study where the load distribution is evaluated
for di erent segment lengths. The convergence study is presented in Section 4.3.

The model is made for a plate with hollow extrusions and a vertical web-core.
The cross section is de ned with the parameters in Figure 4.3. Dimensions are
not speci ed as they are to be optimized, described in the following chapters.

Figure 4.3: Parameters used for the cross-section of the plate.
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4. Structural model

4.2 FE-Model

The model was created in the FE-software ABAQUS, based on what is presented
in Chapter 3. The aim of the model is to analyze stresses directly under the wheel
load, as it is assumed to be governing the design. However, the global response
needs to be captured and maximized as it a ects the local stresses.

To analyze local stresses, a re ned model made of solid elements is used for the
detailed geometry of the cross-sections presented in Figure 4.3. To model the deck
segment completely with solid elements would make the analysis time-consuming.
To solve this, an alternative approach of sub-modelling is adopted. Instead of using
a multi-level analysis approach for the design of the plate, where the result from the
global model is used as input to the local model (Nilsson Strand, 2020). The analysis
is performed in one step using both a local and a global model simultaneously.

The plate segment with outer dimensions according to Figure 4.5, are modeled
using shell elements with a simpli ed cross-section neglecting the radius in the in-
tersection of web-core and the top/bottom plate. Under one of the wheel pressures
in the global shell model, a cut is made where the local solid model with detailed
geometry is placed, illustrated in Figure 4.4. The models are placed such that the
centerline of the top and bottom plate of the local solid model aligns with the top
and bottom plate of the global shell model. The two models are connected using
kinematic couplings between nodes at the surfaces/edges of the respective parts.
The translations of the solid surface nodes are set to follow the translation of the
adjacent shell nodes.

Figure 4.4: lllustration of the sub-modeling approach used in the analysis.

Figure 4.5 shows the geometric con guration of the model. The local solid model
is centrally located inx-direction. In z-direction the solid model is placed such that
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4. Structural model

the wheel pressure can be added on top when the wheel axle is aligned with the
center of the strip. The width of the solid model extends 100 mm outside the wheel
pressure on each side, resulting in a xed width of 400 mm. The length of the solid
model depends on two factors, the cc-distance of the web-cores and the movement
of the load in x-direction. The minimum length is set to 700 mm. The extension of
the model is to avoid disturbance at the area of interest as false stresses can arise
in the vicinity of couplings between the main and secondary nodes.

Figure 4.5: FE-model geometry. Dashed lines at the edges symbolizes simply sup-
ported BCs.
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4. Structural model

4.2.1 Area of interest

Stresses are analyzed in the region where local wheel pressure from the service vehicle
coincides with maximum global moment. The results are extracted from the inside
surface of the top plate, the inside surface of the bottom plate, and the inside surface
of the cell under the applied load. These locations represent the area of interest and
are highlighted in red in Figure 4.6.

Figure 4.6: Area of interest where largest stresses are expected, shown in red.

4.2.2 Element types

The shell element type used in the analysis B-node doubly curved thick sheWith
reduced integration. The solid model is made with element typ20-node quadratic
brick with reduced integration. Using reduced integration means that for a shell
element, the stress is evaluated in 4 (2x2) integration points instead of 9 (3x3). For
a solid element, the stress is evaluated in 8 (2x2x2) integration points instead of 27
(3x3x3).

4.2.3 Load application and boundary conditions

The load on the structure is based on load cases stated in Section 3 and Section
3.3. The self-weight of the bridge decks is applied as a gravity load, calculated with
the density of aluminum and the gravitational constant. As the radius of the cross-
section is disregarded for the shell model, the load is slightly underestimated. The
surface coating of acrylate is applied as a surface pressure.
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4. Structural model

In order to nd the most unfavorable stresses from local bending the service vehicle
iIs moved in ve load steps inx-direction. The rst position is located with the edge

of the wheel pressure centrally over one web plate. From there the load is moved in
ve equally long steps until the end of the wheel pressure is located centrally over
the next web plate, see Figure 4.7. The load from the service vehicle is applied as a
pressure on the contact area (200 mm x 200 mm).

Figure 4.7: First and last load position of the wheel pressure in x-direction. A total
of 5 load positions are tested.

The boundary conditions applied to the structure are set to resemble a simply sup-
ported deck on two edges. Translation iry-direction is prevented on all shell edge
nodes on the web, top and bottom plate at each side of the deck strip zadirection.
To prevent rigid body motion, single nodes on the edges are restricted XA and
z-direction.

4.2.4 Mesh

The mesh is divided into di erent element sizes in di erent regions. The closer the
mesh approaches the area of interest, the smaller element sizes are used. To be able
to control this, each edge of both the global shell model and the local solid model
is assigned a seed-size. For the shell model, seed-sizesdirection and y-direction

are assigned to be consistent over the model. Idirection, the model is divided

into three regions where the aspect ratio is decreased in the area around the solid
model, see Figure 4.8.
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4. Structural model

Figure 4.8: Mesh of shell model. The seed-size in z-direction is divided into three
regions where the aspect-ratio of the elements is decreased closer to the solid model.

The solid model is divided into signi cantly more areas, where the number of ele-
ments is further increased in the regions of the applied load. rdirection a strip

in the middle of the model is meshed ner. This is also true ix- and y-direction

for the cell where the wheel pressure is moved over. In Figure 4.9, the ner meshed
areas can be seen. A coarser mesh is assigned to the other parts of the solid model.
Seed-sizes for the di erent edges of the shell och solid model are determined with

a convergence study, presented in section 4.3. The chosen seed-sizes can be seen in
Appendix B.

Figure 4.9: Mesh of solid model. The number of elements is increased in the area
of interest.
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4. Structural model

4.3 Veri cation of model settings

Model settings regarding the length of the strip and mesh-size are veri ed through
convergence studies. First, the strip length is decided by analyzing load distribution
for di erent lengths. In a second convergence study, the mesh-setting was decided
by analyzing the in uence of seed-sizes. The convergence studies are made for a
reference geometry of the cross-section, presented in Figure 4.10. Settings veri ed
for the reference geometry are assumed to be valid for all combinations of dimensions
generated later in the optimization.

Figure 4.10: Reference geometry used in the convergence studies, units in [mm].

4.3.1 Strip length

The length of the strip is determined to take into account the load distribution along
the span of the bridge. This is accomplished by evaluating how the stress changed in
the area of interest when the length of the strip was changed. The strip length is ob-
tained when a further increase in the length did not change the stresses signi cantly.

The change in stress is analyzed along the three paths shown in Figure 4.11. The
rst and the second path is de ned centrally on the top and bottom surface of the
solid model. The third path is de ned on the inside surface of the cell where the
wheel load is applied. One stress value was obtained at the edge and center nodes of
each element along the paths. In this analysis, only load case 1 is used, see Figure
4.7. With this con guration, the load distribution is greater towards one edge of
the strip.
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4. Structural model

Figure 4.11: Paths used in the convergence study to determine the strip length.

Stresses over the solid model are analyzed for strip lengths of 1m, 2m, 3m, and 4m
for the shell model. The stress distribution over the plate can be seen in Figure 4.12,
for a strip with lengths 1m, 2m, and 3m, respectively. These results are visualized in
graphs, one for each path, see Figure 4.13, 4.14 and 4.15. It can be seen how stresses
decrease with increasing length, while di erences in stresses become smaller. When
di erences between the steps becomes small enough or stops completely, a converged
strip length is found. The results for lengths 1m, 2m, and 3m are compared to the
results for length 4m. The quantitative comparison includes the maximum absolute
change and percentage change. These results are presented in Table 4.1. The largest
percentage di erence of 3.3% between a 3m strip and a 4m strip is considered an
acceptable error. Hence, a 3m long strip is used for the model.

Table 4.1: Comparison of maximum absolute change and percentage change of the
stress for strip length convergence.

Max. Absolute Di erence Max. Percentage Di erence
Strip Length  Path 1 Path 2 Path 3 Path1 Path2 Path3
1mvs. 4m 44.4 MPa 44.0 MPa 31.6 MPa 114.7 % 1126 % 56.8%
2m vs. 4m 74MPa 73MPa 56MPa 178% 17.7% 101%
3m vs. 4m 16 MPa 16MPa 13MPa 32% 3.3% 21 %

Figure 4.12: Stress distribution for a 1m, 2m, and 3m long strip.
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