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From a conceptual design to a structural solutioeh @rection of a timber bridge — a
case study

Master of Science Thesis in the Master’'s Programimé&tructuralEngineering and
Building Performance Design
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ABSTRACT

In recent years, timber as construction materiebfadges and footbridges has had a
great development both in urban contexts and iarabenvironments since it allows
to perform lightweight, economic and aestheticgllgasing as well as durable and
easy to implement structures. Improvement and eefent of manufacturing
processes of the "artificial* wood based producetshsas glued laminated timber
(glulam) and Laminated Veneer Lumber (LVL), consatde progress over the last
twenty years in the production of more and moréciefit connecting devices, in
making marketing of effective and safe products iayod protection and in the
evolution of building systems have contributed delly to this new trend in the
structural field. This Thesis, inspired by the TenlBridge Competition that took
place at Chalmers University of Technology in Febyu2010, analyzes the whole
design process of the 22 m long glulam timber fadge to be built in Boras, which
has been the winner project.

All the different steps that have followed durirge tdevelopment of the project are
particularly analyzed: from the first ideas skettlu: paper during the conceptual
design phase, through the analysis of the two nsade$cale 1:20 built in wood and
tested to failure during the Competition, up to threecise definition of all the
constructive details and structural solutions ndetteactually build the footbridge
and ensure it a good durability and its effectigastruction.

The Thesis has been articulated as follows: irb#gnning, along with an attempt to
clarify the role that the bridge has always playedthe European culture, the
theoretical basis of the conceptual design prodesge been described. A wide
overview of the most important examples of timbeddes built in history (from
Julius Caesar to the present day) made to clardybidickground that has laid the
introductions for the current developments of thse of structures and an analysis of
the advantages and disadvantages associated vathugé of timber in bridges
conclude the introductive section.

In the second part the description and the analykithe most interesting project
among the five ones participating to the Competitiand of its structural
characteristics are carried on.

In the third section the analysis focuses only lws winning project and its gradual
translation from the idea to an actually feasiltleitural solution on the basis of
building technologies, features and details to endurability and on the verifications
in ULS and SLS based on ECS5. In the fourth part36®, the Maintenance Plan and
the Building Booklet are presented in order to déschow to build and to maintain
the footbridge.

Key words: timber footbridge, conceptual designrathility, glulam timber, LVL
timber products, constructive details, building sit
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ABSTRACT

Negli ultimi anni il legno come materiale da cogtane per ponti e passerelle
pedonali ha avuto un grande sviluppo sia in ambitzano che in contesti naturali
considerato che esso permette di realizzare gsteuttieggere, economiche,
esteticamente accattivanti oltre che durature sediplice realizzazione. A questa
nuova tendenza in campo strutturale hanno contobmi maniera determinante il
miglioramento e il perfezionamento dei processdptbvi dei materiali “artificiali” a
base di legno quali il legno lamellare e il LamedtVeneer Lumber (LVL) e i
notevoli progressi compiuti negli ultimi venti annella produzione di elementi di
connessione sempre piu efficienti, nella messa dmmercio di prodotti per la
protezione del legno efficaci e sicuri e nella ezadne dei sistemi costruttivi.

La Tesi, prendendo spunto dalla Timber Bridge Cortipatche si & tenuta presso la
Chalmers University of Technology nel Febbraio 2(drtalizza nella sua interezza il
processo di progettazione della passerella pedanalegno lamellare di 22 m da
realizzare a Boras che é risultata vincitrice. Vergo particolare analizzati tutti i
diversi step che si sono susseguiti durante laugpi del progetto: dalle prime idee
schizzate sul foglio di carta durante la fase diceptual design, passando attraverso
I'analisi dei due modelli in scala 1:20 costruiiilegno e testati a rottura durante la
Competition, fino ad arrivare alla definizione pszcdi tutti i dettagli costruttivi e le
soluzioni strutturali necessari per poter costrugalmente il ponte e garantirne una
buona durabilita nel tempo.

La Tesi e stata articolata nel modo seguente: meltée iniziale, oltre a cercare di
chiarire il significato che il ponte ha sempre avuella cultura europea, sono state
spiegate le basi teoriche del processo di concegasign. Una panoramica dei piu
importanti esempi di ponti in legno realizzati mefitoria (da Giulio Cesare a giorni
nostri) fatta per chiarire il background che hatpds premesse per gli sviluppi attuali
di questo tipo di strutture e un’analisi dei vaigfiag svantaggi legati all'impiego dei
ponti in legno concludono la parte introduttiva.

Nella seconda parte si procede alla descriziondl'analisi delle caratteristiche
strutturali e del comportamento statico del prageitl interessante tra i cinque altri
partecipanti alla Competition.

Nella terza parte infine I'analisi si concentraaamente sul progetto vincitore e sulla
sua graduale traduzione da idea a soluzione stdtieffettivamente realizzabile
sulla base di tecnologie costruttive, dettagli garantire funzionalita e durabilita e le
verifiche agli Stati Limite Ultimi e Stati Limiteid®ervizio sulla base del’ECS5.
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Design bending strength

Characteristic bending strength

Design tensile strength along the grain

Design tensile strength perpendicular to the grain
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Fundamental natural frequency of vertical vibnagio

ver

O, Characteristic value of uniformly distributed lo@elfweight)
K oc Modification factor for duration of load and maist content
k., Instability factor

K.t Factor used for lateral buckling

Kyer Deformation factor

K. Factor considering redistribution of bending stessin a cross-section
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t Timber thickness depth

Ug, Final deformation

Uns Instantaneous deformation
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B, Straightness factor
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Vs Partial safety factor for permanent loads
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Ykertoo Weight per unit volume of KertoQ

Yu Partial factor for material properties
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Yeolid Weight per unit volume of solid timber

{ Modal damping ratio
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M Shape coefficient
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Characteristic density

Design compressive stress along the grain
Design bending stress

Design tensile stress along the grain

Shear factor

Factor for combination value of a variabiéi@n
Factor for quasi-permanent value of a vagialotion
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1 General introduction

1.1 Problem description

1.1.1 Background

In recent years, timber as construction materiebfadges and footbridges has had a
great development both in urban contexts and iarabhenvironments since it allows

to perform lightweight, economic and aestheticgllgasing as well as durable and
easy to implement structures. Improvement and eefent of the manufacturing

processes of the "artificial® wood based producetshsas glued laminated timber

(glulam) and Laminated Veneer Lumber (LVL), consal#e progress over the last
twenty years in the production of more and morécieffit connecting devices, in

making marketing of effective and safe products iamod protection and in the

evolution of building systems have decisively cimited to this new trend in the

structural field.

The theme of this Thesis has been the analysiBeokhtire process of designing a
footbridge in order to understand in detail the alyics and everything that happens
throughout thater: in fact, one usually focuses on some specific dspetich as
structural calculations. In this way, the Autholidees he has made an interesting
overview of the complexity of the work of a designeeating both the architectural
and structural aspects and not forgetting the muoettical one, that is the effective
execution of the project.

1.1.2 Aims of the thesis and limitations

The theme of this Thesis is a complete analysithefdesign process of a wooden
footbridge.

From the embryonic stage, that is the moment whendesigner decides, starting
from the needs perceived by the client and therenmiental conditions of the site
and other types of constraints, such as the steieme and the structural principle to
adopt, through the development of technologicaltsmis and constructive details in
order to translate into reality what he thoughtgtothen for checking the strength of
the various elements on the basis of the Euroceaes then finishing with the
analysis of the strategies, machineries and phasesich actually build the bridge.

It is extremely interesting to analyze the prodesss entirety to understand what and
how many variables are involved at each step ofdésgn of the structure, which
obviously go to significantly influence the follomg stages, dramatically changing the
decisions that have to be taken.

Obviously, since due to the vast scope of the iy&ison it has been necessary in
some cases, however, to simplify or streamlineathaysis in order not to lose sight
of the ultimate goal of the work that aims pregidel provide a comprehensive and as
much exhaustive as possible overview of the eptioeess.

Since the design of the structure has been quifarea (the competition provided
the building of scale models without any prelimiynaglculation) so the definition of
the static model to be used has had a simplifiedagement and in-depth analysis on
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the possible alternatives have been not condu€iedlly, after having seen that the
model built to scale had a satisfactory respons®d been decided to go further.

Concerning the definition of the loads acting on thetbridge, being the structure

located between a building and the bank of thelc#imaactions of any emergency or
cleaning vehicle transiting on the deck have basredarded, considering in the end
only the actions of wind, snow and crowd (as preuitty the Eurocodes).

To conclude in the chapter dealing with the inatadh and maintenance of the bridge
the regulations have been complied with as regaelsubstance but from the formal
point of view they have been adapted to the purpasel the need for discussion of
the topic: in particular, the sheets concerninguge of all machineries and equipment
used in the different working phases have beerolgftand the Maintenance Plan has
been partially merged with the Building Booklet.

1.1.3 Outlines

This Thesis work is essentially divided into foarts. The first part is from Chapter 1
to Chapter 3 and serves to clarify and presentig@pdine in which we will work, to
introduce properly discussion of the subsequent$opr the wooden bridge designed
by the Author.

Chapter 1 is the vericipit of the work: in addition to a general descriptmnthe
problem underlying the thesis, it describes whahe symbolic meaning and social
value that the bridge has generally in the colMecimagination and its importance to
levels not only practical but also philosophicaheTsecond paragraph presents a
concise treatment of logical and mental procedsatsgovern the conceptual design
phase of any building.

In Chapter 2 the focus shifts to the technologispleats related to the use of wooden
bridges: the benefits that they bring to thoseeofforced concrete and steel and at the
same time the related problems are analyzed, both the point of view of the
manufacturing and of the durability (element todasigned carefully in the timber
structures field).

Chapter 3 presents instead a historical analysthefevolution of wooden bridges
over the centuries: from the first of which we haveomplete description, that is
Julius Caesar's bridge over the Rhine, up to pressst underlining the constants and
differences and focusing on structural, constrecéid aesthetic aspects.

The second part (Chapters 4 and 5) enter the sulestdrthe main topic of the thesis,
namely the design of a footbridge made of glulamb@r. Since the beginning of the
process has been the Bridge Competition that toatepdds Chalmers University in
Goteborg, in Chapter 4, the course of the compataiod the most interesting results
produced by the participants have been illustratetithen the discussion has focused,
in Chapter 5, only on the winning project, developgdthe Author in co-operation
with two other studentdnitially it is described the whole design processlertaken

to define the shape of the bridge and then thedtmectural solutions for the bridge
are analyzed, in the form of scale models, basedhenstrengths and weaknesses
found during the load tests. It continues with aadiption of the peculiarities and
technologies used to produce the materials thaerapkthe structure (glulam timber,
Kerto@®), the analysis of static behavior of the footbeidmnducted with the help of
SAP200§ software (finite element analysis) and then itatodes the chapter with
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the definition of all main structural connectionsdaanalysis of solutions used to
ensure the longest possible service life to thegexi

The third part, consisting of Chapter 6, includesfiations of the bridge based on
the Eurocodes, in particular 5. Design values lier gtrentgth of the materials, loads
acting on the bridge, load cases, stress verifinatin the ULS and the design in the
SLS are analyzed.

All calculations have been performed by hand, lgpeimthe results obtained from FE
analysis developed by SAP2G00

The fourth and last part, or Chapter 7, finallythie most practical on the bridge: it
deals with its construction and maintenarodact, based on the Italian law, the PSC
have been developed (Plan and Coordination of Safehych defines the steps
necessary to prepare the building site and to ddsetime bridge, the risks and safety
measures to be taken to grant the health of warkex$the building area layouts that
graphically represent the building site and itsamigation. Finally the Maintenance
Plan and the Building Booklet have been prepared. éine the documents to be used
during maintenance to ensure an adequately longcselife to the construction and
to define security measures to be taken to cartyr@mintenance operations without
risks to workers’ health.

1.2  About the bridge

The bridge, one of the most ancient archetype @fatichitecture, suggests two ways
of movement: that of the river flowing beneath ahdt of the road running above:
two movements which form a cross, two movementstkibeome possible (though the
one seems to prevent the other) through the rigirthe road ribbon that shirks the
binding condition of the crossing, the bridge repk the ford, it is a partial and
ephemeral victory of the man on the obstacle oewat

The victory becomes lasting when the road has adthingo a bridge: it has jumped
over the obstacle, has joined the two opposite Kfannto one thing; a sight
continuity that passes over the fracture and makesgotten.

Using an intense poetic image Giorgio De Chiricadies the Romans’ passion for
the arch to the desire of infinite that hits thennadserving the sky vault: "A Rome le
sens du présage est quelque chose de plus vagteseldeation de grandeur infinie et
lointaine, la méme sensation que le constructenrano fixa dans le sentiment de
I'arcade reflet du spasme d'infini que la couchlestiélle produit quelquefois sur
I'nomme. Souvent le présage y était terrible cdmelement d'un dieu qui meurt. Des
nuages noirs devaient s'approcher jusque surues te la ville".

Through the bridge the river reveals its mobileuratits flowing towards a constant
direction. When a man looks out and sees the stré@nsight is something like
dragged away, his imagination supposes the pres#ngespring and of a mouth far
away. So, he feels steady in the middle, in they \&eart of what moves, of what
continuously changes.

The water hit by his eyes is after a moment no dorige same. So the bridge is the
archetype of the fight between being and becomiiipe bridge has an
anthropomorphal matrix because our body can badgdérmany time, like when we
jump across a little creek included between the gacompasses formed by our legs,
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it is changed into a bridge when two hands sha&axh other create a symbolic union
between two living beings.

A godness with arched body symbolized in ancienypEghe sky vault. The
terminology of the bridge expresses its anthropqmalr matrix; the bridge has its
shoulders, its brainand its back Every bridgehas its parapethat enables us to
lean out on the hollow, a wall with the right heigh keep us back, that needs and
gratifies the contact with our body. The symbolasdination of the bridge had
seduced even Goethe, who in his Maerchen in 17B5the story of a snake finally
transformed into a wonderful bridge. “Do honour themory of the snake, said the
man, you owe him the life , tanks to him the twaksare now one village full of
life.”

Goethe saw in the snake mainly the sign of frieqmahd of dialogue, but the image
of the “transparent and bright snake” transfornméd a bridge , like the one Palladio
imagined for Rialto, contains in itself , besides thystic architectural union between
Palladio and Bernini, also the intuition of a deeyw amutual analogy. Bridge and
snake share the linearity, the dynamism, the regdestructure, the double movement
in two directions, the making one thing out of twim the tale the snake winds the
remote in one circle, thus recalling the ourobumgnbol of eternity. But in this
Goethe sees something else, an allegory of a happjnction that the man can
make true with love, confidence and friendship.

The most clever and ingenious scientist of morpimloD'Arcy Wentworth
Thompson, tells how a Swiss engineer became awatteecanalogies between the
bones’ structure and a giant crane he was desigRirgf. Culmann of Zurich learnt
from his friend, the anatomy scientist, that thadd@ibers arrangement is no more no
less that the diagram of the isostatic lines, times of compression and tension of
the loaded structure: shortly, nature makes theebetronger exactly in the
mechanically necessary way.

In the arm of a crane the internal side on which kbaded end protrudes is the
compressed part, the external one is the tense thartcompressed isostatic lines,
starting from the loaded surface, join togetherthe direction of the resulting
pressure, until they form a narrow beam that rdoagathe compressed side of the
arm., while the tense isostatic lines running altmgopposite side of the arm, spread
in the end crossing the compressed lines at righita

The head of thigh-bone (femur) is a little bit memamplicated in its shape and a little
less symmetric of the schematic crane of Culmann put we have no difficulty to
see that in a few words the mechanical disposiiothe structure meets exactly the
theoric diagram of the crane.

Taking into account of the different situationse wan draw the same disposition in
any other bone bearing a load and subject to flex[a.].Observing animals in
captivity, we see that bone structure much diffessn free wild animals.

We can learn many things from the examination eflilvds’ bones, where the small
bones corresponding to those of the hand have wayhaak to comply, since they
support the long feathers of the wings and formstifé rod of the final part of wings.
The simple tubular structure, good for the long #md bones of the arm, is no longer
sufficient, because here a higher stiffness isest@a. No other anatomy part is more
beautiful that the metacarpal bones of the vulture

The engineer can see here a perfect Warren scaffoltke that of the beams of
aircrafts.
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The analogy between the Warren beam and the vidtoretacarpal bones introduces
the question of the truss spatial structures aedjtbat nature scientist emphasizes the
complex relationship with the sinews and musclesesy.

He compares the skeleton of a horse with the Fofti-orth bridge, one of the
masterpieces of the 17th century engineering.Horae or an ox it is obvious that the
two piers of the bridge, i.e. the fore and reas]atp not bear (as in the a.m. bridge )
independent loads, but the entire system makesetoucture.

The calculation is a little more complicated, bug wan simplify the problem if we
consider the skeleton as two shelves (fore andlega) and later consider that they
are not independent but connected to each othenensystem of forces and in one
building design.

The book of D'Arcy Thompson was published in 19hd afluenced in some way
the discussion that prepared the terrain to thkitectural rationalism developed by
the historical avantgardes in the years aroundirstevorld war.

It is asserted by Robert Maxwell in 1978, when hesented the works of Robert
Venturi: “the book “On Growth of Form” shows thdtet forms of natural living
structures are in harmony with a series of buildprghciples and of geometric
proportionality. Nature seems to act as if its fermere the result of a time saving
economy and need of functionality. When these plas are applied to engineering
structures like bridges, one discovers that theyabe the same way and produce
similar or almost similar forms. This discovery sesl to suggest that the general
design principles were common to all natural offieil constructions and that in
them there were nothing specifically human, hencerelg human conventions
become useless and would be rather obstacles atusahprocess that can attain to
perfection if inspired by the laws of evolution”.

1.3 Conceptual design

Underlying the construction of any structure theyealways a perceived need by
someone (and the term someone can be referred tboén individual and a
community of individuals) and thus the spontaneoeguest for a solution that
satisfies it was born.

The process of constructing a building or infrastinee, as it can be a bridge, is the
result of the close interaction between a largebremof figures involved with various
functions and at different stages of the desigmorier to be able to translate into
practice what initially was perceived as a neeck disign of the structure is divided
into phases in which the various professionals gmed contribution relating to their
capacities and the task they are requested torperfo

To understand the extent, the methods of implemientaand the organization in
carrying out any building the project life cycleosiid be described; it is a scheme of
the typical stages in a process that follows argjept to be transformed from a
simple sketch on a sheet of paper to a real obgedesign phase is followed by a
construction phase which then ends to make roonthfosservice life of the building
where the structure, after being completed, is yagadbe used by those who have
expressed the need to make this happen. At eagh ttare are of course some inputs
to elaborate and some objectives to achieve inrdalget to the end of this phase
with certain results then have to be used in sul#mprocessing.
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As it is possible to see from Figure 1.1 the degpase is subdivided into three
subcategories: conceptual design, preliminary deaigl detailed design. This thesis
only deepen the discussion about the conceptuardeeferring to other texts for
discussion of other topics.

DESIGN PHASE

=> SERVICE LIFE
Conceptual : Preliminary : Detailed CONSTRUCTION PHAGE =>
design design design

Figure 1.1  The project life cycle

Conceptual design is the starting point for the angntation of any project: it can be
defined as the founding moment of the entire degigicess, as during this phase
something completely new is going to be createtbasatisfy the needs perceived by
those who requested the project. The ideas thatgem#uring the analytical and
preparation work lead to the implementation ofetéint solutions that try to satisfy as
fully as possible the needs (which are the reasteyf the whole design process).
The options processed (usually three, but even @@ eossible) are compared with
each other trying to find the one which optimizbe factors involved and which
could be the best answer to all requirements, abiththe conclusion of this stage a
final conceptual solution that will be later furthaeveloped is chosen.

It is important to emphasize that this phase iseex¢ly important to the economy of
the entire process of design and construction e@fthucture, because in this moment
the foundations are laid and major decisions atentahat will have great influence
on later stages and on the entire work .

The very first step to take is that of analyzingd adentifying in a precise and
complete way the needs which give rise to the retgoiea new structure: this will lay
the foundations for an effective design that wéldéven much better the more clearly
the needs are understood. In this way the desguireaments are also focused, so that
all the professionals involved can understand wthatir work and what their
operational role will be.

During the identification of the needs it is egsdrio understand what the real needs
are because very often clients who express thie efanecessity are not experts and
therefore they are not able to put questions ihrteal terms. Here, therefore, the
analysis of the needs makes the designers ablederstand the difference between
perceived problems and real need, or understaralglehat are the client’'s needs
rather than what he thinks he needs (Kroll, 2001).

During the needs analysis it is also importanteimognize and avoid referring to bias
in the definition of the need itself: the designaist be able to ensure that potentially
suitable alternatives are not excluded “a priogtause of the influence of solutions
already taken or ideas related to the everydaytipeac

The best way to produce viable solutions is to sedcin focusing only on current
issues without referencing to ideas already usethgdthis way there will be the
certainty that the final result will be of higheuajity and we will be sure to have
produced something truly innovative.

At the end of this stage there will be a sufficiaatnber of design requirements.

To be able to get a good assortment of solutiossitisfy the needs it is helpful to see
possible solutions as a black box with inputs amtuts: the solution will be
acceptable if it enables the designer to connecteauirement “ingoing” with one of
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the “outgoing” project objectives. The task of thesigner will be to understand and
clearly define all the elements required to make kack box work (Kroll, 2001).

Once a number of alternatives have been workedheytmust be compared with the
constraints of the real world. Imagining the se@abfpotential solutions as a virtual

space of infinite dimensions it gets restrictedsoyne boundaries that reduce their
potential viability (see Figure 1.2). The consttaiare such if their violation makes

the final product not suitable to fulfil the initineeds.

Solution Space g

Boundaries
(Constraints)

Figure 1.2 Schematic of a solution space boundeadmstraints. Task of need
analysis is to maximize the size of the soluti@ts{Kroll, 2001)

The list of these constraints must obviously ineladl the elements that really act as
such in order to better focus attention solely macfcal solutions; attention must then
be paid to the artificial constraints that mighduee and limit the space of action for
no reason.

The constraints (that can be regulations, spec#iguests of the client, design
requirements for previous similar situations, eigae, knowledge) can be classified
into explicit or implicit. The former are the easi¢o identify because they are
contained into the initial design task or directlgrived from it, they must be
approved by the client in case of their change. inm@icit ones are more complex
because they are not known a priori before thenpegg of the design process and
may be the result of initial calculations, analysfsthe project site or simply as a
product of the needs analysis.

An intuitive way to find out what the constrainte as to classify them according to a
list of five broad categories that allow the desigrio have clear the boundary
situation avoiding accidentally omitting some eletse and to carry on the
understanding of project tasks. These five categpias it is also possible to see in
Figure 1.3, are: performance, value, size, safedyspecial (Kroll, 2001).
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1. Performance
2. Value

3. Size

4. Safety

5. Special

Figure 1.3  The five general categories of constsaiKroll, 2001)

Once clearly defined the size of the space of piatlesolutions, the degree of freedom
granted by the boundary conditions and all deseguirements which have arisen
from the need analysis (which must be chosen watle ¢o avoid an inappropriate
choice to go affecting the proposed alternativiesy necessary to identify the key
parameters that become thiae qua norcriterion to say whether a solution can take
the next step or not. Like all other steps of cpigal design also the definition of key
parameters is extremely important and needs attentor example, it is absolutely
useless act schematic or repetitive because ea@gcphas its own peculiarities and
characteristics and there are no ready-made sotuaod it is extremely dangerous
the endeavor to adapt solutions already used iasicases because this attitude can
lead to problems of considerable magnitude bel@désign process.

In order to point out as much precisely as possbléhe key parameters it could be
useful to bear clear in mind which are the requeets and which the objectives the
project is going to face. The parameter could Eector, an issue, an information or a
concept but it has not to be a dimension or a phAygroperty in order to avoid
misunderstandings that can compromise the propetum of the operation. A set of
well chosen parameters needs knowledge, experiara#al flexibility and also good
qualities of inventiveness (Goral, 2007).

The conceptual design process concludes with & dmraceptual solution which will
be detailed later in the preliminary design phase.

It is worth underlining how the various project pha of a structure are not among
them watertight and how it is always possible to back" to change and better define
the design requirements but the goal of concemtesign is to define precisely at the
best all basic information to be able to avoid peots, misunderstandings or conflicts
of roles during later stages.

An effective scheme (Figure 1.4) was developed bgsEdtm and Lierud (2006)
based on the theories of Knoll to exemplify the gess of choosing a suitable
alternative during conceptual design phase arekiins appropriate to bring it:
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Figure 1.4 Five-step methodology to choose the dlestnative (Goral, 2007)

Until now there has been talking about conceptusdigh in terms of generic
structures but it can be useful to propose a reatliat gives the general lines in the
case of designing a footbridge.

Being facilities for pedestrian traffic only thisgy of bridges have more freedom than
the road and railway bridges: their path is notpdynto connect point A with point B
in the shortest possible time and with less wattesources but rather to highlight
and promote territorial development around theraythave then the opportunity to
free themselves from the bond to be a simple $itdilge and can become free spatial
forms that offer to those who pass through expedsrthat transcends the simple
moving across an obstacle.

Their full usability and their human scale size iolrgly make them objects of direct
experimentation by pedestrians who stop on it, look and if possible sit on it:
ultimately they live it.

The design of a footbridge becomes then more conthbn that of other bridges due
to this great variability of factors that go to elehine what form and structure it
should have.

In particular concerning the needs of the custonven® are the users, designers must
take into account and pay attention to:

= control of vibrations during the service life ofetlstructure in relation to the
kind of users

» adequate sizing of the carriageway in relationht® éxpected traffic flows in

order to allow easy passage even in case of owediong, not to mention that
many times too narrow pathway produces a feelings#curity

CHALMERS, Civil and Environmental Engineerinflaster’'s Thesis 2010:78 17



= possibility of including benches or resting placedere environmental
conditions allow it and are deserving

= particular forms (for example spirals) or too snathensions of the staircases
can cause difficulties to elderly, disabled or geapith physical impairments

* inclination of the ramps must, wherever possiblernpt the transit of
wheelchairs; if the boundary conditions do not pertrthe placement of a lift
must be taken in consideration

= access as easy and comfortable as possible antrenees of the bridge to
ensure in all conditions; especially in case ofyvearrow access areas viable
alternatives should be considered including linkimgdjacent buildings

= if the footbridge is placed in a densely populaggdyironment and it passes
through residential building areas it should bestalnto account the fact that it
is not pleasant to feel observed, for both resgleant passersby, and adjusting
accordingly plant, height or shape of the structure

Also regarding the choice of materials and constoctechnology to build a
footbridge, the variety is very wide; since thedsare usually modest and limited
deformation takes place it is possible for the glesi to experiment with a variety of
different materials such as steel, concrete, timbgisonry, aluminum alloy and
plastic composites even. This way you can effelstivevestigate new forms of
expression and new structural solutions, being edswer to convince the client due to
the usually small size of the structures. Thisdma of choice of materials must still
not obscure that the national or European regulatitave to be fulfilled however,
that the relationship with the urban context in ethihe bridge will be put has to be
protected and that the materials chosen have suib@ble for the kind of users that
will transit on it.

As already highlighted footbridges are structurest thave the ability to become
social condensers, symbols of a real intentionettew and in this way carriers of
values and meanings. Understanding this valenessential and therefore to obtain a
final result that is fully satisfactory, and indegdes beyond the expectations of the
client (also referred to a community), it is delieaarchitects and engineers to work
together in the implementation of the project teegboth aesthetic and structural
aspects. The design work should be carried on smeearly steps so that the two
contributions come together organically and harmosly, avoiding harmful and
unnecessary adjustments during the work. It ofegmpkns that only engineers design
the bridge, implementing the structure with an eydy on cost and structural
efficiency, and then the architect is left with tiask of trying to give formal contents
to a standard solution. There is also the casehinohwthe project is initially developed
by architects who, based solely on aesthetic cersibns, develop solutions
structurally unacceptable then engineers musotfuylfill the minimum requirements:
in this way it often leads to a radical change e form and an increase in costs,
making it useless de facto the whole process ofeptual design (FIB, 2005).
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2  Aspects of timber bridges
2.1 Advantages of timber bridges

Bridges have always played an extremely importaetirothe lives of human beings.
Every bridge that is built brings human beings iobmtact with one another, and this
— over and above its purely technical characterakas the bridge both a symbol and
part of our culture. As structures, bridges are ardy a part of human history, but
also a measure of the planning expertise and teshrskill we have attained
(Wittfoht, 1984).

The age of wood spans human history and it wasaiiglihe first material used by
humans to construct a bridge. The stone, iron,tmodze ages were only interims in
human progress, but wood - a renewable resour@s -always been at hand. One
reason why wood has remained indispensable fortrwmtimg bridges for thousands
of years is that it is natural: as a building malewood is abundant, versatile, and
easily obtainable. Without it, civilization as wedw it would have been impossible.
The first bridges were made of simple, unhewn-treeks. To this days, the basic
types of load-bearing structures — namely the baadthe arch — have not changed
since human beings first attempted to make thentil Bloout the 1970’s not great
changes occurred in the use of the material desmteat number of different structural
solutions: wood has never been changed in its ediutr was adapted in the form that
was necessary from time to time. It is only witle tielatively recent developments of
new wooden materials with large dimensions, a higgd-bearing capacity and
improved connections that wood has again attailneelrand independent status in the
engineering field of bridge construction. This Inesulted in new footbridges and road
bridges, characterized by original, high-qualitgiga and impressive dimensions.

In most countries where timber bridges have besaya used, an evolution, divided in
three phases, can be observed: the situation larfeirmay serve as an example. The
first generation timber bridges owned by the Fihrfiad Administration were built
before the 1970's, made of logs and sawn timbehowi any preservative treatment.
In the middle of the 70's, the second generatl@gtulam bridges took over. Now the
third generation, in Finland represented by the dvooncrete composite bridge, is
developing. Many of the first generation timberdges were not properly designed
and some were not even treated with chemical prasees. In many other European
countries, the second generation is almost complisteking (NTC, 1997).

A period of more than half a century of bridge d¢amgtion was dominated by
concrete and steel: the situation with the discaydif older functionally obsolete or
structurally deficient timber bridges, and replacthem with concrete or steel bridges,
has lead to a decline of timber as bridge constmchaterial.

Moreover, people often expect only half the serlifeefor timber bridges compared to
concrete and steel bridges, even though it is &kmeln fact that concrete and steel
bridges have often required substantial repaies afshort time of use.

There are many examples of very old and well-kepber bridges: in Switzerland, for
example, several covered timber bridges with stipetsires that date back a couple of
hundred years ago are still in use. In spite offgdat that nearly 50% of the timber
bridges in the United States are assessed asus@ilictdeficient, states and counties
continue to build bridges out of wood as it has atous characteristics that makes it a
desirable material for transportation structures@N1997).
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Until recent years, the worldwide fall out of fawairtimber was characteristic: it was
the result of the fact that older timber bridgeigles do not fulfill the requirements for
modern roadways. Poor detailing on many of thectires also combined with low
durability timber, resulted in the perception ombier bridges being short term
solutions to bridging problems. This perceptionsidl held by many engineers
practicing today.

Concrete in particular was perceived as providioggl term maintenance-free
structures and remarkable advances in steel temijgdrovided opportunities for
longer span structures with increased load capaciti

The limited knowledge and experience of timber oStrdesign engineers has lead to a
generally negative attitude towards the use of éimtor bridges. The result was
stagnation in the advancement of technologies wiviahld enhance the use of wood
in transport infrastructure projects. Timber brisiggere delegated to a solution for
small pedestrian bridges and low load capacityclelstructures on the likes of golf
courses and private rural farm properties.

A gradual revival of timber bridge building in Ep® started during the 1980's. A
circumstance leading to the current increase inutbee of wood as the construction
material for bridges is some loss of image of thatemals competing with wood,
particularly the increasing awareness that concsdby far not the everlasting material
it was expected to be. New timber bridge desigesaéso more competitive than the
old ones.

The third generation timber bridges, represented,ekxample, by stress-laminated
bridges, are providing better load distribution @nsbolid base for the moisture barrier
and the wearing surface.

The competitiveness of timber bridges depends ostscdor construction and
maintenance as well as expected service life, mpasison with other materials. In
many cases, aesthetical factors are also impoftanthe choice of construction
material. Ultimately, the timber strength is basedhe balance between function, cost-
effectiveness, technology and aesthetic considersti

In Finland, a study of construction costs of timieidges compared to concrete
bridges, pre-stressed, precast concrete bridgestaptibridges has been carried out.
This study shows that the cheapest alternativetifershortest bridges is concrete
bridges cast in situ, but timber bridges provide ¢heapest alternative for bridges with
a span of about 14 meters up to the maximum spaimiber bridges (NTC, 1997).

Two Swedish studies which have been also carri¢deport on attitudes and reasons
for decisions taken when building bridges: theseliss show that the cost often is a
decisive factor. The timber bridge is preferredduse it is the cheaper alternative
compared to concrete or steel bridges. In additionper bridges usually offer
aesthetical advantages along with short construdime and a simple construction
process (NTC, 1997).

Depending on its special qualities, timber is tgtalfferent from other construction
materials and it offers a potentially low-cost aieive to materials such as steel and
concrete.

The mechanical performance of timber is closelptesl to the natural origin of the
material and to the functions that this materiad manature: it in fact has the duty to
support the foliage, acting as a cantileveringcstme. The morphology of the cells of
wood and their conformation ensure high resistasadges with low dead loads.

The cellular organization of wood is the foundatioh a strong anisotropy of
mechanical properties and this leads to a markiéereince in values of strength and
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stiffness depending on the direction of the grdimber is in fact more stiff for
stresses oriented along the direction of the fikend, conversely, is much less
efficient for ones orthogonal to the direction loé fiibers (especially in tension).

In the case of stresses parallel to the grain, émitas a high structural efficiency
compared to other construction materials. One ptessiriterion for defining this
efficiency is the ratio between a resistance patani®f the material (for example to
compression) and its denspythe resulting value is very similar to that céedtand it

is about five times higher than of reinforced ceter These values show that it is
possible therefore, with wooden elements, considerbghten the structure, with
many advantages, not least in the seismic desiga4®, 2007).

Equally important as structural parameter is thgordetween the modulus of
elasticity E and the parametdr which takes values equal to one third of those of
reinforced concrete and equal to those of steel.

Even if timber life is not particularly long, it mde improved if one takes appropriate
measures: in fact building with timber always regsicomparing tight with the issue
of a constant exposure to weather conditions tahvkie structure is subjected, due
to the natural tendency of material to biologicalghdation. This trend must be
prevented or at least delayed as long as longeiifédspan required for the considered
element and it must be considered that bridge gifoteis also crucial to maintenance
costs: in fact bridges designed with exposed sujpygpostructures, e.g. trough bridges,
show more damage and higher costs than ones désigtiegood wood protection by
design.

Although timber, among construction materialshis most sensitive to degradation, it
is at the same time the one which can provide rifgignt durability to the structure,
as long as it is properly protected: a recent rebeiadicates that timber bridges may
be more durable than those constructed from othetiemals, particularly in cold
climates where salts and other deicing agentsragaiéntly used (NTC, 1997).

It is therefore clear that it needs a proper plagr@nd execution of the work so that it
can fulfill not only the aesthetic, architecturatructural, economic and functional
requirements, but also those related to durabditg to the eventual efficient and
effective maintenance of the whole structure.

In conclusion, wood protection is crucial to th@dtion and life of a timber bridge,
and must be given the same attention as the dtrekgtordingly, protecting the wood
against deterioration in the first place reliedionting the moisture content through the
type of construction: the timber components that exposed to the weather must be
designed so that the water drains away as quickjoasible and just as important as a
fast water run-off is the rapid drying out of thater absorbed by the wood through
effective ventilation of the respective component.

Where it is not possible to limit the moisture @onitor to avoid a quick drying out of
water, resistant species of wood can ensure a lducabstruction: it is important to
choose a species of wood that is resistant to #ingcplar action and a wood-based
product class to suit the respective application.

In terms of detailing, protection for the wood Wegwith cutting relieving grooves in
logs or squared logs to avoid uncontrolled splittiand fissures are always an entry
point for insects or water. Glued laminated timaed wood-based products are less at
risk because they have a lower tendency to sgierisure that the effects of shrinkage
and swelling do not cause any damage, small mhteass-sections and small surfaces
are preferred for components exposed to the westlparticular.

Only in places where neither the detailing norsastant species of wood can be used to
provide protection is it necessary to use chemicals
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In conclusion, the advantages in using timber bedge construction material can be
summarized as follows:

» jtis a renewable resource and it suits the cychaature and should, in a good way,
manage a life cycle analysis and environment datotsr compared to other bridge
construction materials

» due to timber low dead weight, timber bridges agy\ight and could be almost
totally be erected in the factory and lifted inqdavith minimal workforce, so that
the time to completely erect the whole structunauigh shorter

= a timber bridge that has been built and maintaindtie proper right way, should
not have a substantially shorter service life ghbr maintenance costs than other
bridge alternatives.

= jt is naturally resistant to the effects of deiciagents (so timber bridges can be
particularly suitable for cold climates)

= often timber is the cheapest alternative all iralla first-cost analysis and shows
great advantages when life cycle costs are compared

= timber bridges allow easy assistance for maintemand repair problems

= timber bridges present a natural and aesthetipédlgsing appearance and due to
their non-traditional applications lead to a widenge of construction practices
and design concepts unique to timber alone.

2.2 General problems connected to timber bridges

2.2.1 Manufacturing issues

Up until the recent past, the chances of buildirapden structures were limited by
the fact that it was necessary to adapt to theilpbgss offered by the size of the
elements found in nature in the form of logs anevrsaimber: ultimately the
maximum lengths reachable were about 20 m and -sexd®ns seldom exceeded
150x450mm.

Nowadays, thanks to technological innovations ohikeed in the field of timber
constructions, if one needs large items it is fmesio create composite elements
consisting of multiple parts joined together by esliie (just think about glulam
timber). In this way two advantages will then béamted: firstly, structural elements
are produced with sizes and shapes that would fiieudti to find in nature, and
secondly building materials with easily verifiagddysical properties are available.
Timber in fact, being a natural material, has a bemof defects, which affect its
reliability, but splitting it into smaller piecesi@ rearranging them, one can minimize
or distribute these "non-compliances” in the neviemial.

The so-called wood-based products (glulam timblgwy@od, OSB, LVL and others)
are made of veneers, flakes, chips and fibers $8012006).
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During the production of these materials greatnéite should be paid to all the

different stages of the process, from the choiak qurality of raw materials, through

continuous monitoring of subsequent phases tolyirative at the finished product.

In the factory it is also necessary to carefullynteol internal temperature and

humidity since timber tends naturally to reach beéawith hygrothermal conditions

of the environment in which it is located. To preveuch phenomena it is advisable
to thoroughly dry the wood before processing.

A recurring problem in the field of timber consttieos is connecting together

different components to obtain complex structuresnce it becomes crucial in

properly designing the connections so you can gt & structural solidarity between
the various elements and an appropriate manageshéme dimensional changes that
timber undergoes as a result of climate variati@Qunections must then:

= Make the joints between elements as easy as pessibl

= Create linear paths for the involved forces in orterprevent building of
unexpected stresses

= Ensure that forces are always possibly directed iirection parallel to the
grain

= Respect minimum spacing required by law

The design of the supports needs much attentiomausecthey have the task of
transferring the forces to the bearing structuresoandations. They, theoretically
speaking, should allow translations and movemehtsntoer elements due to the
variation of moisture content, in reality, they musmain as close as possible to the
static model developed in the design stage.

In case of steel-to-timber connections (the masjdent ones) it is necessary to check
the strength of both metal fasteners and timbanetds, in particular with regard to
normal and shear stresses in the most unfavoraipiioation (Polastri, 2006). Not
to forget the checks on stresses perpendiculdetgrain.

Very important are finally the checks on glued ceetions that are increasingly being
used in the field of timber constructions: thiskiof adhesives tends to create a union
as if the structural material were still intact.

2.2.2 Durability issues

A very important aspect of the design of timbeuaures concerns the durability of
the timber elements, which naturally tend to detate, particularly if exposed to
direct contact with weather agents. The variatibnmmisture content within the
timber causes dimensional variations and in thg lom leads to a loss of mechanical
strength.

Timber is also subject to attacks by microorganismeh as fungi and molds that
threaten its integrity.

For these reasons, it is necessary to plan, bélseleise of protective coatings and
elements of "active protection”, a scheduled maemee in order to achieve a service
life as long as possible.
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If timber is in direct contact with water (in lighiform or in the air) it swells: the
important thing is to allow this increase in volumath appropriate planning
arrangements (otherwise you get the risk of dewefpplangerous internal actions)
and above all to enable water to evaporate quickly.

The critical areas which need to be focused ontlaeconnections in which the
structural discontinuity and the different behaviaf the materials can produce
cracks, which gradually get deeper due to furthetew introduction and to the
potential growth of microorganisms harmful for tienb

Also the sun radiations have negative effects anbér structures because
electromagnetic waves building them affect ligniag, organic binder, which being
soluble, is then washed away by water in its varioums.

Particularly dangerous for glulam timber are fipate frequent moisture variations
for the so-called risk of “glue line delaminatiordelamination takes place between
the lamellas and so the strength of the materiatedses esponentially, especially
concerning the shear resistance (Polastri, 2006).
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3 Historical evolution of timber bridges:
structure, aesthetics, construction

This Chapter will analyze the most important woodieitges built during various
historical periods in order to be able to undemdténe changes that have occurred and
the constants that these structures have maintavedtime. The works that will be
described have structural features and qualitias lave permitted them to emerge
and to become models and examples to follow iffiéhe of timber constructions.

It is very important to understand the developn@niechnologies and of structural
solutions that have occurred over the centuriegetoa better comprehension the of
background for this type of wooden structures andrder to succeed, in the design
stage, in managing the creative process, beingeagfavhat has been done before us
by others.

The bridges analyzed cover a span of more than 288 and include the Caesar’s
and Trajan’s bridge, the bridges of Palladio, HEirech Grubenmann’s masterpiece,
North American timber bridges, the bridge over tBanal Grande in Venice by
Miozzi (one of first glulam timber bridges), andawontemporary works extremely
innovative due to technologies and static systedwpted: the Essing bridge by
Dietrich and the Traversina footbridge by Conzett

3.1 Caesar’s Bridge over Rhine

In ancient Rome the bridge had always had a paaticuhportance since it had
meanings that were at the same time both symbotidanctional.

Suffice it to think that bridge Sublicio, the firigtidge in Rome, was made entirely of
wood and its connections were completely devoithefal fasteners, and for this was
rebuilt and restored several times, always usirggshme technique and numerous
public ceremonies took place on it (Maggi, 2002).

Culture of ancient Romans placed man and his shiltee center of the universe and
therefore in this sense the tremendous efforts lbigdB@oman engineers in creating
bold civil engineering works including roads, bmdgand aqueducts can be fully
understood. Managing to achieve these constructibowed to assert the superiority
of human intellect against the power and the litiwtes imposed by the forces of
nature.

The bridge in particular was considered the mogionant of the infrastructures as it
could overcome natural obstacles such as riverghwahith their length defined and
imposed borders often impassable.

Much more than the stone ones, perceived as deéingnd stable, timber bridges
(especially those built during military operationsave left deep marks in the
collective memory and have been subjected to @etaiescriptions on their structure.
They were indeed held in high esteem due to th@mnpiex construction because,
besides having to be able to combat and subduestineal elements, they also should
be constructed rapidly and quickly destroyed omdezad unusable in case of need
(Maggi, 2002).

Particular importance in history has played the @e®ridge over the Rhine built in
55 BC during the war against the Germans: his detaiéscription, made by Caesar
himself, in fact constitutes the first evidence afconstruction manual applied to
wooden bridges and formed from the Renaissance dsvibe starting point for the
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study and design of any wooden bridge, not to roantilso that the difficulties
related to the width and depth of the Rhine haddithe adoption of unconventional
technical solutions (Maggi, 2002). The bridge dolutwas also, in Caesar’s opinion,
certainly more worthy than a bridge on boats.

Description given by Caesar in hi3e Bello Gallico (Book IV, XVII-XVIII),
necessarily brief, reveals a project in which thetic and functional roles of the
different elements of the construction are clede integrated ensemble pier-
foundation, the additional stiffeners, primary astondary structures of the deck, not
to forget the works of passive defense.

Caesar, indicating that it was completed in ten dagsurately describes the work of
engineering but in the text there are no few amb&giand uncertainties, especially
related to the meaning of some technical terms.

Just these black spots have generated great intanes produced a series of
constructive assumptions by many scholars andtaatkion the possible shape of the
bridge.

Based on the original text we can deduce the gestradture of the work: piers were
made by wooden stakes driven into the riverbed utino mechanical devices
specifically designed or simply manually operatgd workers on board vessels.
Stakes were set not vertically but with a certaidination: in the direction of the
current upstream and in the opposite direction ciokgam. Each pier consisted of two
piles and a transversal beam, that engaged thdog@ted on the opposite side, was
inserted in the room between them. The transversetgre that was thus created
resembled so much like the cover of a roof and ewrk traction rather than in
compression (Maggi, 2002).

To complete the structure additional piles at agle@mere placed downstream close
to the piers and groups of piles were placed uastren order to protect the piers
against the impact of material transported by theasn. The deck consisted of planks
nailed on top of longitudinal beams that had ansggual to the distance between two
non-consecutive piers.

The greater uncertainty in the Latin text turnsuai the term "fibulae" used to
indicate the means of union between the piles ngaémthe piers and the transversal
beams and generally called the connection to thetdwo pieces of wood and many
interpretations of this term were different.

The first representation ever of Caesar’'s bridge tdvwe Rhine, and for this the most
valuable, has been the effort to create a grapbigei as shown in figure 3.1, by an
anonymous designer based on the translation frotim izto ancient Italian by Pier
Candido Decembrio but it is so rough that does MHotvaa real evaluation of the
chosen solution (Maggi, 2002).
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Figure 3.1  The first known representation of Caesatidge by an anonymous
drawer (Maggi, 2002).

Fra Giocondo in the sixteenth century suggesteddhblmue elements on each side
between the transversal beam and the pier (Figutg tBat it has not a clearly
understandable utility considering that in Caestaa there is no mention of such a
solution. Moreover two diagonals partially immersedvater are then added, which
is quite doubtful effectiveness.

Figure 3.2 The detail of a pier of Caesar’'s bridgecarding to Fra Giocondo
(Maggi, 2002).
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Leon Battista Alberti in his version of Caesar's geid(Figure 3.3) represented
probably hemp ropes which tightly tied the beamhwite pier: this solution seems
unlikely, given the low efficiency of ropes in theesence of water.

Figure 3.3 The solution proposed by Leon BattistaeAi in the XVI century
(Maggi, 2002).

The most reliable proposal (Figure 3.4) from theuctral point of view is
undoubtedly that of Palladio which draws a woodckes with notches: doing this
way it was possible to eliminate holes and ropes #ne not suitable to a structure
placed in water, also considering the significamtés, but mainly it fastens the two
piles together and keeps a constant distance asah® time; it also allowed the
structure to be stabilized with increasing verticalds.
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Figure 3.4  The Palladio’s hypothesis of Caesar’'sigd (Puppi, 1999).

The reconstruction of Sir John Soane, the famouwgiginarchitect, is also noteworthy

and it can be seen in Figure 3.5, who in additorplace a parapet that it is not

mentioned in the Latin text, performed the conmectetween the transversal beams
and the piers through metallic elements and sehesiés between the two piles

forming a pier in order to space them. His solugpravided also internal diagonals

placed next to the piers, very similar to what hasn done by Fra Giocondo (Maggi,

2002).
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Figure 3.5 The impressive reconstruction of the @dssbridge prepared by
Soane for his Lecture Diagrams (Maggi, 2002).
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3.2 Trajan’s bridge over Danubius

The Trajan’s bridge over the Danube at Drobetawia Inferior still remains one of
the biggest and most daring feats of engineerimg kuilt by the Romans.

After a prolonged and violent military campaign i1 AD Emperor Trajan
succeeded in defeating and subduing the Daciaestribmmanded by General
Decebal. The region of Dacia, geographical classifon which covered a wide
territory of central Europe corresponding to therent areas of central Romania and
Moldova, was thus transformed into a Roman proviacd many settlers from all
over the empire moved there in order to pacify ernpanently, introducing the
Roman’s language, customs and traditions.

In the peaceful period immediately following theseents the bridge at Drobeta was
built (103-105 AD), strongly backed by Trajan irder to be able to move quickly
and safely troops across the Danube and creatdiadleesupply route, without
resorting to risky temporary bridges of boats ahdve whatever meteorological
condition (crossing the river was extremely dangemwith the winter frosts).

The responsible figure for achieving this noticeablilding was Apollodorus of
Damascus, the official architect of the Emperoithau of, among other things, the
Trajan’s Column, who designed an extremely compledcture in the incredible
reduced period of one year, choosing the locatibthe bridge just near Drobeta,
given the presence of a natural ford which gaveaaowing of the riverbed (800
meters) and at the same time an outcropping of:ldahe bridge reached the
considerable length of 1135 meters and for morboadand years was the longest
bridge ever built. Its most innovative feature aecifically that the arches were not
made of single wood trunks, but they were polygdhat is formed by a series of
pieces with relatively small dimensions: in thisywhe entire process of construction
became easier and faster.

The quality and accuracy of the extant sourcesli® dow and rough concerning the
description of the bridge, but fortunately the ptuites from the Column of Trajan

(Figure 3.6), in the scene where the victory ofjdmeover the Dacians is celebrated,
show that it was made up of twenty timber archesirg on twenty masonry piers. At

each edge were two fortified towers that controttesl passage.
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Figure 3.6  The scene from the Trajan’s Column: om Ilackground one can see
the wooden bridge built in Dacia (Maggi, 2002).

Information that can be derived about the kindsapentry joints is very limited but
from the sculptures may be understood as the atdsn average span of about 30
meters each and they were made of six curved tirbbams parallel one to each
other, which in turn consisted of three arches eotrec mutually interconnected and
simultaneously joined with the upper deck. The @mtion between the arches and
the horizontal part was performed by some incliement positioned in the radial
direction and whose length variable depending @ir flocation. On the piers, in the
meeting point between two adjacent arches, there tmangular structures to balance
the horizontal pushes provided by the arches (Rgadl©99).

There is no certainty either on the types of cotioes used to build timber structures
but it seems likely that on the top of the studisere they met the longitudinal beams,
there were nailed joints; nodes where the arrow® yeing to engage on the arches
were rather more complex, as in the same place thas the presence of transversal
beams that served to stiffen the six arches andt iady the connection was
performed through the combined use of nails anchsétips.

Each arch was also segmented into different stréigis and the connection between
segments occurred at the studs: the structuralntotyt was ensured through the use
of structural carpentry joints (tenon and mortee) with the addition of nails passing
through both the stud and the two overlapping faaslillo, 1999).

The deck was 12 meters wide and consisted of thie loagitudinal beams on the top
of those the secondary warping of beams was plgoesitioned in the transversal
direction with a spacing of about 80 cm. A simpédled plank rested on it.
Longitudinal beams behaved as simple supported $saroe they were placed in the
room between one stud and the other and conneotvens performed similarly to
what has been achieved between the different sagmeh an arch and the
corresponding studs: also the edges of the beaesemed notches in order to
perform a tenon-mortise joint and then there wexésrpassing through to integrate
the two parts with the corresponding arrow. Theapat was modular, stiffened by
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diagonals, connected by ropes and nails to thesweasal beams that supported the
deck.

Concerning the piers, they were clearly oversizedeiation to the relatively low
weight of the timber structures above them: thidéxause Trajan probably had
wanted the arches made of timber in order to usdtillge as quickly as possible due
to the ongoing military conflict, referring perhafasder the final realization of the
stone arches, but never realized. They were rehlzsing the usual Roman
technology: the core was composed of stone fraggramd rounded river stones held
together by mortar (a typicalpus caementiciujmand the outer sides were covered
with bricks ©pus latericiunp at the bottom and with stone plates on the hi¢gesl.

A possible reconstruction of the bridge was prodosg Rondelet in his Treatise
(edited in 1832) in the section on wooden bridgas, shown in Figure 3.7.
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Figure 3.7 The Rondelet’s solution concerning thedn’s bridge (Maggi, 2002).

Regarding the building aspects of the bridge and gbkeitions adopted in the

construction site, after underwater inspectiongais found out that formworks for

piers were made up of oak trunks and they formdduble layer sealed by the same
method used for boats, that is with pitch. The rdmetween the two formworks was

drained from the water using buckets and fillechvptessed clay and other materials.
Each pier was based on a palisade of oak postsenwdrads were covered with mortar
and formed the base for piers themselves. (Paalii89).

The issue regarding the installation of the timhethes was rather different, which
was implemented for a real process of prefabrinattbe wooden arches already
formed and grafted with the studs, after being mbéed on the ground, were put on
boats and brought near the piers, on the top otlwhvere installed cranes that
provided to hoist structural components and plaeentin the correct position.

3.3 Palladio’s bridges (bridge over Cismon river and fist
invention)

Although during the Renaissance timber bridges weresidered to be less “noble”

than the stone ones, nevertheless Palladio wasad siesigner as he thought they

had the advantage of being nice and cheap. Nice simber texture was elegant, and
cheap because timber had a lower price, bothhernbaterial itself and for the
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setting up. Moreover this kind of works were light&dd more flexible than the stone
ones.

Palladio’s timber bridges have a great importanee td the fact that they give us the
idea both of his static perceptions and the tersficcess they have had, not only at
the time of their setting up , but also and abalen the iconography and in the later
literature, thus becoming a model in thd't@ntury England.

The architect in the third of hisour Books of Architecturenot only analyses and
hypothesizes the aspect of the Caesar’s BridgetbedRhine, but also proposes the
projects for five timber bridges. Apart from tBassano Bridge, there are four
others, only one of which has been actually ede@itee one over the Cismon), while
the remaining three ones are just “inventionsdider to be able to build bridges
“without posts in the river”. According to theseligmns every element is strictly
essential and functional, and the structure is lmapd minimal, in a way that even
the smallest piece can’t be taken away without nwakine whole bridge to collapse.
Unlike the masonry bridges, there are no decorain the bearing system coincides
precisely with the visible architecture.

The models carried out by the Author are reallyilsir to the modern truss beams,
with a much more lower height of the beam: theségless behave like a typical truss
work because they are made up of relatively sma#t svebs, simply tensed or
compressed, of hinges and with point loads on thies. Moreover Palladio drew
very clear structures showing the kind of timbent® to be performed and he not
only indicated the whole span of the bridge , bsib éhe ratio between the height and
the width of the beams, i.e. 4:3 (Funis, 2000).

One of Palladio’s most important achievements, dessithe fundamental one
concerning the extraordinary distance between #rkdy has been the constructive
simplification of the bridge structure and the imatons related to the building site
organization. These improvements have been obtaimadng it easier to assembly
the webs thanks to the offsite timber being olloWing a list of pieces, the lifting in
order (absolutely rational) in the right altitudbge easy positioning on the beams
(which working also as spacers, determined a cohstemcing between the elements),
and speed and precision in performing the connestibrough thedrpest, rejecting
the traditional complex carpentry joints in usetl@t time. The transversals had
predrilled holes in the edges in order to makeattpeesicome through and the first of
them, measured and drilled with precision, actedh asiler for the next ones, so
ensuring the whole structure a high quality assgrabtl a geometrical regularity and
thus avoiding any instability risks (TamponeQ@p

Therefore thearpesi and the particular building site organization hawede it
possible to achieve an improvement in the strugtueéabrication, already inherent in
timber construction. At the same time the procesgrived and the devices in use to
carry it out, did significantly cut both buildingrte and costs .

It may seem hard to carry on an aesthetic anabfdise proposed structures , due to
their extreme essentiality, but it is indeed themin feature which allows a better
understanding of the modernity and actuality ofirtiieesigner, who presents his
bridges not as arid technical handworks but asitathre pieces with their own
dignity and with aesthetic, functional and struatdeatures.

Palladian bridges are pure structure, immediatetglligible. Their beauty derives
from the expressiveness of the shape compared doa#isigned function, the
slenderness of the elements and the proportionweba the parts and the
transparency of the warping.
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3.3.1 Bridge over the Cismon river

Palladio, quite similar to those roof structuresdesigned for many of his villas
(Villa Emo above all), proposed in the bridge otrex Cismon a genuine timber truss
working as it is possible to see in Figure 3.8.

Figure 3.8  The Bridge over the Cismon river (Pug999).

In this bridge the carriageway on the lower pad tre variable loads are applied, due
to construction, on the lower nodes and the gldedlaviour presents a great static
and functional clearness and furthermore it allaw®xcellent load distribution.

The architect, without intermediate supports in tiverbed, designed a very daring
bridge of 36 meters span, size really hard to lamised by any other kind of timber
structure. Which is why the issue arose of devisirmystem membering, in which the
elements, despite being much more shorter thadigit@nce to span, were assembled
in order to form a single beam (Tampone, 2000).

All the webs work exclusively in tension or coragsion, while only the longitudinal
beams and the rafters, supporting the deck, woblerding, transferring the loads to
the bearing structure through the junctions. Thedder ultimately works as a simple
beam, whose elements are simply tensed or compledspending on their position:
the upper and the inclined ones work in compressidrereas the lower and the
vertical ones in tension.

The bridge was composed of two big truss worksth va height varying from 1/7 to
1/12 of their length , placed at a certain distane®veen them. The pins were joined
on the bottom, in correspondence with the vertstatls, to tough transversals. Then
rafters were put on and finally the carriageway plased upon these elements so the
two truss beams acted also as parapet. From thargale theFour Booksit can be
seen that the deck is 4,37 m wide.

Each truss beam was divided into six equal baywvésical studs, theolonnelli
resting on the bottom chord and anchored to itunometal fasteners, tlaepesi.In
order to close the triangular section there weeeuppper chord and the inclined pins.
Inclined pins, the longer ones, disposition is vienportant in a composite structure
since in the event they join tle®lonnelloin the lower part they work in tension,
while if they join in the upper part, as in the |IBdian bridges, they work in

34 CHALMERS, Civil and Environmental Engineerindflaster’'s Thesis 2010:78



compression. The drawback in this case is thattimepressed pins are the longest,
that is the inclined ones, and it is thus necesigapversize them in order to prevent
buckling (Funis, 2000).

Single elements were connected between them, esdglistated, with metal fasteners:
thearpesi(see Figure 3.9). Palladio invented these fasteasespecial devices strictly
functional in his bridge structure: they were eggig created to the composability of
the bridge and they had the advantage of beingtalile manufactured elsewhere and
then assembled directly on site during construction

Figure 3.9 Detail of the connection between a coélon the longitudinal and
transversal beam by an arpese (Funis, 2000).

The use ofrpesiis particularly important because it reveals whigtre, according to
Palladio, the limits of wood: in joints subjectedl tension he put auxiliary metal
implants, which were used to fill defects or liniibk@s of timber. Even if timber
resists well to tension, the difficulty was to deea T-shaped link, which resisted well
to tension: this is the joint between tlwelonnelli and the transversals, which
simultaneously serves as a graft also between dhgitudinal beams and the
transversals.

The difficulty of achieving the joints between ttiéferent elements and their limited
resistance are therefore, according to Pallade,lithits of timber and the reasons
why, in these areas of 'weakness', he considengeapate for metallic accessories
that they had good resistance to tension.

The arpesi were so artfully placed in the connection among ¢blonnell the
longitudinal beams and the transversals, in omldrotd together botbolonnelliwith
longitudinal beams, and to suspend the carriageavitye bearing structure.

Analyzing the original print a further constructidetail will be also noticed : a line
under the longitudinal beams that is nothing batglospect of the rafters that support
the floor system. Indeed, they do not follow thelimation of the bridge, but they are
flat. The lower part of the truss work does notncale with the carriageway. The
truss structure and the deck are kept in this ntgtd position by the inclusion of
some wedges that, placed between the longitudieamls and the transversals, are
held together to the whole structure by #rpesi They are of increasing thickness
from the banks towards the center, in order to gbadl the gap between the arch and
the rope (Tampone, 1999).

Palladio thus distinguished the bearing structuee,the two trusses, from the borne
one, the carriageway, which was suspended fronbélaging structure. Through this
device the deck, for the convenience of passersA@s plan, without thereby
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compromising the efficiency of the whole structuvehich, for structural reasons,
could maintain the arched bottom.

About the organization of the construction sitetloé bridge over the Cismone,
following the description (but not complete in tinegard) provided by Palladio (who,
after having divided the width of the river in squal parts, laid the tranversals) it
may be assumed that the structure was assembladibror through the creation of
five temporary vertical supports in the riverbedieTother hypothesis, less plausible
however, is that the entire structure was builttb@ ground and then placed at a
height using ropes and trestles.

The structure of the bridge over the Cismone, asvshon the Four Books, has
anyway a weakness, that is, being deprived of aifga This needed to make the
structure behaving as a box and also resistahietdéorce of the wind, could be added
later, perhaps even as a coverage, both for theeommnce of pedestrians, and to
provide protection to the deck and structural elesne

3.3.2 The first invention

Unlike the Cismon Bridge, this project has never bearried out; however this
invention is important for the role it has playedong with the other two, in the
history of trusses and due to the originality ofigtouctive solutions. As to the bridge
over Cismon, the truss beams have a similar stralctuganization and they are quite
high in order to fill the gap without big inflectis, and burnishings are defined by the
same nomenclature (see Figure 3.10).

Figure 3.10 The first invention, or the bridgéth a variable section (Puppi,
1999).

The structure is composed of eight bays, the bottdnthe bridge is formed by
juxtaposed beams, each sticking out in relatiothéomore central one. These beams
are arranged in such a way that the bridge at ¢, from support to the mid-
length, has a variable section decreasing by feants up to one.
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According to some theorists this bridge was natileg on the banks but clamped to
them. According to this hypothesis the variabletisa of the lower beam is not
therefore representing a case. Were it a wedgeu,deavould be then appropriate to
thicken the beams near the joints where the bendimgent is higher.

Most likely the variable section of Palladio’sstirinvention has to be sought in
constructive motives rather than in an equoredigaction. This is an application of
construction techniques for gradual steps. Intdgtinique, the construction, which is
carried out through ropes and stands, starts frmmangitudinal beams of the shorter
length, the most external ones. These, alreadydirtk colonnelli are put in place
and retained cantilevering by mean of fixed cabldse construction proceeds by
putting in place the beams a little longer, alseady connected to tlwwlonnell; and
kept cantilevering through another system of ropéss new cantilevering system is
then connected to the previous one by the inclenadl upper beams. In this way the
structure proceed gradually from the two sides tdwadhe middle. The last beam to
be put is the central one, which is composed of miaee. At the time that the two
parts join together in the centerline, through ldst beam, the bridge does not need
cables or stands anymore and it behaves as a siniglessupported at both ends.

The construction of the first invention was themrieal out moving one bay of the
bridge after another, and provides indications lné tmore general case in the
construction of infrastructure, which occurs whba bed of the river is impassable,
and in this the invention is placed as an altéreato that on Cismon where
precisely it is supposed to be possible to putgerinediate temporary support.

3.4 Bridge over Rhine in Schaffhausen by Hans Ulrich
Grubenmann

There were many works of Hans Ulrich Grubenmanh, tthae to their effectiveness
and their daring, made his name known, not onhhiwithe borders of the small
Appenzell canton where he was born, but even irtzéwand and later, thanks to the
travel reports of many foreign scholars attractgdhe enthusiastic descriptions of his
work, throughout Europe. But why Grubenmann wilFemembered arendoubtedly
his ingeniously designed bridges of considerabigtle, the most famous of them are
certainly the bridge over the Rhine at Schaffhaws®hthe Wettingen bridge on the
Limmat.

Their extraordinary singularity unfortunately digtnallow them to be saved: the
French troops destroyed them, along with 8 othemnigforidges, in 1799 during the
war against Austria to secure the retreat. So ket are only two Grubenmann’s
bridges: the Kubel and Tobel bridges over Umaseé Rierisau (Killer, 1985).
Fortunately, however, the sketches of plants awtioses in the travel notebooks of
many travelers, first of all, the English architeldhn Soane, allow to keep their
memory alive and give us the opportunity to stutgm and still admire their beauty.
The wonderful works of Grubenmann were based oryrdhssis of knowledge,
experience and personal research, embracing aauimgight and an acute sense of
observation, honed by experience and supported \@stconstruction expertise, as
result of a secular tradition. He was in fact tresabndant of a family of great
carpenters and then consolidated tradition in wigykvith wood combined with direct
experience in building roofs for churches with Hisother Jakob, based on the
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principles of carpentry to cover considerable sphas allowed Grubenmann having
the tools necessary to create structures neverbsdere.

From a structural point of view in fact, the an&yand the construction of roof
structures with average spans of 15 m was a um@yeto understand the strength of
materials and the behaviour of wooden structureségns of practical experience.
Not to mention that in addition to the creationirmjenious solutions to construction
problems, he also experimented with new typesrataires and some of these were
adopted later as structural systems and witness résarkable insight and
understanding of statics.

His structures are an exception in the panoramharidfje engineering of that time
because he was the first to build bridges of symdmssizing the structures only
through empirical methods and static insights: frim@ beginning of the nineteenth
century the engineering approach begins to take ovevhich the design of structural
elements was done according to the mathematicallesibns of stresses.
Grubenmann’s bridges, due to their high experimiemtare characterized by an
abundance of static principals that exist simulbasséy: their hyperstaticity allowed
the structure to be more resistant thanks to trsitipe cooperation of all the parts
building it, not to mention that in case of failuweone of them, the bridge was able
nevertheless to keep its functionality throughdtieers.

The bridge, shown in Figure 3.11, built by Hansidhirover Rhine at Schaffhausen
(1756-58) was one the most important (if not thestheesults achieved at that time in
the engineering field of wooden bridges.

Figure 3.11 The Grubenmann’s Bridge sketched by Rdane (Maggi, 2003).

The city of Schaffhausen had a stone bridge crggbi@ Rhine that was overwhelmed
by a flood in 1754. The City Council decided to ievienders for the construction of
a new wooden bridge: the notice also included tiresttuction of scale models that
were then subjected to "elementary experimentdts'tgshey were proving useful
because they gave an idea about the relationsttibed were between the kind of
structure selected and the resistance of the system

Grubenmann proposed a project with which he thotmbuild a bridge with a single
span of 119 m across the river without intermediatgports: to prove the
effectiveness of his ideas he also sat on the scatkel. But the Council did not trust
the solution provided and ordered the builder thatbridge had to use the central
masonry pier of the previous collapsed bridge apsd.

The new design significantly scaled the boldnesghef previous one but it still
repeated the same structural principles: It wasetbee a structure divided into two
spans, the longest of which measured 58,8 m, andined however a bridge out of
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the ordinary by the standards of the period. Iffifst project had been approved, with
its single span of 119 meters it would be the Iebhgenber bridge ever built before.
The static capacity and the skilled constructioovah in the draft project of the first
bridge and the completion of the second witnessth® author's considerable
knowledge of the strength and stiffness of strestwf great span and of the details
appropriate to perform them through the use of iroaddition to wood for structural
members and connecting elements.

The bridge of Schaffhausen was the first ev@préngundhaengewerkbrutket
gathered itself together in fact two different desiprinciples (Figure 3.12). The
Sprengwerlconsists of a static system where the deck isa@tgx by struts, while in
the Haengewerlprinciple the deck is suspended through the upsigi a structure
formed by two chords, an upper and a lower, anddiagonal struts.

o

Figure 3.12 Load carrying principles: a) the Haemggk system (or queen-post
truss), b) the Sprengwerk system (frame with inclstadas) (Maggi, 2003).

The bridge was the synthesis of all Grubenmannaswadge and ability: in fact the
combination of many elementary structural systeeguired bothremarkable design
qualities, to manage the complex connections betwee different parts of the
structural system, and a deep, intuitive knowleolgeehaviour of structures.

In the first project Grubenmann (Figure 3.13) triedsupport the bridge with three
different main structural systems, making them wtmggether in their functionality
without giving them a clear hierarchy.
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Figure 3.13 Grubenmann’s first project for the Sihausen bridge: individuation of
the principle structures (Maggi, 2003).

The bearing structure of the bridge consists oblggonal arch (yellow lines), a fan-
shaped frame formed by inclined struts and centerethe abutments placed under
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the bridge carriageway (red lines) and a multipler@pped queen-post truss (blue
lines). The tensile stresses in the beams of tlek de a result from their action as
bottom chord in the blue system are partially thedrby the compressive forces
induced by their role as straining beams in thegystem. The major height of the
bridge in the center is that the greater rise efatch in the middle reduces horizontal
thrusts, compression stresses, and the required sections of the wooden elements
(Maggi, 2003).

In addition to the three principal structural sys¢e Grubenmann added a further
structure (green lines), a multiple overlapped swerk similar to the blue one,
located within the roof space parallel to the axfighe deck and supported by its
portals. This structure had two roles: the firsswa drive part of the weight of the
roof directly to the abutments of the bridge lodats the riverbanks, reducing thus
the stresses in the other three main structuréésys and the second was obtained by
connecting its bottom chord, working in tensionthathe top bracing system (brown
lines) to reduce the compression stresses in tperughord of the main truss (blue
lines) (Maggi, 2003).

Grubenmann probably wanted this last truss to @pdie in supporting the deck, but
to make this happen it was necessary to connestintehow with the other three
systems, which, looking at the material we havelabig, it seems he has not done it.
As shown in the 3D model (Figure 3.14) of the beidgctually made the structural
system is very similar to that of the first project

Figure 3.14 The 3D model of the second Grubennsapmgject: individuation of the
different structures (Maggi, 2003).

Each of the two spans of the new bridge had a fraitie a series of inclined struts

centered in the abutments (red lines) and an gyeeld multiple queen-post truss
(blue lines) (Maggi, 2003).

Similarly, the longitudinal beams composing thekdact as straining beams for the
lower frame working in compression and as bottowrd$ of the upper truss working

in tension. Even here there was a unique polyganeh (in yellow) crossing the

whole width of the river and standing on the rivarks. The height of the arch was
less than the one of first proposal: the stressethe structural elements and the
horizontal forces, resulting from the typical beloav of the arch, would therefore

have been higher (Maggi, 2003).

Ultimately it is possible to see the strong siniijabetween the two projects and the
Grubenmann’s extreme projectual flexibility thagsgite not being able to realize his
bold ideas, he still succeeded in offering advarteetinological solutions borrowed
from the first project.
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Much has been discussed about the role actuallye@ldy the masonry pile in
ensuring the stability of the structure: there wiiese who argued that the bridge was
initially suspended and then because of the creepgmena would be supported and
those who said that the support from the pier vils®laitely essential (Killer, 1985).
However it seems highly unlikely that such highesses generated by the system
could be borne by so low arches that also had atemuate cross section due to the
excessive slenderness. This hypothesis is alsawbhgeahat the axis of the bridge is
not perfectly straight but rather inclined to aibontal angle of about 8% to the
central stack. This hypothesis is supported by mfosg that the axis of the bridge is
not perfectly straight but rather inclined to aihontal angle of about 8% towards the
central pier. Inclining the deck this way were gated some horizontal deviation
forces due to the thrusts of the two spans thasthetural organization as actually
realized does not seem able to withstand.

One more element that confirms the fact that timtrakpier, despite the legends, was
a cooperative part of the system derives from olisgthat the inclined struts (in red)
relied entirely on the support. If the pier woulot inave been used the portals would
have had the task of transferring somehow the $otoethe polygonal arch but his
does not seem possible, given both the manner ichwhey were performed and the
high point loads concentrated in the arch crowndifa2003).

It can be thus concluded that the function of tb/gonal arches was not being the
main bearing structure but essentially they contet to a better distribution of the
loads, reducing stresses in the two other systemdspeoviding an additional safety
device in case of failure of one of them.

Finally the bridge of Schaffhausen has been ortheinost intelligent and efficient
structural systems that have exploited the strattedundancy to cross large spans.

3.5 American timber bridges

The great experiment results and subsequent kngeladhievements that took place
in Europe, and particularly in Switzerland, duritige eighteenth century had a
slowdown towards the end of the century.

In the U.S. the expanding population and the syatiencolonization of the immense
territory between the two oceans required that raad infrastructure network was
completed as quickly as possible in order to be abllink the various parts of the
country.

The geographical features of the country (riversaisiderable size and valleys and
ravines of big extent) demanded the realizatiobradfges of remarkable length, not
only for the big boom of the railroad, whose depeh@nt went becoming more
intensive, but also for the highway use. The fdwdt tthe exigent circumstances
required the construction of works that were ecaopguickly and easily achievable
and rebuildable if necessary in a few years, thegyced an enormous development
of wooden bridges. In fact, they were much chedipan both iron and concrete and
had the undoubted advantage of being extremelgretsimplement. Not to mention
that since there was no American tradition of boddwith stone, wood was used
because there was plenty of it.

The United States then in the late eighteenth anlg aineteenth century became the
scene of the experimentation of new forms and iatiee structural solutions
regarding the wooden bridges. The elementary strest which the American
engineers and builders focused on to develop cesmttariations (all duly patented)

CHALMERS, Civil and Environmental Engineerinflaster’'s Thesis 2010:78 41



were essentially the truss and the arch: just thivat, between 1797 and 1860, 51
patents were registered relating to structural tewia for wooden bridges ( Ritter,
2005).

The peculiarity of the American spirit in dealingthvthe construction of a bridge,
unlike the European mentality, was the purposeamy to be able to produce an
efficient and effective structure that could satiaé best as possible a need perceived
by the community, but above all to create somethotglly new and better than
anything else seen before.

Through this we witness the blooming of extremetyraative structures and a
continuous testing on the optimal use of the malteon the arrangement of structural
elements and on possible combinations of wood deedl $o produce bolder and
stronger structures.

Great attention was then put by American engineershe protection and study of
details that ensured a longer durability to theidtires, especially in road bridges,
and then recurrent became the use of shingles parugnd lateral sides that also
produced the undoubted advantage to make strucsiisr, thanks to a "box-
behaviour ": hence the peculiarly American kind coivered bridge arose, partly
borrowed from the Swiss ones, but however with gpecific characteristics.

The two crucial figures who have given impetus e development of wooden
bridges engineering in the first half of the nimeth century were undoubtedly
Wernwag and Burr: they have been called thenérican carpenter bridge buildérs
due to their largely intuitive and practical apprioarather than mathematical, in the
bridge construction. They were the inventors ofeavrtypology of structures that
combined the two primary structural systems of @nheh and the truss: the results
were the so-called arch truss bridges that coulgercgignificant spans that other
structural systems were not able to do.

Lewis Wernwag was a renowned German manufactunerignated to Pennsylvania,
in his career he has built 29 bridges scatterechgmsox countries of the East Coast of
the United States. His works had as distinctivéuieathat they were able to integrate
the arch and truss in a composite efficient stmacttdis most famous bridge was
undoubtedly the Colossus Bridge on the Schuylkill Riviewas composed of four
arched trusses parallel and interconnected to famnadditional truss with a square
cross section inside which the carriageway pasdad:this way the truss
simultaneously acted as bracing system and thécakdlements were much larger
than the diagonals, which were rather thin becahsgy were iron tie rods. The
Colossus Bridge deserves special attention becawssdels being the longest
American wooden bridge at that time (90 m), it a0 the first great span wooden
bridge to use iron elements. It was destroyeddeyifi 1838 (Ryall, 2000).

The other leading figure in American engineering Waeodore Burr: he was the first
with his Hudson River bridge (52 m), shown in Fig8r&5, who almost succedeed in
constructing the first truss bridge ever built, ¢ structure he designed, which
consisted in a combination of trusses with paratlebrds, proved highly unstable
(especially under the action of moving loads) aretdéfore he had to stabilize it with
two reinforcing arches that were set on the abutsnaha level lower than the deck
one. It should be underlined that in this structtmeere the arches to be added later to
the truss and not vice-versa and in this feat@®its peculiarity. This type of bridge,
given the ease of installation and the very low lengentation costs, became for a
while the most popular and famous in the USA andvkm as the Burr truss (Ryall,
2005).
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Figure 3.15 Burr bridge built in 1804 over the HodsRiver between Waterford
and Lansingburgh, New York (Ritter, 2005).

After these remarkable works there was not anyiquéatr development and all
possible variations achievable from Wernwag and Buodels were tested: only in
1820, thanks to Ithiel Town there was the appe@afche first real truss bridge that
had no supporting arch and that was not solicitgcamy horizontal thrust. It was
patented as Town Lattice (Figure 3.16) and waseendty light, quick to build and
cheap: it could be erected in a few days since emsnof solid wood with uniform
cross sections were used. The various trusses cangpine structure were formed of
wooden planks, criss-crossed with an angle of 4bd® connected at the intersections
with wooden pins (Ritter, 2005).
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Figure 3.16 The Town lattice patented in 1860 (Ry4D5).

With the demand for bridges that were capable ppstting the rail traffic, structures
entirely made of wood or with small and simple ifasteners could no longer meet
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the requirements, so that here in 1840 Howe patetite first truss in which steel
structural parts were inserted: the Howe trussufe@d.17) consisted of two parallel
wooden chords, wooden diagonal braces working mpression and tense vertical
iron rods. This was also the first patent in whilbh internal forces in the elements
were calculated with mathematical procedures.

NI /7
B

Figure 3.17 The Howe truss (Ritter, 2005).

In 1844 then also the Pratt brothers patented thess in which the wooden vertical
elements were compressed while the iron diagoneis ¥ense: in this type of system,
as shown in Figure 3.18, the advantage was thatvtw was used to the fullest,
without any particular inclinations and consequemtith simpler manufacturing, but
the disadvantage was that the overall cost was rhigtter due to the large quantities
of iron used and especially because details foati@orage of the diagonals had to
be closely studied.

J
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Figure 3.18 The Pratt truss (Ryall, 2005).

Towards the end of 1800 the growing use of iron thedintroduction of steel for the
construction of bridges involved an irreversiblelde for wood, which was still used
but to a lesser extent and no longer for wide dmagsiges, supplanted by the new
building materials.

3.6 Accademia Bridge in Venice by Eugenio Miozzi

Building timber bridges in Venice has always beechallenge due to the difficult

environmental conditions, especially since the nt@ear to the salt water of the
lagoon is subjected to very high degrees of humigitd to constant changes in water
level leading to full or alternate immersion inatbn to the tide. The wooden piles
that indicate the channels of the lagoon and tiads® in many cases, support girders
of the bridges are an example of how long can thednlast in such bad situations.
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Well preserved when immersed in the mud, always@eble when wet, the piles get
deteriorated, as known in the area of "wet wipes".

The use of wood in Venice is secular and it hasmapanied the urban development
of the city, in the form of foundation piles, fl@groofs and bridges above all.

The uncertain consistency of the soils outlinedeesal rules and methods of
construction, morphology of the environment sugegstlistributive precepts for
building and for the whole urban organization, ireg@w by traffic both by land and
water. In this context, bridges were essentialutbe of wood was dictated (and is still
dictated) by the needs of lightness (due to redwodgimic mass of the material) in
order not to weigh too much on the channels bed andhe banks, of speed of
construction (and reconstruction) and of lower s@simpared to masonry structures.
An important timber bridge to analyze is withoutyadoubt the Acccademia Bridge
designed by the engineer Eugenio Miozzi.

Already in the fifteenth century it was thoughtotaild a second bridge over the Canal
Grande, as well as the Rialto, then still made obdydout the Accademia bridge had
to wait until the nineteenth century.

Indeed, the proposal came only in 1852 by Alfred/iNes engineer and owner of
foundries for melting iron: his metal truss bridgas inaugurated in November 1854,
and it had a span of about 50 m. During the tlarGéthe twentieth century became
apparent some problems due to corrosion, to thesske slimness of the compressed
webs of the trusses and to the neglected dynarianaaf the crowd the steel bridge
could no longer be used (Barizza, 1986).

The city authorities, waiting for the results of@ional competition sponsored by the
municipality of Venice, decided to entrust the iempkentation of a temporary bridge,
which would also guarantee a long service lifeMiozzi, the main engineer of the
municipal technical office, who designed a woodamsg structure. The engineer
designed the structure so that the replacement amhaded elements could be
performed without interrupting the transit and heere predicted the possibility to
replace the entire bridge (Miozzi, 1933). It iscal®ry important as it has been one of
the first glulam timber constructions.

In December 1932 the Accademia steel bridge wawatiied and replaced by the
new structure. The new bridge, for pedestrians,ordysisted of a single truss arch
structure (shape chosen to minimize the visualteutformed by two ribs of
laminated wood held together by metal plates art$ lom which the deck has laid. It
was one of the largest wooden bridges at timehirga free span of 48 m (Populin,
1998).

In Figure 3.19 it is possible to see how the wodswstructurally organized: the two
ribs had a constant width of 1 m and a variablgliterom 2 m at the imposts up to 1
m in the midspan, tapering toward the centre tidgbrguaranteed a clearance of 8,25
m from average water level for the passage of béatsddition, as already said, there
was a second lattice structure that was overlapimegrches and that was to form the
carriageway.
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Figure 3.19 front of the project for a wooden bridgeer the Canal Grande
(Populin, 1998).

Also in Figure 3.20 one can see that each rib wasdd by two chords connected to
each other: each one was 30 cm wide 1 m high ardk oé larch wood boards.

Between the two chords (upper and lower) of each agprights and braces were
placed and there were also metal components ppepeéicular to the direction of

laminations: evidence indicating the experimenthbhge of the technology. The
elements were not glued but kept locked by two metistes 5 mm thick welded

together to ensure the structural solidarity. Téoval for a greater stiffness to

horizontal thrust of the wind and other fluctuatipthe ribs were not parallel but had
the imposts retracted: the overall width variedrfrd m in the middle up to 7 m at the
imposts (Miozzi, 1933).

Figure 3.20 The cross section of the bridge nearahutments (Populin. 1998).

Miozzi had also planned a coverage for the Accadéridge, being conscious of the
necessity to protect the material from deteriorattiaused by stagnation of rain water,
but then for lack of funds it was not realized.

The whole structure was built in just over a mofitbm December 1932 to January
1933): the glulam arches were assembled on thendrisufour pieces each and then
they were mounted by means of scaffoldings, as showigure 3.21.
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Figure 3.21 Construction phases of the arches itaghuimber (Populin, 1999).

The bridge was tested in February 1933 with 200@lIsags, to simulate an overload
of 400 kg/nf (Miozzi had also considered 140 kd/for lateral wind load), and the
deflection in the middle was only of 9,5 mm.

As a result of dimensional variations due to cotinas and to viscous behaviour of
wood there would have been a significant lowerifighe structure in its entirety;
there was then the necessity to avoid this phenomen anticipation of future
additional dimensional variations due to the dryifigvood. Miozzi specified so that,
by some oak wedges placed in the middle of theesdhis issue could be prevented:
the wedges deeply hammered provoked the disarmacidiie bridge so that the
scaffolding that supported the arches could be ntaeay without any effort.
Practically Miozzi achieved a state of internal@aans to improve the stability of the
arches (Populin, 1998).

In fact it is to be emphasized that a timber tstsscture with such a high number of
joints could not be regarded as a flexible striectand it would be very deformed
under the action of forces acting on it before ngag the equilibrium position.
Hammering the wedges in the top part of the aradresugh length was returned
gradually to them that was then absorbed by thepcplhienomena, making it possible
to disarm without significant deformation of theirpitive shape; the shape of the
bridge was however designed and built in dependehtye loads.

As a temporary bridge just five years after itsropg it had to be subjected to a series
of refurbishment works (such as the verificatiortlad# tightness of bolts and surface
treatment with linseed oil) because of a poor nesiance.

After the end of World War Il the Accademia Bridgeaswin precarious static
conditions and it was decided to restore it throtighuse of four steel arches coated
with wood panels and connected by elements in sotid glulam wood: it was a
bridge which resembled the previous one by Mioazi ib became a steel-wood
composite structures: in this way one of the fastl most interesting examples of
glulam timber bridge disappeared.
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3.7 Essing Bridge by Richard Dietrich

The Essing Bridge, by Richard J. Dietrich, is a strecthat for its unconventional

structural solutions and the originality of the ideshas become one of the most
famous contemporary wooden bridges. It is locatetthé charming natural landscape
of Altmuehl River Valley and was designed to crdss Rhein-Main-Donau canal,

which connects the North Sea with the Black Sea. Duine beauty of the natural

environment, both for the building owner and thsigieer himself, it was important to

capture the genius loci and to preserve the atnesspif the place: therefore, Dietrich
designed a bridge that used the traditional locatenals and reflected the harmonic-
curving, hilly landscape (Figure 3.22). As a resh& owner decided that the bridge
had to be wooden made.

Figure 3.22 Perspective of the bridge crossingdhannel (Dietrich, 1998).

The local conditions needed an approximately 206ng pedestrian and cycle bridge
to be designed that crossed the 73 meters wide-Blaimube canal, one main road
and two rural roads. Besides a clear carriagewayhwatl3,2 m were also required a
clear height of 6,7 m above the water and of 4,7almve the roads. Another

requirement was to make the bridge not only forubke of pedestrians and cyclists,
but in case of need, emergency vehicles shouldleeta pass through the bridge so
that a live load of 5 kN/m2 has been adopted dutiegdesign stage.

Experiments with standard forms of construction asdal structural principles, such
as trusses or arch bridges, have proved to befigatiee, as they have, especially in
order to cross a 73 m free span, too chunky dimessiDietrich therefore considered
the age-old principle of free-hanging rope bridgat found that suspended cable
structures did not work in that specific case beeanf the high piers required; apart
from that the main structure steel should have heade of steel, but wood was
required.

The designer then tried to develop a possiblerébgwood construction, which all

claims, the design and static, would be fair: thesesiderations led to the idea of
trying a wooden tensile structure. However, a tengiooden structure with such

dimensions have been neveuilt, so it took a seven-year planning period with
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continuous cooperation of all figures involved e tproject, also due to a lack of
computational and design tools.

The final result has been a so called “stressedonbbridge” or “tension bridge”
because it has been designed as a tension strdiclionging a cable line behaviour
and thus it is able to transform some 90% of theicad loads into tension forces,
with only 10% acting as bending moment (Brueninght®®©3).

The bearing structure, the ribbon, is made up pérdpruce glulam beams (Figure
3.23) with a thin cross section in relation to thdire span of the bridge; they are
joined in three groups of three beams each.

Figure 3.23 Cross section of the deck of the bridgéh the nine glulam beams
(Brueninghoff, 1993).

Dietrich designed the ribbon as a series of 42 legjeanents with a length of 4.6 m.
This means that all the elements used were caygldnned and prefabricated, and
they only had to be put in place. It also resuite@n assembly accuracy of a few
millimeters difference.

The normal forces produce deformations which lealdeinding stresses in the beams:
in order to keep the bending moment small it progtdctive to use beams of small
depths relating to the width and therefore minimahding stresses. Moreover the
small dimensions (22x65 cm) of the beams is appatgto transfer the loads in the
form of tension forces, on the order of 4000 KNredily to the abutments
(Brueninghoff, 1993).

The piers, which carry the ribbon, as shown in Feg@i24, have a composed structure
similar to a truss; the pillars composing each giagre divided in two groups: the
“external” one consisting of three couples of piath a 22x22 cm cross section, and
an "inner" one of three couples of piles with tlaene size. The inner group has a
triangular disposal and there is a hinge at the bagvery pier; the connections at the
joints of the piers have been carried out withedhplates. The pillars are used almost
solely in support of the tense band.
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Figure 3.24 Detail of the triangular piers of thedyge (Dietrich, 1998).

Each band is gathered by coupling elements neangher and lower support points
and connected to the articulated ribbon up andhemdinforced concrete base down.

Dietrich’s original idea was abutments and basestone, but he had to change
material because of the high forces involved. bBx$tethey were executed in
reinforced concrete. The base was establishedeobéasis of the poorly viable soil on
large diameter drilled piles and permanent grourchars.

Bracing system is accomplished by two cladding leyeiled crosswise to the top of
the beams and diagonally to the bottom.

Wind forces, walking impulses and vibrations arsabed by the railing design, thus
preventing the bridge from bouncing in the critieaéa. In addition to the parapet
design support even steel struts set diagonallgutiiv the pillars provide more

stiffness to the whole structure.

A long service life has been granted by coverinthwai waterproof sheet of titanium
zinc the whole substructure just under the carviege all structural elements were
designed so that no water can accumulate and ttie ltes been performed with a
waterproof tropical hardwood.

Attention on the most rational construction implematdion and a high degree of
factory pre-assembly have been achieved at thdibgikite and most elements could
be assembled without expensive auxiliary scaffgdinThanks to the power of the
firms involved a high degree of perfection has bperformed during the execution
and so almost all the elements could be factorgyeed and had only to be brought
to the building site and assembled (Dietrich, 1998)

Already in the planning phase Dietrich has focusedppropriate design and simple
solutions, especially concerning the detailing. faliteners are made of cast steel and
the same piece was used for every detail: this m#zat, for example, for all joints
only a negative had to be prepared, and then &smwnding number of copies was
made from it.

All connections, joints, drive shafts, coupling reknts and nailed plates have been
made in cast steel and were to be mounted omsjtest a few steps.

The construction work started with the castinghd teinforced concrete abutments
and plinths in situThe plinths were equipped with bearing plates orcwthe hinged
joints of the piers were then bolted.

50 CHALMERS, Civil and Environmental Engineerinilaster’s Thesis 2010:78



The pillars were already pre-assembled in the fgcto they have been brought to the
site, put in the right position with a crane andhvthe aid of scaffoldings and finally
connected to the joints by nailed plates.

Then the glulam beams, which were already manufadtin the factory and provided
in parts with a maximum length of 45 m, have beelivdred to the erection site by
trucks and placed by a crane; the separate seatieresjoined in situ by finger joints
and the appropriate climate conditions to realittesin were granted by using a tent
and a movable gluing and pressing equipment (Fi§u28). Moreover every finger
joint, after its completion and hardening, has bessted with loads up to 150% of
those assumed during the design stage (Bruenindt2gi3).

Figure 3.25 The in site process of finger jointi{Qietrich, 1998).

After the completion of the bracing system on thiéwidth of the carriageway sheets
of zinc were placed to protect the bearing strécfoom rainfall; then the balustrade
has been assembled and the last load tests wetedoaut in the middle of the largest
span through water-filled containers in order tover the carrying capacity of the
bridge under full load (Dietrich, 1998).

3.8 Traversina footbridge by Jurg Conzett

Traversina footbridge, designed by the Swiss emgidarg Conzett, is undoubtedly a
structure that deserves to be described due tondreer how its designer has been
able to cope with, and resolve brilliantly a numbgdifficulties (mainly related to the
natural environment and economic issues) and sdectgeat the same time in making
a simple, innovative and aesthetically strong inipgcproduct. To give an idea of its
effectiveness it is enough to think that, thougk tiridge was destroyed by an
avalanche in 1999 just two years after its compieind was rebuilt again by Conzett
with a completely different shape, however, ittil emembered and is considered,
rightly, as one of the best examples of contempydradge engineering.

The simplicity of the structural solutions combingith effectiveness of performance
and optimum use of material resources is admirabteshould serve as an example
and inspiration to any designer at the draftingestaf a project.
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The environmental context in which the bridge had¢ inserted (Figure 3.26) was
quite complex: within the Viamala, one of the lageanyons in Grisons, were traced
the remains of an ancient Roman path, now verycdiffito recognize. This trail most
likely involved a wide path leading down into ttevine and reached the opposite end
through a ford. The aim of the contracting autlyofihe local mountaineering club)
was to make the route (path) viable again.

Figure 3.26 The footbridge crossing the ravine (@&h2.997).

Being very complex and expensive to repeat the saate as the path to the original
because of the eroded and saggy soil and of sihgtf extreme variability of stream
flow in the gorge, the choice led therefore to¢bastruction of a bridge.

The difficulties that the designer had to face weranly those related to find the
position of the site: it presented extremely difftavays of access, the usable space to
set up the shipyard to build up the structure wiasially nonexistent, and also the
wind forces were remarkable because the airflovesigéling in the ravine increase
their speed. Beyond that there were also the isstiimited economical resources
and very short time to achieve.

Furthermore, considering the spectacular beautlgeofilpine scenery, the use of such
materials was required that were not going to attee perception of the observer and
were as much as possible "environment friendly".

Based on these limitations the design and constru¢gichniques for the bridge were
taken to the limit and, given the exceptional gitraand the fact that there were no
previous similar cases, unconventional methods wedopted: the designer decided to
use a helicopter to transport the partially pratatted structure and all the necessary
equipment in situ.

Consequently the dead weight of the structure hdzetequal to the maximum load-
carrying capacity of the most powerful helicoptavsilable, i.e. 4,3 tons.

The materials chosen therefore to build the bridgee fir timber (given its good ratio
between strength and weight) and stainless stbixa

The distance to span between the two sides ofatfire was 47 m at an inclination of
6%. The abutments for the bridge, given the faViolergeological conditions of the
soil were made in reinforced concrete on previousan stone articles (Conzett,
1997).
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In order to optimize the total dead weight the ctiee was divided into two parts
(Figure 3.27): the substructure and a superstractlightly heavier with the task of
protecting and making more stable and stiff thessuloture.

Figure 3.27 Diagram showing the composition of etliridge: superstructure and
substructure (Conzett, 1997).

Ultimately the bridge consisted of two structurgstems completely different but
cooperative and complementary, in which the desigves inspired by the work of
his illustrious compatriot Hans Ulrich Grubenmamsgecially concerning the bridge
over the Rhine at Schaffhausen, see Paragraphv@dw)e the overall behaviour of
the bridge was simultaneously under two differemtstruction principles.

In the Traversina footbridge the substructure temaltely a very light space truss
system: it is a three-chord truss girder with tvaogtolic wire ropes as bottom chords.
This solution was chosen after an evaluation dedght types of trusses as it was by
far the lightest of all. This type of conformatiofh the truss also has the advantage
that under the action of permanent loads the dialgappear to be minimally stressed
with the undoubted advantage of being replacedakdn without major problems,
considering also the difficult management of resesrand equipment on site.

The static behaviour is clear: the lower steel svinorked in tension while the upper
chord (glulam beam) was compressed.

The substructure acted as a simple supported bewn aso for the particular
parabolic shape that reproduces the trend of thdibg moment, therefore requires a
bracing system that provides to ensure torsionabilgly out of plan. The
superstructure acted as a stabilizing element aasl nvade up of two three-plies
stiffening girders, which went together to form fherapet, and a glulam beam placed
under the carriageway. The entire superstructur® seanected to the trusses below
by the vertical elements that were going to puidmghe diagonal struts; they were
composed of four wooden poles so as to simultafhgouaintain the steel wires tense
and screw the uprights of the superstructure.

As already mentioned, in this project the wind vaasrucial factor in defining the
shape and peculiarities of the structure: in fhetbiridge was placed transversely to
the direction of Foehn (an alpine periodical wiady during the design stage values
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for the wind forces were taken equal to 1,3 KN/mthe case of a strong gale the
tense wires subjected to small normal forces behavarittle components: in fact the
chord on the upwind side may be have a loss ofderand consequently the chord on
the downwind side becomes the fulcrum around wthehwhole structure will rotate.
To ensure safety attention should therefore bengteethe ratio between the wind
force and the vertical load and to the geometriafigaration of the truss (Conzett,
1997).

To withstand the horizontal loads due to wind, ddition to the resistance provided
by the truss itself, a glulam beam has been adéeedih the carriageway, whose
horizontal stiffness significantly increases thgistance of the entire bridge.

Since the budget was very limited, the solutionspéed by the designer were all
directed to save money and to ensure the longestlge lifetime: the three chords
that maked up the substructure and constitutingriban feature of the bridge were
properly protected.

The two lower chords were of stainless steel wihieeupper one, which consists of a
glulam beam, was protected against rainfall by laeroglulam beam inserted as stiff
element against the wind, larger and protrudingcegd above.

The diagonal struts were, as mentioned above, stimgiof four elements each with a
section of 30x80 mm and thanks to their small sizdthough exposed to the
elements, were able to completely dry out verykjyic

No one of the wooden elements was impregnated |bjatirsts were studied in order
to run replacements as easily as possible: jusk thiat with the adopted static system
the steel diagonal tie-rods and the transverse $&eene minimally loaded, and this
facilitated an eventual removal, while for the edants directly exposed they were all
easily accessible.

The process of erection of the bridge was certaimycrux of the whole operation:
the weights of the various components were corlgtamnitored so as not to exceed
the maximum load-carrying capacity of the helicopéad during the assembly phase,
which took place 500 m from the place where thed®ihad to be built, all wooden
elements were covered to prevent rain or moistutmied them, thus increasing their
weight.

First, the upper chord was raised to a certainhteagpove the ground and below it
triangular elements were set. Then the steel wivese attached. The complete
substructure was transported by the helicopter ufEig3.28) directly over the
abutments and then with the help of ropes wasipoeil and secured to the concrete
plinths. The whole operation lasted less than d&alfiour.

54 CHALMERS, Civil and Environmental Engineerindflaster’'s Thesis 2010:78



Figure 3.28 Transportation by helicopter of the whslubstructure fully assembled
(Conzett, 1997).

The elements of the superstructure (vertical strtremsverse beams, panels and

carriageway) were then transported by a smallecdyaier and fixed progressively to
the substructure until the bridge was practicable.
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4  Analysis of one of the bridge projects taking
part in the Competition at Chalmers University,
Gothenburg

4.1 The Competition at Chalmers

Technology

University  of

During February 2010 a Bridge Design Competition tgolkce at Chalmers

University of Technology in Gothenburg, Sweden. Biigineering and Architecture

students registered at Chalmers, united in mixedggavith presence of members of
both departments in each group, could really takeip it.

Promoter of the competition was the municipalityBafras, a city 60 km far from

Gothenburg (see Figure 4.1), which requested a&grdpr a glued laminated timber
footbridge to connect in a direct way the new @tyjture center to the heart of the
city, located on the opposite site of the river Viskae(Eigures 4.2 and 4.3).
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Figure 4.1

Map of Sweden, showing the city of Bor@se can easily see

Gothenburg and Copenhagen (© Bing Maps).
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Figure 4.2 Satellite orthophoto of the project Itioa in Boras (© Google Maps).

Figure 4.3 Project location in Boras (© Google Maps

Being evident the aim of the municipality to promeated create an interest by the
citizenship to the new exposition centdre most possible complefgoposal was
requestedthe requirements that were posed had to be satisbé only, as obvious,
from the structural point of view, but there wasoahn explicit request concerning the
formal content of the work.

The bridge had to be finally an urban object, whielide the strictly function task to
cross a natural obstacle could give an added \altiee context in which it was put
in, and to be able, in a certain way, to createmapulse to promotionTo give
importance again to an area of the city preseiatilyer out of reach it was necessary
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to stimulate citizenship to visit it more often ttka to an object of interest that could
draw the attention.

Another item to focus on was the economic issueigothe budget for the work non
clearly defined but certainly small, the projediusions had to be as cheap as possible
by taking into account even the cost of labor fog erection, in order to optimize
resources and to get a fully satisfactory finallesnder all points of view.

Not less important was then to search a desigh wkih attention to the needs of
durability so that the smallest repair and the &stgossible life was granted to the
structure, based on accurate design solutions.

The aim of the competition was therefore to give #tcent on the entire design
process of a timber bridge involving all aspectsassary to make the work able to
satisfy the requirements of the client and in aupacway:

= clearly defined static behavior of the whole stouet

= strength and stiffness of the system with regartiécsafety
= serviceability criteria fulfillments

= detailing taking into account durability issues

» reflections over building issues and economicalbfgnms connected to the
chosen structural solutions

The competition included a very “operational” desfganning: thus it took place in

two steps and in both the evaluation of the prolsgs@sented by the various design
groups was made on the basis of load trials of tspdad beside that, it was checked
whether and how far the offered solutions fulfilkse project requirements.

The six competing groups were asked to producehirtwo further steps two 1:20

wood models of their own bridge, The restrictiomsgx by the judging commission

regarding the peculiarities of the model were ds\ics:

= free span of the model of 100 cm (it means a @ah ®f 20 m)

= the 100 cm span could not be gapped with uniqueneais but with
interconnected pieces with a maximum length of M0 ¢

= the width of the carriageway should not be lathan 15 cm

= Cross sections of the available sticks to use55mm, 5 x 7,5 mm and/or 5 x
10 mm

=  maximum weight of 200 grams
= only wires and glue to perform the joints

= the bridge should be designed and behave like plsisupported beam, with a
pin and a roller at the edges.

During the first step all models have been load&d two point loads put at one third
of the span each and then tested to failure, byngddcreasingly sand in order to
understand whether and to which extent the desigtatic system would actually
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meet the requirements and to understand the weetspof the chosen structural

solution.

After this moment every group had to decide whetbecontinue and develop the

same model, and to improve it on the basis of abaeared during the collapse trial,
or otherwise to basically change the shape andstidiec organization, also taking

advantage from the experimental evidences and fhentomments expressed by the
judging committee, but always respecting the litiotas imposed by the competition

regulations.

In the second step all models were loaded agdineirsame way as the first time, but
not up to failure, but with a load of 27 kg, apgdliall at once in order to verify the

strength and the stiffness.

After this second load test the jury has decidedamner of the competition.

As already said the groups taking part in the cditipe were six and each of those
produced two models, in some case similar one twhan in other completely
different, depending on the conclusions drainedhftbe first load test.

In this Chapter the most interesting project amdmgdther five competitor projects
will be carried out in order to explain its originfeatures, also using the software
PointSketch to help illustrate the behaviour of streicture. The other five proposals
are quickly presented just to give a general oesvviof the outcomes of the
Competition. The analysis of the winner project w#él carried out in Chapter 5.

4.2 Analysis of the “Reverse Arch Bridge”
4.2.1 First model

The first project to be presented during the fettge of the Competition was, as
called by its own designers, the “Reverse Arch Bridge

The model was extremely intelligent and originaitiinitial idea because it proposed
an unconventional and, theoretically, just as sangpid functional solution.

The starting point for the reflections of the desigam was to observe one of the
simplest and most common static schemes curresdg to build a bridge with a span
not excessively long, or the arch with a tie radtHis static scheme the arch works in
compression and, under the action of the loadsesulgul beneath it, it tries to lower
and widen and transmitting then horizontal thrastthe abutments and these forces
will be higher the larger the radius of curvatuféhe arch itself is.

The role of the underlying tie rod is thereforeofgpose and absorb these horizontal
forces, working in tension accordingly, and ensyirhe entire structure to transmit
only vertical reactions to the supports, simplifyiand making the abutments less
stressed, with obvious economic, structural aniyddsenefits.

The idea of the design team was to literally overthe traditional structure trying to
reverse the roles of the elements.

This first model, as shown in Figure 4.4, had twopde beams, with the role of tie
rods, and the outer side of each two polygonal ewchith the concave side down
were placed, whose edges were not going to directgage the longitudinal beams
but they extended upwards.
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Figure 4.4  The first model of the “Reverse arctdga”.

In order to manufacture the longitudinal beamghasvooden slats were up to 70 cm
long and the span to cover was 1 m, the designave lglued two pieces with
different lengths along the longitudinal sectioddiag then two additional pieces
both sides to make the connection stronger.

Concerning the arches instead they were composesooflifferent layers: the main
part consisted of seven straight line segments thié edges overlapping, forming the
curved profile of the arch, and then other six ohage been added to increase the
stiffness and stabilize the system.

The intentions of the designers were the strudtuieehave as follows the point loads
applied directly to the deck should have made thagitudinal beams work in
compression, which, deflecting, would have transfitr some stresses to the
underlying arches in order to make them work irsi@m The tense arches due to
their shape, would tend to close, sending then badke beams horizontal thrusts
directed towards the center of the bridge and stibgethem to compressive stresses
that would have added to the previous state of cesgion and bending.

Moreover from the top of each arch have been s$ieetavires which were linked to
the final part of the deck on one side and to thietpf application of the load on the
other side in order to be able to redistribute gtiesses within the various structural
components and at the same time to prevent thestohclose too much, preventing
the edges from approaching in a dangerous manner.

If one observes Figure 4.5 it is possible to saee tie design team has not been able
to completely and effectively translate their idé@aghe real structural model: it is
immediately obvious that the edges of the beams tiea supports are the least
stressed and a similar story applies to the bowbrthe arch which is completely
unstressed. Even the cables, which had to coll&batively in the transmission of
stresses "work in compression”, which it means thay are completely discharged
and therefore completely useless. The compressiessges are concentrated in the
central part of the structure between the two goofitapplication of the loads: in that
area the bracing system is virtually non-existing éherefore the longitudinal beams
are exposed to a high risk of buckling.
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Figure 4.5  The static behaviour of the first modelized in PointSketch: tensile
stresses are shown in red while the compressiveaneds blue.

Observing the structure of the bridge before tlael ltest, despite the originality of the
solution, by a purely qualitative analysis it fiegipeared that the cross-sections of the
longitudinal beams were insufficient to perform tlode that had been entrusted to
them and it also appeared that polygonal archeg wemnufactured approximately
and they did not seem stiff enough. Not to menttat even the general stiffness of
the whole structure seemed to be very low, espgdmathe transverse direction.

The behaviour of the model during the load test matsvery good in the sense that
the two structural systems could not interact emsferring the loads: in fact the
connections between the longitudinal beams andwiearches were too small (in
practice arches were glued on the beams in twag)aamd they did not allow the two
static systems to work together. Ultimately thehasc were the least stressed and
almost the entire load was carried by the longriatibeams, working in simple
bending.

The bearing structure of the bridge was reducebletenade up then by two simple
supported beams loaded by two point loads and, estiomed above, their cross
section was too small: in fact the maximum loadobefthe failure was one of the
lowest.

In Figure 4.6 it is possible to see how the lordjital beams, just before failure, are
extremely deformed while the arches are nearlyhdisged (just see the wire hanging
on the left).
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Figure 4.6  The model just before the failure: itpessible to see the deformed
longitudinal beams due to excessive bending, esibeoear the edges.

Not to mention that the bracing system, always irequfor compressed elements,
was insufficient and structurally inefficient (onbix sticks arranged transversally
between the longitudinal beams and two betweemitiees) and in fact the break has
occurred due to buckling.

4.2.2 Second model

The second model presented in the final phaseeo€Cthimpetition consisted, as shown
in Figure 4.7, in an evolution of the previous patj but with significant
improvements, and according to the Author's opinwas the most valid solution
along with the winning project.

Figure 4.7  The second model presented during tie $stage of the Competition.

Compared to the previous one this second model mes@ew features (see Figure
4.55: first of all the radius of curvature of thelzes has been increased making them
lower and the edges have been connected near sufiports of the bridge; also the
connection between the two arches and the longitildieams has been made thus
effective allowing an efficient transfer of stressend a real collaboration between the
structural elements: the edges of the arches hgwarismposed on the internal side of
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the girders and then a transversal element has fngeso as to act at the same time
both as bracing system and as locking joint.

The profile of the arches was still composed odight line segments (six) but the
connection between them has been improved by glthegvarious pieces on the
“heads” and putting then two more pieces to theessitb improve the structural
solidarity.

The longitudinal beams, composed of three pie@s been made more efficient and
connections were performed by overlapping the edgdgyluing them.

To stiffen the structure two bracing systems hasenbperformed, one between the
girders and one between the two arches, togethbrdiagonal and vertical elements,
thickened in the proximity of the point of applicat of the loads.

The static scheme seemed to be generally remaimedame: there were still the
arches and the beams working in compression bt tivé new model the designers
have managed to carry on a more rational usage atérial going to focus on
weaknesses identified by load test on the first ehodut above all they have
implemented a completely new static behaviour.

As it is possible to see in Figure 4.8 the main eftyvof this project was the
introduction of a pre-tensioned cable system tlast ¢tompletely revolutionized the
structural layout of the bridge: in fact the caldedhjected to a prior state of tension
(that is before the application of the loads) caceepressive stresses both in the
longitudinal beams and in the lower arch creatirsgt@ation of internal coactions that
provides stability to the system.

Figure 4.8  The static behaviour of the second medtiout any load realized in
PointSketch: tensile stresses are shown in red whédecompressive
ones are in blue.

The great insight and the very interesting featfréhis structure is that it presents a
reverse arch not working in tension as many wowag at first glance, but rather
subjected to compression. Once the loads are thglred (see Figure 4.9), the new
stress situation by external loads produces mdHlesppen that compressive stresses
in the longitudinal beams increase while in théhascthe tension induced by the point
loads gets balance with the preexistent compressiesses and then in the end both
the arches are less loaded than before.
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Figure 4.9  The static behaviour of the second madtdr load application in
PointSketch: tensile stresses are shown in red vthéecompressive
ones are in blue.

During the load test with the instant applicatidn2@ kgs model behaved very well
getting virtually no deformations and it provedgheally effective , as can be seen in
Figure 4.10.

Figure 4.10 The model during the load test: it iss@ble to see that the
deformations are almost nil.

The only criticism that can be moved to the projsedhe following one: the structure
has been optimized for the loading conditions aglbmiuring the competition (loads

applied at one third each) but one wonders if iuMdobe equally effective under
different load conditions.

4.3 Second team proposals

4.3.1 First model

The proposal of the second design team participatinthe Competition provided a
solution structurally interesting, although the thesc appeal was quite poor (see
Figure 4.11).
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Figure 4.11 The model presented by the second mésam during the first phase
of the Competition.

The idea behind this concept is borrowed from testpessed concrete technology: in
fact prestressing with artificial compression stess the concrete elements an
improvement in resistance and a decrease in defermaue to application of
external loads are obtained.

Similarly in this project the designers wanted teate a state of compression in the
longitudinal beams in order to substantially imgdkie strength and at the same time
to have small deflectionslo do so a lower wire has been pre-tense so tlaat th
elements of the bearing structure were longitutiim@mpressed before the applying
of the loads. The other two cables would be usedddtribute the efforts induced by
point loads and to send them in part to the supirthe edges.

To increase the transversal section of the beaedédkigners have adopted a system
similar to that of Vierendeel beam, resulting irgr@ater height without increasing
excessively the weight (also considering the litrotas imposed by the Committee).
The bracing system was pretty poor though it waspdeed near the point of
application of loads.

During load test, despite the prestressed stateastclearly noted that the deflection
was too much even with low loads (see Figure 4.tt23:is because the width of the
beam appeared inadequate compared to the heighiesmadise the junction between
the upper and lower chords was performed in a detja@ate manner, thus creating a
point of weakness.

Figure 4.12 The model during the load test: one easily see the deflection of the
longitudinal beams.
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In the end, the beams were too slender and in tfectcollapse of the structure
occurred for torsional buckling that caused thexd®tnent between upper and lower
chords of one of the girders near the supporthas/s in Figure 4.13.

Figure 4.13 The failure of the structure due tostonal buckling.

4.3.2 Second model

The second model (see Figure 4.14) has presentddnee of both continuity and
innovation compared to the previous solutionfact, designers, noting the weakness
of the longitudinal beams due to an imprecise mactufing, have improved them
and made them more stiff thanks to a more carefmhection between the two chords
and especially stronger close to the supports.

Figure 4.14 The model presented at the final stsZfigae Competition.

The new element in this model has been the usleeo$tatic model of the Fink truss,
where the load is distributed and directed to thgpsrts through a system of ropes (in
this case in metal although against the rules) each rope, stretched between the
abutments, passes through each stud.

During the load test structure showed a good resparespite the obvious and
inevitable deformation due to the static schemeotetb

66 CHALMERS, Civil and Environmental Engineerinilaster’s Thesis 2010:78



4.4  Third team proposals
4.4.1 First model

The first model presented by the third design t@aoavided for a structural solution
usually employed to build wooden roofing: it wasrahtely a truss.

The model contained neither particular archited¢tucntents nor special
considerations concerning the static behavior:iicéned elements are compressed
while the tie rod is tens@he structure under load has borne, like the wipiroject,
about 27 kgs without relevant problems, also bexdiukas been made with special
care (see Figure 4.15).

Figure 4.15 The first model developed by the tdedign team.

4.4.2 Second model

The second proposal of the team (Figure 4.16),ideriag the excellent response of
the first model during loading, remained virtuallgchanged except for some minor
detail irrelevant to the overall behaviour of theisture.
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Figure 4.16 The second model presented at the diiagle, identical to the first one.

4.5 Fourth team proposals

45.1 First model

The first solution proposed by the third designmehas become noted for its
originality: it was an explicit reference to Japsmearchitecture. The intent of the
group was to create a structure whose nodes wede maajoint (Figure 4.17): the
result has been a hybrid between an arch and twblesaering beams at the ends
whose global behaviour seemed immediately verygrieas.

The transversal section of the arch was in facttteoe and the arch itself was not
properly braced, the cable tense along on the fmottw counteract the horizontal
thrusts did not seem an appropriate solution arstd #he supports of the two
abutments also seemed very small.

Figure 4.17 The first solution proposed by the geseam.

In fact, during the load test the problems reldteshstability of compressed elements
raised: the arch was not stiff enough and alsotrdmesversal elements necessary to
maintain the rope tense were too thin to be abigitiostand the high stresses caused
by the application of the external loads (Figurks).
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Figure 4.18 The first model just before the failutke instability problems are
Clear.

45.2 Second model

The second proposal, as shown in Figure 4.19, ihgdied the static scheme while
maintaining the same "philosophy" of Japanese singithe team focused on the
arch eliminating the cantilevering elements: theveuvas not made by one single
piece but by five separate elements that creasgditeed line.

Figure 4.19 The second model presented at the $iagle of the Competition.

In plan the bridge was tapered toward the centeffer a higher torsional stiffness,
and, though modified, the solution of tense cahdesounteract the horizontal thrust
of the arch remained.

Also this solution was not structurally satisfagtan fact during the load test it has
been the only model that has not held the 27 kgd backet (Figure 4.20) because of
the persistent slenderness of the transversal atsmeed to keep the wires tense, and
because of the weakness and not moment-resistaheahiddle joint between the
two halves of the bridge.
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Figure 4.20 The failure of the second model al$& joint in the middle was not
moment-resistant.

4.6 Fifth team proposal
4.6.1 First model

The model presented by the fifth design team afiteestage was based on a simple
attempt to make the different materials work urdiéferent stress statefie intent of
the designers was to give the wire the shape ob#ming moment (and for that
pyramid-shaped elements have been prepared) sib Watked in simple tension and
so that the longitudinal girders were only compeessee Figure 4.21).

Figure 4.21 The first model presented by the @ithign team.

Anyway, during the load test, it was proved that wire was practically discharged
and the whole stress went to concentrate in thdegr making the entire structure
work as a simply supported beam: in fact, the failoccurred in the lower tense part
of one of the beams near the support due to tHedd@adherence between the two
sticks that formed the composite member, as caeéer in Figure 4.22.

70 CHALMERS, Civil and Environmental Engineerinilaster’s Thesis 2010:78



Figure 4.22 The failure of the structure.

4.6.2 Second model

The second proposal made by the team has borrowertfie second team the idea of
the pre-tensioning of the wire to establish a statepre-compression in the
longitudinal beams, beside the principle of ther¥iwleel beam to increase the cross
section without adding too much weigfihe pyramid elements in the lower part have
remained to give the wires a curved shape. Agaiwelver, designers were not able to
make the two systems effectively interact and #mult was that the structure still
acted like a simply supported beam, with a contrdouclose to zero by the wire
(Figure 4.23).

Figure 4.22 The deflection of the second model utige action of the two point
loads.
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5 Analysis and developments of the winner
project (Fish Belly Bridge)

5.1 Analysis of the design process of the models
participating in the Competition

In Chapter 4 the projects which took part in thenpetition have been analyzed in
order to show how the different groups of competitaterpreted and translated into
physical models the limitations imposed by the jadgcommission.

After having commented all the various options fi'se to discuss the winner project
of the competition and this analysis will be catren in this chapter.

The attention in fact will be drawn now to this jet, hereafter called Fish Belly
Bridge due to its distinguishing feature consistimgthe shape of the bearing
structure, and this thesis work will go into detafl all the structural and design
solutions necessary to be able to actually impleéraesimple idea initially sketched
on a sheet of paper and passed through a firsterefént by the building and
implementation of the two scale models.

In the next paragraph the whole process of desigimeo bridge, from the concept

designed and discussed among the three componktite design group until the

prizegiving of the model during the second stephefcompetition, will be described

and the evolution of the concept accurately repotbedemonstrate how the intrinsic
merits of a project proposal allows that the desigoices taken since the beginning
remain unchanged, maintaining their strength, eaéier a series of inevitable

downsizing and comparisons with reality of condinrc

The design group consisted of three people: théh@xutGeorgi Nedkov Nedev, a
Bulgarian Civil Engineering student, and Simon Jokansa Swedish Architectural
Engineering student (see Figure 5.1).

Figure 5.1  The logo used during the CompetitionHgydesign team.

For each of them this was the first experiencewitjworking in such a mixed group.

After a briefing, discussing together, it showedttfor all group members the main
themes to focus on to achieve a competitive projemte the structural simplicity

combined with a captivating shape capable to cagdllye attention of the observer.
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The initial ideas had immediately placed the emghas structural behaviour, by
essentially trying to find a simple structural dmuo that allowed to obtain an
aesthetic effect of impact.

The first idea that had begun to be developed wasrueture consisting of three
related trusses that form a triangular cross sectas shown in Figure 5.2. The
concept offered an interesting solution not to noenthat the behaviour of the whole
structure was extremely linear.

The major obstacles to the further developmenhisfitiea appeared to be first the no
little difficulty in performing the connections lveten the three beams at the edges,
and complexity of the structure seemed particulexigessive for a span of only 20 m
The high number of items would indeed have firstrapact on the cost and secondly
on the weight of the bridge (very strict limitatiafi the competition): it would far
exceed the 200 grams placed as limit.

Figure 5.2  The first idea for the bridge sketchedagpaper.

The next step was to think of an option diametlycapposite to that of the truss,
which was an extremely essential solution that b include a large number of
pieces, but unlike used a primary system as statieme.

The second proposal (see Figure 5.3) provideduatste that used a glued laminated
timber arch: simple, lightweight, cheap and effextiTo comply with the rules of the
competition of course the arch had to be made ;pgarts in order to cover the span
of the river.
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Figure 5.3  The second proposal for the timber beidg

Various options were explored with the arch plagediifferent positions and with
different conformations of the same. Most of theusons were, however, although
reliable and efficient, unfortunately very commaqs for the excessive simplicity.
One idea that seemed to be having some intringittguo be developed was that of a
deck suspended by steel cables to a single arckirvgoin compression and set at an
angle from the axis of the carriageway. But the d®ubat had arisen within the
group concerned the stability of the entire strietout of plan and in particular the
stability of the arch, since two clamps at the bdisenot seem sufficient (steel as
building material would be ideal) and the positrapiof additional elements as
bracing system made the structure too complex asathetically ungainly.

After the initial ideas and reflections on the tleewe had realized that the best way to
get a project that met the criteria was to usenimgelligent way the form of the arch,
perhaps combining more than one, in order to getrecept whose static behaviour
was clearly understandable but did not pose tooymasblems in its realization.

The inspiration for the shape of the bridge washtbfinally in a context that the
bridges had nothing to do: looking at the systemwadden beams supporting the roof
in an industrial building in St. Martino Buon AlberdItaly) has been noticed how
they performed the function similar to a bridgetas possible to see in Figure 5.4.
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Figure 5.4  The roof structure of an industrial lling in Verona realized with
lenticular glulam timber beams.

Indeed, they crossed the span between two columshda@haved as simple support
beams: ultimately the same boundary conditions thast be satisfied for the
competition. It was therefore decided to extragolie concept and adapt it to the
current situation (see Figure 5.5)
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Figure 5.5 The idea to use the lenticular beam asring structure for the
footbridge.

The roof beams were lenticular, and each of thensisted of two arches with the
same curvature connected at the edges and witltalestruts which maintained the
distance between the two halves.

The discussions were aimed now on how to use tleggeular beams in order to
realize a footbridge.

The first option was to place the deck exactlyha middle between the two arches:
this proposal, however, meant to resolve the noipk issue of supporting the
carriageway since performing a simple supportedrbesde unnecessary the use of
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lenticular beams; not to mention that the problenthe parapet had to be solved:
making the rise of the arches too low so that theght act as handrails meant
diminished them and instead making them too highamhehe introduction of
transversal elements to prevent instability ouplah that would have hampered not
just the circulation of pedestrians.

The hypothesis with the carriageway on the undersfdhe beams was rejected since
the persistence of the problem of bracing systeecessary to prevent the upper
compressed arches from buckling; also becauseeinse inappropriate to make
excessively high the lenticular beams to achievesalt not too disproportionate in
relation to the context where the footbridge hatdagut in.

The final solution was to place the deck on togheflenticular beams. In this way the
static behaviour of the whole structure was cleddfined and structural clarity goes
perfectly with the formal linearity and efficiencyithout accessories nor redundant
elements (see Figure 5.6).
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Figure 5.6  The concepts that the Fish Belly Bridgeies with it.

The static behaviour of the model is clear (Figu®: the upper arch of the lenticular
beam, that is directly loaded by the weight of tieek and of the crowd transiting,

works in compression, so do the struts that trartefe stresses to the lower arch that
IS so tense.
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Figure 5.7  Structural behaviour of the scale moafethe bridge: the red elements
are working in tension and the blue ones in compoess

Practically the lenticular beam behaves exactlg bk arch with a tie rod, where the
role of the rod is played in this case by the loash that absorbs horizontal thrusts
provided by the upper loaded arch.

Determined the shape and the structural conformaifothe concept the group has
passed to the operational phase that was the ootistr of the physical scale model.
The immediate problem obviously concerned the imgletation of two curved
beams and how to perform the connection betwean.the

As a first hypothesis it has been thought to btild arch through the model of
isostatic three hinges arch: the intention wasotanect the two parts of each arch in
the middle with a nail and do the same at the edfjee two halves in order to get an
isostatic ring and to make it stiff enough by inisgy vertical struts. Unfortunately, the
correctness of theoretical assumptions clashed thighharsh reality of the facts as
nails provided freedom of rotate to the joints lurfortunately they could not
guarantee a perfect solidarity between the parttes:tail end of the nail in fact,
despite having been bent, not locked up enoughwb@verlapping edges. Ultimately
the resulting structure was not stiff at all andaes not keep its shape.

It was decided at this point to operate differenityorder to realize the upper arch
two wooden pieces with a cross section of 5x10 i largest ones) were used, they
were glued on the edges, with one another, to mltgerfect material continuity, and
to make the union stiffer other two pieces of wegete glued at the sides. The joint
thus created gave the possibility of having a uaigiece 140 cm long that could be
bent as needed. The same was done for the lower arc

Subsequently, the central vertical element wascghetween the two halves to have a
reference for the distance.

Once the glue has dried it has proceeded in bertdmdwo pieces at the edges thus
creating a sort of pre-bending process that estaddi prior stresses in the bars.

To maintain the correct curvature of the two ardesends were glued and secured
with clamps and even more connected with wireserAdluing the two halves of each
arch other struts with height decreasing from aetdeends were included to create
the desired slope.

The struts were seven for each beam, the onesdpteze the points of application of
the loads had the biggest cross-section, whilethéirs had the smallest (5x5 mm). To
make sure that under the action of the loads & milements would not slip away due
to excessive compression, small wooden wedges gleetl near the ends of the
elements.
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Once the two beams were constructed, they wereectenh together with horizontal

elements simply glued (with a cross section 5x5 mplagped near the ends of the
struts, thus creating a box section with varialeeshsions depending on the position,
and two others near the edges the connection betthedwo halves of the beam. The
upper transversals had notched edges in orderrtorpea better connection with the

beams.

To stiffen the whole structure a bracing systemseimg of wires stretched between
the beams and also among the transversals waly fimplemented.

The weight of the finished model (see Figure 5.85\®01 grams.

Figure 5.8  The completed model just before the teat

During the load test the model supported a loatafe than 27 kg and showed, along
with another, to be the strongest. The failure oexlidue to excessive deflection of
the edge of one compressed arch (Figure 5.9). ¢h tfee distance between the
connection of the two arches and the nearest wtigttoo great and due to the high
compression stresses induced in the upper archebebypplied loads above the
auction buckled too much and the whole structutiagsed.

Figure 5.9  The particular of the excessive deftectof one of the compressed
chords of the lenticular beams .
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It must be said that the phenomenon of bucklingbdess compounded also by a state
of internal pre-existing stress due to the proa#ssre-bending implemented during
the construction of the model.

After observing the excellent performance of thedeiqwhich few would have bet
on), despite a design objectively a bit empiricatl a fragile appearance, for the
second stage of the competition it was decidect@ldp it further, trying to optimize
the use of material and especially the arrangemkstructural elements in order to
try to fix the deficiencies identified during theald test.

To build the second model, the means and the tgoasiadopted were roughly the
same used in the first. Inferring from the obseoratf failure modes it was clear that
the major problems for lenticular beams were relatebuckling (a phenomenon that
occurs only for elements subjected to compressiod)to the design of the details of
the upper arch, it was decided to reduce the csestion of the lower arch as
absolutely immune from such problems, and succegeidirthis way in reducing the
weight significantly.

The number of struts was increased bringing themfseven to nine (one every 10
cm) and thus reducing the free length of inflectibat proved the weakness point of
the previous model. The sections of the struts whkesm varied according to the
position: 5x7.5 mm for the three central ones ar8 Bm for all the others. In
addition, wedges for each have been added in advangrevent them from slipping
(though observing the behaviour of the model uhata conditions no such problems
associated with struts had experienced).

Regarding the bracing system made with wires itheen implemented, performing
saltires in the upper part and among all crossmsext

The weight of the second finished model was 1881graChanging the cross section
of the lower arches produced thus a significantgiteireduction (12 grams
approximately).

At the second stage of the competition another teatitook place but this time the
load of 27 kg was applied all at once: the behavwduhe model showed a significant
general improvement over the previous one but rgitiained clearly visible (Figure
5.10), even if substantially reduced, the inflectiof the compressed part of the
lenticular beams next to the supports, despiteptkeautions taken; also because of
the way of realization of the connection through-pending that previously stressed
the bars.
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Figure 5.10 The second model during the load téstis possible to see the
deflection of the beams near the support on thetrig

5.2 Materials composing the bridge

Until a few years ago the exploitation of forestaerces has not been particularly
encoded and forest product producing countriesgaleith forest product industries
have made extensive use of old growth timber, #st boncerning the fiber quality,
in order to obtain large quantities of solid savmbeer.

The current trend indicates a growing world popatatwhich is associated with a
disproportionate increase in demand for structwi@d products. Despite attempts to
regulate global use and sustainable managemerdrestfresources, the difference
between demand and availability of raw materialatiooies to be unprofitable:
existing resources are insufficient to satisfyieeds.

Not to mention the realization by the society tiradlly understood the importance of
forests globally as part of an ecosystem criticathie natural balance of the planet.
Forests in fact as well as being a natural resef\@arbon dioxide, produce oxygen,
provide food for many animals and greatly influegtebal climate change.

It is a well known fact that the old growth timhkerthe best for structural use, having
regard to the optimal shape of the fibers but &@l$® true, as already pointed out, that
its availability is extremely limited. Thus the gniay of using the forest resources in
a sustainable way is to improve the use of wooctr§ip avoiding waste and
maximizing usage of wood in all its aspects throupke development of new
technologies. From this perspective it becomes rapbto make the most of lower
quality woods, the exploitation of wood specieshéiito neglected and the use of
scraps (Thelandersson, 2003).

Technological innovation plays a key role in depalg new products that be able to
ensure a sustainable use of the resources at epoddil: research conducted in
industry in recent years has led to the introductbthe so-called Engineered Wood
Products (EWP), which can be used as a buildingemadtinstead of solid wood.
They are mostly made from waste of wood procesamythus they optimize the use
of the material: wood in fact is reduced into pecé smaller size (as needed) and
then reassembled with the aid of adhesives (Thelasdn, 2003).
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The EWPs consist of veneers, strands, flakes okpléhat are suitably arranged and
assembled as needed and then bonded with struettinasives, and using pressure
and heat, to obtain panels or structural elemdritseadesired shape.

An important advantage of these artificial struatumaterials, beside a more rational
exploitation of natural resources, that is, prdgisele to the production process, their
behaviour is predictable in a much more accuratg than can be done for solid
wood. Moreover, a large number of macroscopic defesuch as knots or other
defects that may cause a reduction of strengthelarenated or dispersed within the
new material: in this way it gives a more uniformdareliable material where
uniformity leads to a more efficient utilization tbfe fiber resources.

It is now a fact that, through experimentation aesearch, the structural composite
lumber products have achieved high levels of rditgband they are beginning to
replace concrete and steel in many applications ianthe next future, with the
reduced availability of solid sawn timber due teiesnmental limitations, EWPs will
become increasingly crucial and important as bogdmaterial (Thelandersson,
2003).

5.2.1 Glued laminated timber beams

The term glued laminated timber, abbreviated glulameans a structural timber
product composed of overlapping wooden planks, llys@8 mm or 40 thick (in
Sweden usually 45 mm), which are glued togethargatbeir cross sections ("heads")
by means of adhesive to form a section that behsiveitarly to an element of solid
wood. The fibers are also oriented in the samectiime. Softwoods are usually used
because it easier to work and direction of thergisasufficiently straight.

Glulam technology makes it possible to manufacstinectural elements with variable
sections and allows therefore an optimization efrdaw material and more flexibility
during the design phase, depending on project resdisituations.

As already anticipated, a remarkable advantage lwbg is being an artificial
material, and it is hence possible to make on miaae accurate control of reliable
performance. While in a solid wood beam knots atiterodefects, which have a
decisive influence on the strength and behaviowgenvice of the element cannot be
removed or even detected if they’re within the sresction, during the manufacturing
process of glulam instead it is just sufficientrémnove the weaker parts or, at worst,
to discard the entire plank: in this way the inflae of single potential failure areas is
reduced (Figure 5.11).

b)

Figure 5.11 Wooden beam element with defect (a) afidr a random
reconstruction (b) (Piazza, 2007).
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The length of the strips is not significant andsié@mbtained from other processes
remains may be also used, not to mention that tfadity of the strips can then be
chosen basing on the prevailing loading situatiod t the level of stress, placing
lower quality wood in the less stressed areas hadmost valuable one where it is
really needed: for example in a member workingending the higher strength class
laminations will be positioned in the outer parthis is the so called combined
glulam (Piazza, 2007).

The final result is a material that can guaranteg#teb static performance than
elements of solid timber, having a behaviour simita that of ideal wood, that is
defect-free.

Another benefit of this technology is that it coetely eliminates the uncertainties
due to moisture content of the material: it is actf much easier (and faster and
cheaper) to dry planks of small dimensions rat@nta solid wood element of
considerable size. The various lamellas, which thidéin form the glulam element, are
of similar size and it becomes then easier to cbmoisture contents and eventually
to adapt them depending on the environment in wthehstructural component will
be placed, reducing the risk of shrinkage and imdulower internal stresses.

The structural features of the finished producteshels primarily on the strength
characteristics of individual planks but also oa groper implementation of joints at
the edges and on gluing of the several overlaplaingnations. In particular the norm
EN1194:1999 provides four strength classes (Takllg ®ach one of them is then
doubled according to whether it is homogeneousagiulGL xx h) or combined (GL
XX ¢), where GL stands for glulam and the numbdicates the characteristic bending
strength (Piazza, 2007).

Table 5.1 The five strength classes for glued lateth timber according to
EN1194:1999 (Piazza, 2007).
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GL24h GL24c GL28h GL28¢ GL32h GL32¢ GL36h GL36¢

(MPa)
Jrgk 24 28 32 36
Sroek 16,5 14,0 19,5 16,5 22,5 19,5 26 22,5

" fioogk 0,40 0,35 0,45 0,40 0,50 0,45 0,60 0,50
Fvar 24,0 21,0 26,5 24,0 29,0 26,5 31,0 29,0
Jesogk 2,7 24 3,0 2,7 3,3 3,0 3,6 3.3
Lo 9 2.2 32 2,7 3,8 3.2 43 3.8
(GPa)

E gmean 11,6 11,6 12,6 12,6 13,7 18,7 14,7 14,7

Eogos 9,4 9,4 102 102 11,1 11,1 11,9 119

Esogmen 0,39 0,32 0,42 0,39 0,46 0,42 0,49 0,46

Gemean 0,72 0,59 0,78 0,72 0,85 0,78 0,91 0,85

(kg/mS)

Pek 380 350 410 380 430 410 450 430

The production process, as shown in Figure 5.18inkewith the preparation of the
planks in order to obtain the dimensional stabgity a perfect bonding: laminations
are artificially dried in a kiln and then stored &ome time in air-conditioned rooms
to prevent from having further dimensional chandps to moisture variations.

Manufacture of Lamstock receiving
glulam and storage

(dry laminating)

Grading and
stiffness testing

Trimming preparation
for finger joining

Finger joining
profiler

Final assembly,
clamping and curing

Trimming, sanding
and finishing

Figure 5.12 Manufacturing process of glued-laminiatember (Thelandersson,
2003).
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After a planing on all four sides a selection oé thtrips is carried on to remove
defects and deformities. After the completion o$ phase, planks consist of pieces of
equal width and thickness but with different lerggtiue to the elimination of
defective areas.

The planks to be joined with one another need tawbeked at the edges with a
profiler that produces the so called "finger joi{flgure 5.13), which is then coated
with a layer of adhesive.

Figure 5.13 The finger joint: | = finger length,#ppitch, k = tip width, k = tip gap
(Blass, 1995).

The tightening is done immediately to prevent ay tthe glue and inactive the curing
process: during the process of gluing the adheffives across the contact surfaces
and forms a continuous film.

The adhesives used to manufacture glulam elemeatsfdhe MUF kind (melamine-
urea formaldehyde) and have the advantage of ngeati'clear glueline”; they must
fill the gaps between the edges of the elementsrarsd perform a connection that not
only guarantees the solidarity between the partsthey have also to reproduce the
cohesive strength existing in the wood before ogt(Blass, 1995). These glues are
not attackable by insects, have a good resistaméedt and direct exposure to fire
and do not emit dangerous vapors.

The continuous sections, after being cut into lamams of the desired length, are
planed again to achieve a smooth surface for sules¢dponding and matching.

The stack of laminations intended to form the eleinie first formed in dry condition
and then on one side of each lamination a laygiu# is spread; afterwards the final
assembly takes place within clamps in order to detaeghe gluing (Figure 5.14).

Figure 5.14 Clamping device for the realization déneents in glulam timber
(Piazza, 2007).
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In order to manufacture curved or non-straight elets a curving of the laminations
and the adaption of clamping devices are required.

The operation of planing surfaces serves to rentbgeadhesive spilled out during
pressing, to correct the deficiencies and givattdras their final appearance.

5.2.2 LVL KertoQ

To perform the deck of the bridge a LVL (Laminaieneer Lumber) two panels of
Kertod® 63 mm thick have been used.

The idea underlying LVL concept is to increase strength (especially the tensile
one) of wood reassembling the sawn timber into a ragtificial and more
homogenous material.

This material is a product similar to plywood buthathe difference that most veneers
are parallel: it is a layered composite of wood ees and adhesive. Kerto is
produced in two variants, D and Q: in the firstecéed with the grain of the layers
running exclusively parallel in the longitudinalretition of the panel while in the
second some of the panels (20%) are also laid -g@ss. In the case of KertoQ the
presence of panels arranged in both directionsigesva behaviour similar to a slab,
with a good stiffness also in the weak directioal{lg 5.2).

Table 5.2 Disposition and number of veneers for diféerent thicknesses of
KertoQ panels (© Finnforest Corporation —Kerto broceur

Kerto-0: ¥eneer structure

27
33
349
45
31
a7
B3
k! 23

B Y |

Lo =T [ N L R ]
L R IR =N e R s T e S W

7 =venear running longitudinally to main panel direction |
3 = VBRBEF FUNNING crosswise to main panel direction -

The wood species used are mainly pine and spruce.

These panels are made from continuous wooden sta#tned using techniques
similar to those used to produce plywood) 3,2 mioktiiwhich become 3 mm thick

after compression). The plies are dried and gluetl stacked after a selection. The
pressing phase follows (Figure 5.15).
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T Sawing 3 Clipning & Gluing 7 Hot fress 7 Rip-sawing
2 Rotary Pesling 4 Dring & Layup 8 Crassculting 10 Despatching

Figure 5.15 Manufacturing process for KertoQ pan@srinnforest Corporation —
Kerto brochure).

The product obtained is a panel that has the samavipur of solid wood and glulam
concerning the rheological phenomena and the depeedof the mechanical
properties on the service class and duration d.ldtais also easy to see in Figure
5.16 how the elastic modulugdeanis comparable to that of C24 solid wood and to
that of GL32 glulam but regarding the strength galthey are much higher (about
twice the C24 ones).
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Figure 5.16 Comparison of the characteristic valeésawn timber (C24), glulam
timber (GL32) and LVL (Blass, 1995).

Observing then the data in Table 5.3 provided leyrttanufacturer (Finnforest) it's
possible to see how the dimensional changes (ekpeaishrinkage) due to moisture
variations are in the order of 0.01%.

Table 5.3 Physical properties and moisture exparsghrinkage of KertoQ (©
Finnforest Corporation —Kerto brochure).
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Physical properties

Moisture cantent {when leaving the mill) 10 %
Dimensional variation coefficient *
Thickness 0.0024
Width 0.0003
Length 0.0001
Density (kg/m?) 510
Fire resistance, charring rate {mm/min.) 0,70
Reaction to fire D-s1, d0

Ultimately this type of material guarantees higiesgth and dimensional stability.
Use of KertoQ is preferable in service classes d 2arbut it can also be used in
service class 3 since the adhesives are watetamtssnd also, after autoclaving, it
can be impregnated and then placed in direct comdh the weather or in moist
conditions.

5.3 Description of the static behaviour of Fish Belly
Bridge

In Chapter 4, the undertaking methods of the Competin which the Fish Belly
Bridge attended have been described: to better feamdainderstand the situation and
the dynamics in which the design strategies haven bearried out during the
Competition also five models of other project papanits have been analyzed in both
their proposals (for the first and second phaséhefCompetition). In particular in
Paragraph 5.1 the design process and choices rydthe lblesign team since the first
sketch through the creation of two scale modelthéochoice of final solution have
been described throughout.

In this section then the Fish Belly Bridge will beatyzed in its final form and in its
translation into practice of all choices made dyitime earlier stages

The Fish Belly Bridge is an extremely simple and efie footbridge consisting of
two lenticular glulam beams assembled with two 8@rpanels that act as deck and
as bracing system at the same time.

The actual length of the bridge is 22 m and thewaf the carriageway is 2,5 m (that
is the maximum available width for KertoQ panels).
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Figure 5.18 Plan of the bridge: the dotted lineg &he beams and the studs below
the deck.

Based on the limitations imposed by the Competitisles the static system of the
entire bridge acts as a simple supported beanchtezal with a hinge and a roller pin
that allows the structure to have some horizortgldcements.

The main feature of the footbridge are undoubtdlly two lenticular beams (see
Figure 5.19): they consist of two curved chordse(apper and one lower) spaced
apart by glulam studs placed at a constant distahtg5 m. In fact, the upper chords
are in turn composed of two parallel elements, ittross section of 115x450 mm,
and spaced at a distance of 215 mm. The fact hleatipper chord is divided in two
meets two requirements: the first was to be ablsirplify the connection with the
lower chord (which has a cross section of 215x4%50) mnd the second was to make
more effective and simpler the connection with tkeical studs, making them "pass
through" the upper chord.
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The connection between the three elements of eaditllar beam (see Paragraph
5.4.1), in contrast to what had been assumed dtimgonstruction phase of models,
where the halves were connected along their basacss, is performed as follows:
on the edges of the beams, on the outer sideg ddbtver chord and on the inner sides
of the two parts composing the upper one, steééplaailed and drilled in the center
are placed (see Figure 5.21). Through the holeveedwith a diameter of 60 mm,
which is in contact only with the steel platespa@ssing (as the hole in the glulam
elements is much wider than the diameter of theallatself). Since the dowel is 65
cm long, its edges are projecting compared to tbéle of the lenticular beam: so it
becomes both fastener and support for the entietate.

Figure 5.21 Detail of the two different kind of sops with the hinge on the left
and the roller pin on the right.

The edges are in fact housed in special steel stgpfiwed on the river banks: they
are four (one for each dowel) and two of them ailgw rotation while the other two
also give the possibility to the dowel to have aizamtal displacement being the slot
wider than the diameter of the dowel itself.

With regard to the studs they have a cross secia?il5x140 mm so they can be
placed directly upon the lower chord with the entwidth without any further
processing: in fact the connection is performeduh the use of two screws set at an
angle of 45 degrees (see Paragraph 5.4 concetmengphstruction details).

The deck consists of two KertoQ panels, 63 mm thitked together and connected
to the lenticular beams by screws at the bottorprevent water from accidentally
penetrating the elements: KertoQ, given its conioysi which provides good
resistance also in the weak direction (see Parbdsdh?2), has a behavior similar to a
slab and then it works as a stabilizing elementiristability out of plan and acts as
carriageway at the same time reducing in this wayghts and costs and greatly
simplifying connections thus making the whole psxef assembly and erection
easier.

In order to maintain a slope of the carriagewayresponding to 1:20, one had to
operate as follows: since the top surface of thédelar beams is curved, it was not
possible to meet the requirements for public faedi then it has been decided that the
KertoQ panels maintain the correct slope, sepayakiam from the beams in the final
parts towards the abutments. To support the raadgds studs were added to the ends
of the lenticular beams close to the connectioween the two chords and to prevent
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the studs from going to press too much locally dkertwo panels two beams on each
side (with cross section 215x140 mm) have beendddiich then enter the free
space between the two components of the upper chord

Above deck there is a layer of asphalt 80 mm thwtkch protects the timber bridge
deck from traffic abrasion and moisture and atgémne time provides a smooth and
resistant walking surface.

At the bottom of the lenticular beams, in corresjente with the vertical studs,
transverse beams are placed with a cross sectidd®f140 mm, acting as bracing
elements.

Moreover, at the studs are then placed uprightp@ting the parapet. each vertical
unit is connected both to the upper chord by a padising through and to the bottom
part of KertoQ panels by another bolt welded tdadepand then nailed to the deck.
Steel cables were also added in the two fields oy the three central vertical
studs to reduce deformation of the structure ie cdsasymmetrical loads.

Through the program SAP 2000 an analysis of thecstehavior of the structure

under the action of variously distributed loads besn carried on.

In the case of evenly distributed load over thereméngth of the bridge (for example
the situation where the whole crowd is presenth@wthole bridge) it is immediate to
understand how the structure is extremely efficid@ius, regarding the axial forces,
the behavior of the bridge is very simple (Figur22a): the upper chord works in
compression while the lower one works in tensiod &r both the halves of the

lenticular beam stresses are constant along thee dehgth of the elements and
practically have equal values. The studs work impge compression (being modeled
like bars hinged at the ends) and the stressé&m are really small.

In practice the lens beam behaves like an arch avitie-rod: the lower half of the

beam act as tie-rod and the vertical studs arelgiognnecting factors between the
two main parts that serve to guarantee the straictuomtinuity but that actually are

not stressed excessively (the compression strestes the vertical bars are about 20
KN).

The diagrams of bending moment and shear are sholigures 5.22b-c.

Even the deformed shape of the structure (Figu28dj, as expected, is symmetric
and regular, and does not create any particuldriqm
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Figure 5.22 Axial forces diagram (a), bending mobgiagram (b), shear (c) and
deformed shape of the bridge(d) in case of unifprdi$tributed load
on the whole span .

In the case of distributed loads, respectivelyadmalf and on a quarter of the length
of the bridge (to simulate crowd in movement) thehdwiour is still good (see
Appendix in order to check all the diagrams foemtl actions). Axial forces, which
are of course higher towards the loaded side (walbes equal to one half and one
quarter of those obtained with the bridge fullyded, despite the same load values)
are always mirrored in the sense that the strassttge lower and upper chords are
equal and opposite. The studs work always in cosgwma and where the load is not
present are even unloaded.

The steel cables work in tension and help to rediieedeformation of the structure,
as it is possible to see in Figure 5.23a-d.
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Figure 5.23 Deformed shape of the bridge loaded/ @m a half without (a) and
with steel cables; deformed shape of the bridge ddadn a quarter
without (c) and with steel cables (d).

In the final analysis conducted in this Paragrdp following conclusions may be
drawn:

» The footbridge has a very good behaviour undeatti®n of distributed loads
(these are the typical loads that such bridgeswgcted to);

» The fact that the axial forces in the elementscarestant leads to a simplified
design of the elements themselves in the sense thigatcross sections
necessary to support such actions need not to d&oggeld and then the beams
have constant dimensions;

» The instability phenomena related to the compressmnents are resolved on
the basis of constructive choices. The upper ciofdct, being compressed,
would present problems of instability both in thertical plan and in the
horizontal plan: in the horizontal direction Kert@@nels shall provide a bond
stiff enough to prevent the structure from bucklimggarding the vertical
direction, an increase in the external loads cpoeds to an increase in the
stress state within the lower chord, which, tendimgise with respect to its
longitudinal axis, produces a thrust upwards thihotlge studs which stabilizes
the upper chord, which tends instead to drop arsth pown.

= Given the structural simplicity and regularity aternal actions (in some cases
quite negligible), even the realization of the cections between the different
elements composing the structure is very simplé&erthe joints required to
perform truss beams, often considerably more coxipkead, due also to the
inclination of the forces at play.

5.4  Structural details

In the previous Paragraph the structure of thegleriddas described as it actually is
and its behaviour under the action of external $o&dl structural components of the
work have been described and identified to undedstaow the initial idea was

translated into reality on the basis of materiadd gechnological solutions currently
adopted in the field of timber constructions.
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In any timber structure it is essential to desigretully the connections and systems
linking the various parts in general due to theipalar physical properties (decrease
in resistance over time, different strengths depenen the direction of the load

compared to the grain, etc ...) not to mention thahould be also paid particular
attention to those components that work in tensioore complicated to realize than
the one working in compression.

In this Paragraph it will be described as the tethave been performed, or the
connections between the main structural comporieatanake up the footbridge and,
in particular, those concerning: upper and lowerdtof the lenticular beams, parapet
and upper chords, upper deck and chords, vertiadssand upper chord and finally
vertical studs and lower chord.

5.4.1 Connection between the two chords of the lenticuldbeams

As already pointed out the main feature of FishyBBHidge is the conformation of its
structure: the two lenticular beams are composetvofcurved and specular chords
that join in the extremities.

The connection between the two parallel elemerasrtiake up the upper chords and
the single element which is the lower chord appgaite complex: in fact in the node
where the three beams must be connected (whickspwnds to the geometric point
of intersection of the longitudinal axes of theneémts) both tensile and compressive
stress parallel to the grain are present at the $ane with values that are around 200
KN.

In order to effectively absorb the stresses it basn decided to use a dowel that
passes through the three structural componentsrform a real hinge that eliminates
bending moments at the ends of the structure dodiap thus to have actions on the
supports oriented only in the vertical and horiabrdirection (even though in the
loading cases studied horizontal forces at the @ip@are not present) and being then
able to recreate the model of a simple supportadbe

The dowel is made of strength class S355 steeh (ahtaracteristic strength of 510
MPa) has a diameter of 60 mm and a length of 650bmithere is a strong risk that
the repeated horizontal stresses to which therfaste subjected during the service
life finally lead to embedment in timber elementshvihe consequent getting oval of
the housing hole. To avoid this phenomenon it hasefore decided not to put the
dowel in direct contact with glulam beams but ratteeensure that the stresses are
transferred from timber elements to a steel plédeqa in the middle and then to the
dowel so as to achieve basically a steel to steehection, definitely much more
resistant.

The system adopted is as follows: the lower anceuppords are drilled holes with a
diameter of 80 mm in order to avoid contact witk tastener. On both sides of the
final extremity of lower chord (which has a croget®n of 215x450 mm) and only
on the inner sides of both halves of the upperdlawe nailed square steel plates 5
mm thick of side 41 mm and with a central hole wihias a diameter of 62 mm (or a
tolerance of 1 mm around dowel). To make the pladee resistant and to increase its
shear resistance near the hole is welded a secuadesplate of side 15 mm and 10
mm thick.

The total cross section of each lenticular bearsecho the connection is 445x450
mm: to ensure that the dimensions of the sectioname unchanged despite the
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presence of the four steel plates, from both sidéke lower chord and from the two
inner sides of the elements above 15 mm of timaseheen taken away (Figure
5.24).
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Figure 5.24  Detalil of the connection between thediards: one can see the dowel
passing through the three elements, the interndédasteel plates and
the steel support.

The plates are connected to the glulam beams vahahker nails 4.0 x60 mm for

each plate. Furthermore, on each side of the ptatds are added two screws with a
diameter of 12 mm and 400 mm long to increase i@arsstrength of wood and to

avoid the creation of cracks in the direction patab the grain (see Figure 5.25).

Figure 5.25 Detail of one side of a chord: it issgble to see the steel plate with
the 200 nails and the screws each side to reinftneeshear strength
of the glulam timber.

This kind of solution has two main advantagestfokall, as mentioned above, it
establishes a steel to steel connection, certamoiye durable and stable than a steel to
timber one in relation to weather and moisture d@mnts, and secondly it has
unquestionable aesthetic advantages since metaépts are hidden and an observer
sees only the timber chords from the outside.
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Not to forget also the question related to the lkilitg of the connection (see also
Paragraph 5.5): all the nails are placed on thdensf the beams and are therefore not
directly exposed to the weather, and moreover,henoutside, since the hole in the
wood is wider than the diameter of the dowel it agm a gap of about 1 cm each side
that allows air to circulate and consequently tteger;, which might possibly be able
to penetrate into the wood, to evaporate.

Being the dowel 650 mm long it is to have edgesrpditg outside the contour of the
timber elements of about 100 mm on each side.itnway it is possible to perform
the connection with supporting elements in a vanpge and effective manner.

The idea behind the design detail of the attacktlm ground is to create two
constraints that reproduce the conditions necedsary simple supported beam: two
different types of support have been thereforei@rout acting as a hinge and as a
roller respectively.

The hinge consists of a steel plate 20 mm thick 3@0x750 mm in size which
welded to two vertical uprights 15 mm thick thavéahe top shaped in such a way so
that it is possible to insert the dowel completghe size of the housing in fact is 62
mm): thus the edges of the lenticular beam areeplagside the room created by the
two uprights, as shown in Figure 5.26.
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Figure 5.25 Different views of the hinged support.
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To prevent a possible lifting of the dowel (andstgosequent exit from the support)
on the external side of each upright two steel il@®fhave been welded with a
thickness of 15 mm closing the housing preventhegdgby upwards movements. To
stiffen the uprights in the transversal directionrfsteel plates 10 mm thick more are
present both on the outside and on the inside.

Slightly different are the supports that act aslker pin (Figure 5.26): in fact in this
case the width of the carving in the steel elenfemiuch greater than the dowel (10
cm) to leave free the connection to translate bat&ly. Also here there are
obviously the lateral stiffeners and the upperules.
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Figure 5.26 Different views of the roller pin suppor

The steel supports are then four, two "hinges" re¢ edge of the bridge and two
“roller pins" at the other edge; they are fixedhe concrete abutments by threaded
rods, tightened then by hexagonal nuts.

5.4.2 Connection between parapet and lenticular beams

The second detail that deserves to be describéiak isonnection performed between
the parapet and the upper chord of the lenticidants.

The railing is composed of wooden uprights withrass section of 90x180 mm, on
top of which a handrail is placed; in the free sp#tat exists between a vertical
element and the other a fence is placed that ptevesople (particularly children)
from falling outside.

The height of the railing over the walkway is 1@0and uprights that form it are
placed at a constant distance of 1,65 m, excefda#it@nes at the edges of the bridge
near the abutments that have a spacing of 1,55caubke of the shape of the structure.
In practice, they are placed at the position of vieetical studs of the lenticular
beams, slightly off the axis center of gravity foot overlapping the connections
between the studs themselves and the upper choing &nticular beams.

The length of the uprights is variable dependingtan position they occupy: as the
profile of the beams is curved and also being thekdspaced from the beams
themselves at the ends of the bridge, the elenartéong at least 1.85 m (near the
middle ) and a maximum of 2 m (the outer ones).

The connection of the upright with the bearing dite is very simple and the points
where it is attached are two: one towards the |leemerand the other just above where
there is contact the with the two KertoQ panelsniog the deck, as shown in Figure
5.27.
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Figure 5.27 Detail of the connection between thdingiupright and the upper
chord of the lenticular beam.

Since the deck is projecting 25 cm over the undwgglienticular beams to connect the
upright with the upper chord is necessary to usé1af steel threaded rod 900 mm
long and with a diameter of 20 mm that passes samebusly through the upright
itself and the two parallel glulam elements: nebhe touter surfaces of both
components some hexagonal nuts are placed to ethsuirine connection is as solidal
as possible and to ensure the tensile strengthase of horizontal loads (1 KN
usually) applied the handrail. Between each nuttanber steel washers should be
added in order to spread better the stresses tié@dnpreventing thus the nut from
penetrating into the timber.

The connection with the deck is rather differentthis case, being direct the contact
between the vertical element and the KertoQ patietésthreaded rod with the same
diameter as the previous one and passing throughuphight, in the inner part is
welded to a drilled steel plate 5 mm thick whictthen nailed to the bottom of the
deck. A single nut in this case is placed on thside of the vertical support.

To underline how the uprights, on the outer sideenghthe holes for passage of
threaded rods are drilled, have a recess previeata/éather directly affects the nuts
and stainless steel elements, and also their lemelis inclined to prevent water from
going up back.

The connection between the handrail and the ugrighperformed through L-shaped
steel plates 5 mm thick (two on each vertical) @thon the bottom of the handrall
and then nailed (see Figure 5.28).
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Figure 5.28 Two different views of the connectionveen the handrail and the
upright.

5.4.3 Connection between deck and lenticular beams

The connection between the lenticular beams anddéo& of the footbridge takes
place at the top of the beams themselves.

Since the presence of the studs at regular inteivathe middle of the two parallel
beams that form the upper chord, the connectioh Wit two overlying KertoQ
panels has been made obligatorily on the lateréhses of the beams.

To realize the connection has been made use df tsmlber strips with a cross section
of 45x70 mm: they form an “auxiliary” system limgj the different elements as
shown in Figure 5.29.
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Figure 5.29 Connection between the KertoQ panel dadkilae upper chord of the
lenticular beams.

Within these intermediate elements are put two setcrews with a spacing of 30
cm: the first set consists of screws with a diamete5 mm and 120 mm long

arranged horizontally in order to connect the swith the two halves of the upper
chord, while the second set consists of screws thighsame diameter but 200 mm
long placed vertically and connecting the stripthwvtine bottom of the double KertoQ
panel.
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The resulting union is protected (as fully coveregl)ick, easy to implement and

effective.

On the upper side of the deck a welded bitumenisregbplied and on it is then spread
a layer of asphalt 80 mm thick which creates a $mamd homogeneous walking

surface and that behaves as a protective elemeleftoQ panels.

On the lateral extremities of the carriageway abateel plates with a thickness of 0,6
mm are placed, they are used to protect the laserdédces of the KertoQ panels and
the top part of lenticular beams; between the @até LVL, however, a rubber mat 5

mm thick and 250 mm wide is interposed to avoi@dircontact between metal and
timber. To fix the mat and the plate two boardewaed on top of them are use. They
are in solid timber with a cross section of 80xI®@h and they are a kind of

protection for the feet while acting as formwork éasting the layer of asphalt.

5.4.4 Connection between vertical stud and upper chord

The connection between the vertical studs and dlkld upper chord is performed in
an extremely simple way considering the very sroathpressive stresses to which
these items are submitted (about 20 KN).

When modeling with SAP2000 bonds at the ends ofsthds were summarized as
hinges so as to obtain only stresses due to aied$.

To achieve the union are enough only three boltk diameter of 16 mm and length
of 500 mm passing through the two parallel glulagarhs forming the upper chord
and the stud inserted in the middle. At the edddglebolts there are hexagonal nuts
with washers (for the same reasons explained iagfPaph 5.4.2) as shown in Figure
5.30.

E
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Figure 5.30 Connection between the vertical stud Hral double element upper
chord.
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Again the connection is protected from direct wadetion as it is covered by the
overhanging deck to which the coated steel plaselded, increasing in this way the
"shadow" area.

5.4.5 Connection between vertical stud and lower chord

The connection between vertical stud and the glidaam that forms the lower chord
of lenticular beam is perhaps even simpler tharotteeimplemented in the upper part.
The stud is standing upon the glulam beams andnaoext it, given the low stresses,
it enough to use two screws with a diameter of 8 amd 220 mm long set with an
inclination of 45 degrees (see Figure 5.31).

Figure 5.31 Connection between the vertical stud #red lower chord with two
screws set with an inclination of 45°.

In the space between one stud and one other pdaceated steel plate 0,6 mm thick
covering the whole width of the beam and a rubbat lamm thick are placed to
avoid stagnation of water on timber.

Again the connection is simple, cheap and proteatethe screws are fully inserted
into the timber and it is enough to close the emeahole with a stopper to ensure full
protection to metal fasteners.

5.5 Maintenance and durability of the bridge

Each element that is part of a structure is cotigtarposed to the weather conditions
of the environment in which it is placed and it musthstands the actions and the
effects from arising. This is a simple principlathtemains valid irrespective of the
material used, the type of construction or functibthe element considered (bearing,
non load-bearing, etc.). Unfortunately this prihejgpparently very obvious, is often
overlooked and not only for timber construction. [Bug with wood it always

CHALMERS, Civil and Environmental Engineerinilaster’s Thesis 2010:78 101



requires a confrontation with these issues fomiieiral tendency of such material to
the natural biological degradation. For the purposkexploitation of wood for the
production of long lasting works, the biological gdedation must be therefore
prevented or delayed in any case at least as lohgng is the required service life of
the product in question.

Each component has thus a demand for durabilityg service life dictated by the
expectations of the customer and of the userseofdmstruction.

Durability is determined by many factors, someteslao the physical and biological
properties of materials used, partly due to sere@aditions and partly due to design,
maintenance and protection solutions applied tggnedeterioration of materials and
structures.

With the general definition of protection measurasans all necessary steps to
maintain, secure and ensure the durability of thklimg.

Although wood is for sure the most sensitive to teggradation of the building
materials is at the same time the one that, if @igpused, can provide significant
durability to structures over time, although itifficult to quantify.

To obtain results that are satisfactory and losgrig there must be a proper planning
and execution of the work and the designer’s tagk idesign the structure in such a
way that will satisfy not only the aesthetic, atebiural, static, functional and
economic needs, but also those related to dunal@hid to efficient and effective
maintenance of the building itself.

The consideration of the possible degradation obdvis therefore an indispensable
aspect of planning and designing of a building. Hescription of the concept of
protection of wood selected and implemented can Hezome an integral part of the
designer’'s task and lead to what may be definedhas verification of wood
protection: similarly to the verification of strucal resistance in this case it has to be
proved that the requirements concerning durabiityd assigned conditions are
fulfilled.

Unfortunately currently this stage of the projexchbt required and it is therefore rare
in practice, although for a designer that is stiinscious and aware of the
characteristics of the material he is working withis issue should not increase the
work.

The basis therefore for the durability of timbernswuction is the problem of
degradation of woody material as a result of emrimental conditions in which it is
inserted. It will then briefly discussed below &ae destruction of wood is caused by
biotic agents (insects, fungi, etc.) while cyclieaitions due to the weather cause a
serious deterioration of the material. An exceptiorthis context are the kinds of
degradation due to fire, which are of significamportance but not covered in this
Thesis.

Biotic attacks by insects and fungi (although in erodconstruction they represent a
theoretical rather than a real danger) deservetaléal.

Regarding the development of fungal spores on woo@ces, this can happen when
the suitable climatic conditions take place (foample adequate temperature and
humidity). The ideal temperature for the life preses of fungi varies between 18 and
30 °C, while below 5 °C there is no possibility @velopment of spores (Blass 1995).
From this it can be drawn that only during winteng and under conditions of very

low temperature the material is safe from a possd#gradation of wood due to

fungal attack.
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It is however more interesting to note that théical condition for the development
of these organisms on a wooden substrate is treepee of a water content in the
wood higher than 20%. This condition can only beieed with air humidity above
90% or so in the presence of stagnant liquid wateoiding these service conditions
for structural elements it is possible to limit tmeisture content in the wood below to
20%, removing thereby virtually all the risks relatto the degradation caused by
fungal attack.

Climatic conditions in which wooden elements are nmaly used are always
favorable to attacks by insects xylophages, whighlct occur over either seasoned
wood or not. In reality, the danger for timber stuses is rather remote mainly due to:
application of layers of paint on surfaces for hest and protective reasons, use of
adhesives for production of glued laminated timbad frequent use of synthetic
protective materials.

In conclusion it is possible to say that the ppatidanger of biological degradation
for wood comes from xylophages fungi, thus limititlge durability of wooden
structures in most cases. So durability is alwayargnteed if there will be no service
conditions in which the moisture content of woah @xceed the 20% value. This
statement, apparently simplistic, is really simghel correct.

The biggest problem is always the action of weadimer of water in particular.
Analyzing such an element of timber (solid or ghlad makes no difference) in
service condition and in hygroscopic equilibriunttwihe surrounding environment,
the effect of weather can be described in a simplifmanner as a cyclical and
irregular action of drying and wetting of the méaeér

The direct action of rain water on exposed surfédeads to a water absorption in the
area of the section immediately below the surfagsudlly limited to a few
millimeters in depth): the result is a high gradie moisture and, because of
swelling of the surface region, the presence @il actions that can lead to a local
collapse of the material. After the cessation efkcjpitation, in presence of direct solar
radiation, this surface area tends to return quickhygroscopic equilibrium with the
environment, releasing water to the outside. Thenpmenon of drying is accelerated
by increased thermal conductivity of wet wood amg tesults in a greater shrinkage
of the surface region compared to the inland apeas Consequently in the surfaces,
even in the presence of local collapses due to pessn, the cracks are easily
formed, even small, but permanent and irrevergPiazza, 2007).

The surface cracks are still present even whemttisture content of wood goes back
to its original condition, facilitating the pendicm of water deeper in the section
during the next rainfalls.

The cyclical degradation phenomenon just describhecefore goes on and it erodes
deeper and deeper layers of the section, aggrauated gradual and inevitable
increase of moisture in wood, since the water aitor is faster than drying. The
water content can also easily exceed the 20% hwitiin the section, helping to
create favorable conditions for the developmerifuafyi and other organisms (Blass,
1995).

This phenomenon is common to all elements of laigeensions, directly exposed to
the weather and whose cross section is so grehittdaes not allow moisture to
return below the critical humidity value of 20%etkfore, in a very dangerous way,
the material can degrade from the inside withootxshg any external symptom.

The elements of the building that make up the begastructure are generally of
considerable size, are essential for safety anctifurality of the work and are usually
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not replaceable or their eventual replacement ispdcated and expensive.
Considering the size of the section of those elesh@émicase of direct exposure to the
elements, the phenomenon of decay of the matedat the inner layers can easily
take place.

Since the failure or deterioration of these padtednine the fact that the structure
can no longer be used, they should be protectgdoaefully to ensure a service life
as long as possible, or at least commensuratetdtheeds of users.

Regarding the elements that are thin or having mdiusections, they are not
subjected to the phenomenon described above betaeiselrying process is fairly
rapid once the environmental conditions permiflie degradation in these cases is
spread more or less uniformly everywhere and viséble on the section, and in any
case starting from the outside. These are usualtystructural elements, but directly
responsible for the durability of the structure, they often act as constructive
protection elements and they thus ensure the dityadi structural bearing elements.
These elements are usually directly accessiblesanilly replaceable, and their service
life is not decisive or coincident with the servlide of the whole structure. They can
still be sealed to prevent the direct absorptiowater by wood.

It should however be underlined that, regardlesshef degree of protection or
exposure, on horizontal surfaces of each elemetgrweas no chance to flow away
and then it stagnates, favoring the absorption. Woed surface then often has
irregularities or small cracks: the secure flowwvedter so it must be ensured by
appropriate surface inclinations. Similarly thenstagnant water, constructive details
may create areas where water can remain trappedtingg a dangerous increase in
moisture that, even if it is localized, can becosamgerous. These little puddles of
water may occur in areas where there is not a gtedentact between different
wooden elements or between wooden elements and paets in the connections.

In perfect analogy with the structural verificatsothe two components of the
relationship can be identified in order to checth# verification of the durability will
be fulfilled:

Action of degradation < Resistance to degradation

To influence the durability one can therefore attbmth components, for example
reducing the actions and increasing the resistdacbiological attack. The first
objective is achieved through constructive solgi@uch as a proper design of the
structure or the addition of special items with thgk of protecting timber, while the
second is obtained with the treatments of woodheeiton the surfaces or by
impregnation.

The specific solutions adopted in the Fish Belly Beido obtain adequate durability
of the structure will be analyze below.

First of all, as a measure of passive protectidnstauctural elements (lenticular
beams, vertical studs, uprights of the parapet}rasged on surface with a protective
varnish applied in several layers. Using this dew®od becomes less attractive to
insects, the wood surface is less sensitive toadidt aesthetic qualities are also added
to the structure as a whole. It must underlined tise paints do not provide a long
lasting protection as they do not block water ergegawith the environment and do
not even prevent the formation of cracks but they an effective complementary
protection.
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This surface treatment must be renewed periodigalbyder to be able to maintain its
effectiveness.

As already said, to protect the upper parts ofi¢ghécular beams KertoQ panels are
projecting over the beams themselves, in orderduoige an active protection.

asphalt layer

welded bitumen mat

1 impregnated boards
| | rubber mat

B i i il
_coated steel plate

Figure 5.32 Devices used to protect the deck flmenateather and the water.

In addition to this two sets of coated steel pléiage been added to both edges of the
carriageway so as to facilitate the water flowingl @o direct its flux downward,
avoiding at the same time that it comes into cdantath the side faces of the LVL
and also with the upper part of the beams below.

To fix the steel plates to the deck below two sairdber boards have been used
which are then been screwed. These two overlappoagds are impregnated with
preservatives that increase their resistance tackaad abiotic attacks but they are not
structural elements, not essential for the funatigrof the structure and they can be
easily replaced if necessary.

Even the layer of asphalt 80 mm thick will prolahg durability of the work but must
be separated from wood by a welded bitumen matl@tiag mat) 5 mm thick that,
being waterproof, protects the wooden elementh@efieck from a direct contact with
weather conditions and also the curved shape ofcHineageway makes easy the
removal of water towards the abutments.

A second set of coated steel plates is placedeabih of the lower chords to facilitate
the drainage of rainwater and to avoid dangeroagnsttions also considering the
concave shape of the chords themselves. In thempitg>of the studs steel plates are
bent to cover the point of contact between the siudl the beam so that there is no
chance for the water to penetrate into the conmeciMoreover, the entry holes of the
two 45° screws are sealed up with waterproof ardtiel mastic that allows the
shrinkage and swelling but it does makes it imgmedor water to enter.

The phenomena of absorption and drying are fastehe direction parallel to the
grain than in the transversal one; for these regsmincreased risk of cracks opening
takes usually place in the heads of the beams varelparticularly vulnerable in case
of exposure to weather or other sources of moistli@ prevent a premature
degradation from beginning in these areas and $ipeeading throughout the beam
coated steel plates have been placed on all théshefathe chords that form the
lenticular beams.

It is worth underlining how in the connections beém the two halves of each
lenticular beam (Figure 5.33) all metal elementsdlsnails and plates) are placed
inside the timber elements and how on the extesitEs between timber and steel
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dowel there is a distance of 1 cm in order to alliwcirculation in case of water
ingress.

\\ B f 1
\\ 40 i \

35

22

| " |

Figure 5.33 Detail concerning the connection betwabe two halves of the
lenticular beam.

The structural elements which are more exposetianstructure are the uprights of
the parapet: even though they are superficiallgté@ with protective paint they still
present constructive devices necessary to enseiredinrability. First the lower edge
of each upright has such a shape that does nat allter flowing over it to go back
up and secondly the external surface has somengareis shown in Figure 5.34. The
nuts of the threaded rods in fact usually slow ddia water flow and prevent the
swelling of wood (creating then cracks): retreatihg metal connectors resolves this
problem.

Figure 5.34 Detail of the lower edge of the uprigtite carving prevents water
from slowing down.
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The handrail, shown in Figure 5.35, although ihat a structural element, requires
however special attention in order to be effectoreas long as possible: its top has a
double slope and near the bottom part gutters arfonmned to remove the water
quickly from wooden element. The connection witle thpright are realized in the
lower part with nailed L-shaped steel plates: #akition is more tricky but it is also
risk free of rapid degradation.

L

Figure 5.35 The handrail top has a double slopetega and the L-shaped steel
plates are put below the element to be protected.

In case of contact between timber elements andezitsimade of other materials the
easiest device to perform in order to ensure dliais physical separation: often in
fact porous materials (like concrete) can transp@tier by capillarity and passing it
then to timber. Where there is contact betweerbdans that support the deck at the
edges and the concrete abutment the solution iSalf@ving one: a waterproof
rubber mat 1,2 mm thick is spread over the con@ateclose to the point of contact
two rubber pads 20 mm thick are placed under timbdr elements. In the room
between the final part of the deck and the abutraestéel plate should be put in order

to prevent water from flowing and on it a weldetulien mat and the asphalt paving
are laid.

asphalt covering (80 mm)

i welded bitumen mat (5 mm)
steel plate (2 mm)

| === =

|\ | KertoQ panels

r—\\//glulam beam
i ///concrete abutment

| srubber mat (1,2 mm)
rubber pad (20 mm)
Figure 5.36  Detail concerning the point of conthetween the timber deck and the

concrete abutment.
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To ensure a long lasting service life it is alsoessary to provide a Maintenance Plan
(see Paragraph 7.2) with certain intervals to chteekefficiency of all parts of the
structure.

The maintenance plan for the Fish Belly Bridge carattieulated with checks that
take place annually, every five and every ten years

During the annual checks:

» Abutments and intermediate supports shall be clieokee in spring time and
once in autumn time and the vegetation shall beveoch

» Railings shall be checked and possibly repairetthely are damaged.

» Mechanical fasteners shall be checked and boltslshéightened. Tightening
should occur between September and October.

= Wearing parts at the sides and at the ends ofrttigebshall be checked. Holes
or small openings where water and/or debris caeremion, are not accepted.

During the quinquennal checks:

= Paving and waterproof layer shall be checked. Blssdamage shall
immediately be retrofitted

= Moisture content (MC) shall be measured on 15 differpoints in the
underside of the deck and its mean value of MC shballower than 18%. If
MC in one or more points is considerably larger tN€D mean there is a risk
for leakage; if the leakage has already occurteslwaterproof membrane and
the asphalt paving should be removed around theagadhpoint (within a
distance of 2 m from the damaged zone). Then tlke& dieould be dried and
the waterproof membrane and asphalt paving restored

During the decennary checks:

» Surface treatment (coating) of the elements ofbtfidge shall be checked by
professional staff, who will decide if retrofittingr simple repainting will be
applied.

= Damaged coating on steel parts shall be steel eduahd improved by means
of zinc-based coating.

Finally after 25 years the asphalt paving and vpatef membranes, bridge joints and
wearing plates shall be removed and replaced veith anes.
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5.6 Renders of the bridge

In this paragraph the Author has included some eendf the bridge to allow the
reader to better understand the whole operatiayugir a virtual simulation of what
could be the final appearance of the structuregolac its context.

Figure 5.37 View of the bridge from north-east: ¢ tright side of the Viskan
there is the City Centre.

Figure 5.38 View of the bridge from south-west: om Igft side of the Viskan there
is the City Centre.
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Figure 5.40 Detail of the connection between theldeiand the facade of the City
Centre.
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Figure 5.41 Detail of the steel supports placedtonleft side of the Viskan.

Figure 5.42 Detail of the steel supports placedtmright side of the Viskan.
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6 Verifications of the Fish Belly Bridge based on
Eurocodes

The bridge analyzed in this Thesis work has beeeadl presented in the previous
Chapter 5. The information gathered and describetie first chapters together with the
considerations formulated in Chapter 5 are usefsb aow that the design of the
verifications are going to be made. The coeffigeor the load combinations, the safety
factors for the materials, the service classes, dhetion of loads assigned in the
Eurocode 5 (Anon. 2004) and the characteristiagtreof materials assigned in UNI-EN
1194 (1993). All the components of the bridge amgpéified as isotropic materials.

This Chapter analyses in details the design obtidge based on ECS5. It is divided in 6
parts: 1) definition of the design values for tieeisgth of materials, 2) definition of the
loads acting on the bridge, 3) definition of th@adocombination, 4) calculation of the
design moment and the design shear, 5) verificationthe ULS: stress verification, 6)
verifications in the SLS: deflection and vibratieerification.

6.1 Design values for the strength of materials

For timber and wood-based materials the desigmgnein the ULS is calculated
starting from the characteristic strengtkin a simple way in order to achieve the design

strengthXg:

X, =k K (Eq. 6.1)

mod
M

whereyyis the partial factor for material properties; fflued laminated timbeyy is
equal to 1,25 while for the LVL products is 1,2g4€C5, part 1-1, point 2.4.1).

To take in account the real mechanical behavidmaber, when it is loaded by external
forces, the introduction of the modification fackppsparameter has been necessary.
This parameter depends on the “Service class’h@enhvironmental conditions where the
elements are placed) and on the “Load duratiorstlas

For the bridge studied it has assumed that thectstel is in Service class 2 (that is
characterized by a moisture content in the matedairesponding to a temperature of 20°
C and the relative humidity of the surroundingamty exceeding 85% for a few weeks a
year) and the duration of actions is the short beeause the variable actions due to
pedestrian traffic should be regarded as short taotions (Anon. b, 2004): these
assumptions lead toka,qvalue equal to 0,9.

The design values for the GL24h glulam timber usedealize all the bearing load
elements can be found in the Table 6.1:

Table 6.1 Design values of strength for GL24h gtutamber
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fo 24 MPa f.q 17,28 MPa
fiok 16,5 MPa fiog 13,07 MPa
fro0x 04 MPa fioo.a 0,29 MPa
fook 24 MPa fend 17,28 MPa
foii 2.7 MPa - 1,94 MPa
B 2,7 MPa P 1,94 MPa
S 11,6 GPa
Eoos 9,4 GPa
Eagmean 0.39 GPa
Giasn 0,72 GPa
P 380 kg/m®

And the design values for the KertoQ panels actisgdeck for the bridge the design
values are the ones shown in Table 6.2:

Table 6.2 Design values of strength for KertoQ psinel

fl 36 MPa o 27,00 MPa
fiok 16,5 MPa froq 13,61 MPa
fi o0k 6 MPa fiona 4,50 MPa
Fuoic 26 MPa P 19,50 MPa
Faiie 1,8 MPa fisn 1,35 MPa
T 1,3 MPa feg 0,98 MPa
B 10,5 GPa
Eo s 88 GPa
Eso,mean 2,4 GPa
Gmean 6 GPa
Pi 480 kg/m®

6.2 Loads acting on the bridge and loads combinations

The loads acting on the bridge are essentiallyethifee selfweight of the structural
components, the live load given by the people walk through the carriageway and
the snow.

1. Selfweight

The structure is composed primarily of two lentasuglulam timber beams with a
length of 22 m, two KertoQ panels 63 mm thick dliglhonger (23 m), an 8 cm thick
asphalt covering and then there are the woodemghigrthat support the railing and
the railing itself.
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Assuming the foregoing values of weight per uniuwee provided by EC1, Part 2-1,
point 4.2 the data shown in Table 6.3 are obtained:

Table 6.3 Weights per unit volume of the structuslments composing the

bridge
YaL2an 6 KN/m3
Yiertoq 6 KN/m®
Vasphalt 23 kl\l/l"l"l3
¥ solid timber 4 kN/m3

Multiplying these values for the cross sectionshef respective elements it is easy to
get the characteristic weight per unit length falf lof the bridge (considering an area
of influence of half carriageway 1.25 m), that is:

o= 546 m
m

2. Live load

The live load is a uniformly-distributed load tha&ipresents the people walking or
staying upon the bridge. According to EC1, partd@np5.3.2.1 the magnitude of the
uniformly distributed load is usually equal to 5 K but in case of pedestrian
bridges over 10 meters long (the Fish Belly Bridg2sm long), unless otherwise
specified, the following values must be taken:

25KN< _004+ 120 <5KN
i I, S

s

(Eq. 6.2)

where Lis the length of the span.

Then applying Equation 6.2 and dividing the resuiltay 1,25 m (width of the area of
influence) we obtain the characteristic value pat length of the crowd acting on a
half of the structure:

KN
Quc = 938——
m

3. Snow load

On the basis of EC1, Part 2-3, point 5.1 is easget® how the snow load can be
calculated as follows:

s=uC Cs, (Eq. 6.3)

where fis the shape coefficient, .C the exposure coefficient, {Ghe thermal
coefficient and jsthe characteristic value of snow on the ground.
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The s value is easily achievable by EC1Appendix A.16 whene can see that it is
equal to 2 KN/rfor Boras surroundings. The other coefficients are tressuitable
for monopitched roofs.

Finally the snow load acting on only one half of thridge is:

As stated in EC1, part 3, point 5.3.2.3 the pedastoridge should also be designed to
be able to carry the loads caused by a servicecleebsed for several services, like
maintenance, assistance for people (it could banalbulance for example), or other
kind of functions (for example a vehicle used teati the roads from the snow) but
the fact that the footbridge is going to fit insidebuilding makes the application of
this load totally useless.

The load combinations that have to be adoptedderdio carry on the verifications in
the ULS is the fundamental combination:

ZVG,J EL:’k,J e EP+VQ [Q, +ZVQ,i W, [Qy (Eq. 6.4)

i>1 i>1

But, as specified in ECO/Amendement A1 Annex A2, pdiR.2.3, the combination
rules for footbridges say that the snow loads doeé&d to be combined with the other
live loads (crowd in this case); so the load actimgthe bridge is only due to the
linear combination of selfweight and live load aldws:

Qd = Vo9 * Vol (Eq. 6.5)
where the partial factoss is equal to 1,35 and the other aqrads equal to 1,5.

The final design load acting then on only one béthe bridge is:

Ja—= 15,45@
m

6.3 Load cases

To design and to verify the structure in the UL8 kbad cases analyzed in the design
of the Fish Belly Bridge have been three:

1. Design load uniformly distributed on the whole léngf the bridge
2. Design load uniformly distributed on half lengthtbé bridge

3. Design load uniformly distributed on a quarterloé tength of the bridge.
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The FEM software SAP 2000 has been used in ordegaio the internal forces
present in the structure depending on the diffecases.

1. Load case 1

Load case 1 is shown in Figure 6.1:

Figure 6.1  Load case 1 acting on the lenticularipea

The internal actions that are produced by this l@dlition are shown in the figures
below. In Figure 6.2 it is possible to see the ladkieces diagram:

Figure 6.2  Axial forces produced in Load case 1.

As one can see the axial forces are approximatplgleand constant along the length
of the two chords that form the lenticular beamhwitaximum values of 465 KN in
the lower one (tension) and 462 KN in the upper @mmpression). The struts are
minimally compressed and the maximum value is teploto be 21 KN for those
closest to the supports. The steel cables areigaligtunstressed.

In Figure 6.3 it is shown the bending moment diagra

Figure 6.3  Bending moments produced by Load case 1.
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Also concerning the results produced by SAP 2009 éasy to see that the bending
stresses are really low and almost constant. Thenmuan value in the lower chord is
14 KNm near the center of the bridge and in theeugme the highest value is 16
KNm. Both in the lower and in the upper chord begdimoment are positive.

In Figure 6.4 it is possible to see the shear diagr

Figure 6.4  Shear stresses produced by Load case 1.

2. Load case 2

Load case 2 is shown in Figure 6.5 and it is pésddosee how only half of the span
of the bridge has been loaded, in order to simulserowd moving.

Figure 6.5  Load case 2 acting on the lenticularipea

The loads in this situation produce different axdaesses depending on where one
analyzes (Figure 6.6). The general behaviour resnamchanged with the upper chord
subjected to compression and the lower on the agnttense. The values are roughly
symmetrical with the maximum compression value I KN and maximum tension
value equal to 112 KN. The struts on the right rtbarroller pin are unstressed and
the higher compression value is in the strut nearhinge (20 KN); steel cables are
solicited with tensile stresses of around 40 KN.

Figure 6.6  Axial forces produced in Load case 2.
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The bending moment diagram can be seen in Figutel®.this situation bending
moments as well as being higher than in the previase (the maximum value is
around 37 KNm in both the chords) there are alsanghs in sign due to the
asymmetry of loads: in the areas where there s ithiersion there is the risk that
tension perpendicular to the grain takes placevanifications to combined bending
and axial compression for the upper chord and piosite for the lower chord, or
verification to combined bending and axial tensghould be done (see Paragraph
6.4).

Figure 6.7  Bending moments produced by Load case 2.

In Figure 6.8 it is shown the shear diagram relédddad case 2:

SRR iy

Figure 6.8  Shear stresses produced by Load case 2.

3. Load case 3

In Figure 6.9 it is shown the Load case 3 wherey @nuarter of the span of the
bridge is loaded by the crowd.

Figure 6.9  Load case 3 acting on the bridge.

It is possible to observe how the axial actions @ways symmetrical about the
longitudinal axis of the footbridge and how thewiolisly steadily diminish towards
the not loaded edge. In the upper beams stressesvhaues of about 115 KN (both
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compression and tension) and also in this cassttbenear the hinge is subjected to a
compressive force of 20 KN while most of othersnid even work. The steel cables
work in tension and the most stressed bear a fufrabout 26 KN.

Figure 6.10 Axial forces produced in Load case 3.

Concerning the bending moment diagram (Figure 6thhéje is nothing special to
emphasize except that the maximum values for tessts are approximately equal to
those obtained with the Load case 2. The other tiakihe bridge is really little
stressed.

Figure 6.11 Bending moments produced by Load case 3

In Figure 6.12 the shear diagram is shown:

Figure 6.12 Shear stresses produced by Load case 3.

6.4 Stress verifications in the ULS

In this Paragraph verifications in the ULS will barried out for the main structural
elements, which are the upper and lower chord aedstruts, to see if the cross
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sections and the dimensions taken are enough treetise structural safety of the
footbridge.

Here are therefore reported the verifications baseHC5 guidelines for the design of
timber structures, and more precisely: tension @mpression parallel to the grain
for the lower and upper chord respectively, bendorgboth the chords, combined
bending and axial tension for the lower chord, comth bending and axial

compression for the upper chord, column stabilitythe studs and beam stability for
the last segment of the upper chord.

In Table 6.4 cross sections of the various strattlements are given:

Table 6.4 Cross sections of the main structural el@sicomposing the bridge
Upper chord 230 x 450 mm
Lower chord 215 x 450 mm
Studs 215x140 mm

Working the structure mainly in of tension and coegsion the first verifications to
be done are obviously those involving the resistanicthe elements in tension and
compression parallel to the grain.

6.4.1 Compression and tension parallel to the grain

The axial force of compression to use for testhngyupper chord is that derived from
Load case 1, that isgN 461 KN.
The following expression should be satisfied:

ac,O,d s fc,O,d (Eq 66)
Where

0,04 = 446MPa (design compressive stress along the grain)
f.0q =17,28 MPa (design compressive strength along thie)gr

The check is fulfilled.

Concerning the tensile force to adopt in the veatfan of tension parallel to the grain
it is obtained again from Load case 1, that issM64 KN.

The following expression should be satisfied:

Oioa < ft,O,d (Eq. 6.7)

Where
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O, .4 = 480MPa (design tensile stress along the grain)
f. 0q =1307MPa (design tensile strength along the grain)

The check is fulfilled.

With regard to the studs instead the Load caseldlaalls to the situation of greatest
stress is the number 1 as thg 821 KN for the elements on the edges near the
supports. In this case:

0,,4 = 070MPa
f. g =17,28 MPa

The check is fulfilled.

6.4.2 Bending

The design moments Mo use in this situation are obtained from Loadecasand
they are equal to:

Md,upper chord 34,31 KNm
Md,lower chord= 35,86 KNm

And the following expression should be satisfied:

nd <1 (Eq. 6.8)

Where o, , = % is the design bending stress and their values easebn in Table
6.5:

Table 6.4 Design bending stresses and design bgretrength for upper and

lower chord.
Mg (Nmm) | wW({mm?) Op,q(Mpa) ki frq(Mpa)
Upper chord 34310000 | 7762500 4,42 0,7 17,28
Lower chord 35860000 | 7256250 4,94 0,7 17,28

And both the checks are fulfilled.
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6.4.3 Combined bending and axial tension

This verification has to be carried out for the éswvehord with the actions found in the
Load case 1.
The following expression should be satisfied:

at ,0,d o

+k -9 <1 (Eq. 6.9)
ft,O,d fm,d

Where:

Table 6.5 Design stresses and strengths for therlalord in Load case 1.
Ot0,d 4,80 MPa
ft,O,d 13107 MPa
Om,d 2,02 MPa
fnd 17,28 MPa
Ken 0,7

The check is fulfilled.

6.4.4 Combined bending and axial compression

This verification has to be carried out for the epphord with the actions found in the
Load case 1.
The following expression should be satisfied:

2
(UC,O,dJ +k Um,d <1

f(:,O,d fm,d

(Eq. 6.10)

Where:
Table 6.6 Design stresses and strengths for the upper ahtuwhd case 1.
Oc0,d 4,46 MPa
feoad 17,28 MPa
Om,d 2,18 MPa
fnd 17,28 MPa
Km 0,7

The check is fulfilled.
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6.4.5 Stud subjected to compression

This verification will be carried on based on thmmpressive design force obtained
from Load case 1 (see Paragraph 6.4.1). In this Eagshould be used.

Ay =012
Ao, = 018

rel,z

are the slenderness ratios corresponding to berabiogt the y and z-axis. Where
they both are minor than 0,3 they should satiséyetkpressions:

2
Jc,O,d
<1 (Eq. 6.11)

And the check is fulfilled because furthermore it was alreadfifléd in Paragraph
6.4.1.

6.4.6 Beam subjected to combined bending and compression

This verification has been done on the last segment efugiper beam near the
supports, in Load case 1.
The length of the segment is 2,78 m.

Table 6.7 Values and coefficients in order to abtal,

lo,2 2780 mm
[R 66,40 mm
A, 41,87

Arel,z 0,67

Bc 0,1
k, 0,75

ke, 0,94

Once found out k; value the stresses should satisfy the following expreskitiere
is a combination of moment Mind compressive forceyN

crit fm,d ¢,z 'c,0d

I 2+ et <q (Eq. 6.12)
K K = a-©

And with k=1, the check is fulfilled.
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6.5 Horizontal loads

The wind horizontal force (see Appendix C) is edaal
Fw,d= 47,50 KN

and it can be applied 50% on the upper chord ofehgcular beam, where it will be
opposed by the double KertoQ panel, and 50% orotler chord, where it will be
withstand by the transverse beams.

Taking as certain the stiffness of KertoQ panels gne adopted assembling system,
we don’t expect any need of checking the upper ahorthe horizontal loads, and
therefore only instability checks of the transvdssams will be carried out.

6.5.1 Tranverse beam subjected to compression

The cross section of the transverse beam is 140ri#0Oand its length is 1,35 m.
Each beam is subjected to a compressive force éguaré KN (the spacing between
the elements is 1,65 m) so one can obtain:

0c04= 0,09 MPa

The relative slenderness ratios corresponding talibg about the y- and z-axis are
respectively (they are actually identical becahgecross section is square):

Arel,y =054
Arel,z = 0’54

In both case gpsshould be used. The stresses should satisfy thressipns:

ac,O,d

——0%d <1 (Eq. 6.13)
kc,y ch,o,d

acOd
—x1 Eq. 6.14
kc,z ch,o,d ( q )

wherek.y= k.= 0,97. Both the checks are fulfilled.

6.6 Design inthe SLS

6.6.1 Deflection of the lenticular beams

ECS5, part 2 deals with only vibration problems cenming design in SLS for bridges. The

aspects concerning deflection of the beams aréetiea the general part 1-1 in sections
2.2.3and 7.2.

In order to calculate the deflection of a timbeafnethe load combinations have to be
different from how loads have been calculated e\h.S.

The instantaneous deformatiam,ss should be calculated for the characteristic
combination of action:
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ZGk,i +Qk,i +Z¢/o,j @k,j (Eq 615)

j>1

while the final deformationus, should be calculated for the quasi-permanent
combination of action:

ZGk,i +Z¢/2,j [Qk,j (Eq. 6.16)

i j=1
Where the partial coefficientg andygare equal to 1 angh;= 0 (Anon., 2002).

The expression to calculate the deformation fornnaply supported and inflected
beam, with a length df due to a load is the following one:

5q* ql®
+ Eq. 6.17
3 X8(3 A (Eq )

0,mean

" 384E

mean

Where it is clear that the mean values of thers#s moduli Emeanand GreanShould
be used.

EO,mean 11600 MPa
Gmean 720 MPa

To calculate the instantaneous deformation of @mtidular beam (supporting half
bridge) practically the characteristic and the gle$pads are the same; so:

8k 5,46 KN/m
Ok 5,38 KN/m

And the respective instantaneous deformations are:
Upste =1049mm
Uinsio =1034mm

In order to calculate the final deformatiag, instead, the mean values of the stiffness
moduli have to be modified in the following way:

E G
mean.  and G = —mean (Eqg. 6.18)

meanfin = meanfin =
1+ kdef l+ kdef

Wherekgesis a coefficient dependent on the kind of timbed an the service class, in
our case with glulam beams and in service clasg 2= 03.

Finally the final deformatiomi, can be calculated:

Ug, o =1889mm

CHALMERS, Civil and Environmental Engineerinilaster’s Thesis 2010:78 125



The recommended limiting values of deflectionslfeams are:

Uinst,q < I/300 73,33
Usinq <1/200 110,00
Unet fin <1/200 110,00

And the situations are verified.

6.6.2 Vibrations

Pedestrians’ traffic represents a dynamic load ¢aatcause vibrations of the bridge.
If the eigen frequency of the bridge is close te frequency of the dynamic load,
movements in the structure are produced. The madmitof these vertical

displacements is increased by the effect of resmmacausing an unsafe and
uncomforting feeling to the pedestrians. The bridgk not be considered a safe
structure by the people that use it, even if thefigations in the ULS are largely

satisfied. Hence, it is important to verify vibiati

In ECO, Annex Alit is specified that the accelematior any part of the deck should
not be higher than 0,7 m/durthermore it is stated that a verification lné tomfort
criteria should be performed if the fundamentatfrency of the deck is less than 5
Hz.

From the analysis of the bridge (see Appendix B tesulted that the fundamental
frequency (for the middle cross section) is eqoal t

i o= Bl =g 97512 (Eq. 6.19)

21°\ m
So according to EC5 part 2, the acceleration fromerson crossing the bridge is:
Qs = 200/ M =2,63*10° m/$

The acceleration from several person crossing fiokgdx

Qertn, distinctgoup — 0238\,e,t,1nk,ert = 630* 10°m/s
Qertn,stream— Ovzaavert,lnklert = l60*10_5 m/<

And the acceleration from one person running orbtigge:

Qens = 600/ M{ = 7,90%10° /<,
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7 Construction and maintenance of the Fish Belly
Bridge

In this Chapter the aspects related to the consirustte of the Fish Belly Bridge are
analyzed, and the SCP (Safety and Coordination Rtsamdatory in Italy), the
Maintenance Plan and the Building Booklet specilycakritten for the bridge
designed are presented.

Essentially all of these scripts are required tsued the maximum safety for all those
people involved in the working stages both during ¢onstruction/installation of the
bridge and during the subsequent maintenance ase bridge itself.

The following documents have been produced by Law8d dated 9/4/2008 (Health
and Safety at Work) which is in fact the law in derin Italy in the field of
occupational safety.

It should be emphasized that in this Thesis wokk ittain goal has been to give
greater importance to the intrinsic contents rexuisy Law rather than to the formal
aspects, and therefore the directions given by ltbgislator in relation to the
preparation of that documentation have not bedy édmplied with but it has been
individually adapted to the purposes and the saoipieh this work has as its final
aim.

The SCP must be compulsorily completed by the Coatdmfor the design phase
and it must contain essentially: a descriptionhef work and of the building site and
its organization, the identification, analysis andluation of specific risks related to
individual work phases that make up the workmarsheguired to implement the
project, and the preventative and protective measthrat have to be taken (Anon.,
2008).

This document must be specific to each individualding site, operationally feasible

and especially consistent with the design choices.

In this Thesis work the Author has left out thefuing of the forms concerning

machineries and equipments to be used during tiiereht phases as it is not of
primary interest for the analysis conducted in tisk.

The Maintenance Plan, as codified by the PresideBtcree 554 dated 21/12/1999
regarding the management of public works, is a dempntary document to the

executive project that foresees, plans, accordmgrbject documents that have
actually been executed, the maintenance activitythef intervention in order to

preserve the functionality, characteristics of guaefficiency and economic value of
the work (Anon., 1999).

It is divided into three sections: user manual,nteiance manual and provision plan.
Specifically the last two documents have been édafplanning the system of checks
and interventions to be carried on, to set deaslline order to ensure the proper
management of the footbridge and integrating ihwite necessary information for
appropriate maintenance of the main parts that rapkée work.

Finally, there is the Building Booklet which is aadmnent always drafted up by the
Coordinator for the design phase in case of publicke; closely related to the
Maintenance Plan and that contains useful informnathbout the prevention and
protection from the risks that workers are expaseduring the course of subsequent
workmanships that take place after the completibthe work. It accompanies the
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building for its entire service life and must beqguced during the design or at least
during the execution stage of the work.

In this Thesis work, given the strong interdeperedoetween the two documents, an
integration of the Maintenance Plan and the Builddogpklet has been carried on in
order to make possible a more immediate undersigndi the simultaneity of
operations, risks and safety procedures.

7.1 Safety and Coordination Plan (SCP)

This document aims at safeguarding the health afetysof all workers who work in
the building site. The contents of the paper with annexes are the Safety and
Coordination Plan as required by Law no. 81 datdt?908, art. no. 100.

This SCP, in order to be previously effective, hasrbcomposed to be:

= gpecific that is thought specifically to carry out the wado which it relates.
The specificity of the document is highlighted hye ttechnical, design,
architectural and technological choices and bydkieuts of the site

* readable/accessibiethat is written in an understandable way to bdl we
received by the building contractors, the employe#s the building
contractors, the self-employed and the client ds we

This document should be used as a guide by alletlsabjects involved in the
organizational system of security to apply at thetlall the measures that have to be
taken during the various workmanships in relatmthe risk factors actually present.
Everybody will be held in full compliance with arehforcement of the safety
measures listed in the following Plan.

The measures, the personal protective equipmenthenslafety measures are: strictly
required, to be implemented properly and continlyous be observed personally.

The analysis of the working phases needed to aeliiey Fish Belly Bridge assembly
is structured as follows:

1. arrangement of the building area
2. trench works
3. construction of the abutments in reinforced corecret

4. positioning of the footbridge complete with parapaihd bracing system in the
factory on the lorry with mobile crane

5. transport of the footbridge on site
6. launching with mobile crane and fixing of the foadge to the supports
7. waterproofing and asphalting

8. dismantling and closing down of the building site.
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NOTE: the pictures reproduced in the following ppeghs and used to better
illustrate the concepts explained in words arergtated to the Fish Belly Bridge of
this case, but to several other wooden bridges bywiEng. Roberto Crocetti during
his activity.

7.1.1 Arrangement of the building area

The present stage is divided in turn into four phlases namely: cleaning and fencing
of the area, placement of adequate traffic sigrgallation of the barracks and finally

the connection facilities (water and electricitgy the works to be done on site and to
serve the barracks.

WORKING PHASE SHEET PHASE F1

ARRANGEMENT OF THE BUILDING AREA

The phase includes: cleaning and fencing of the, galacement of
adequate traffic signs, installation of the barsaghd finally the

connection facilities (water and electricity) ftwetworkmanships to he
done on site and to serve the barracks.

Description of works

Falls from height, cuts and abrasions, accideptrigs from manual

Risks handling of loads, interference machineries/ waker

Particular attention must be paid to properly sigha accesses to th
building site to prevent entry of unauthorized persel. Drivers of
vehicles will be assisted by a person on the gralurthg maneuvers
in tight spaces or when visibility is incompleténelvehicles must
move at low speed in the area, and to a crawl theaworkplaces.
Personnel on the ground must be outside the sddpe wehicles. It
is not allowed to transport people on mechanichlotes except for
the driver. It is required to maintain, for eachriker, personal
protective equipment supplied in perfect conditieaghat they can
provide effective protection from specific riskepent in the various
construction phases of work performed (gloves, shioelmet, etc.).

D

Security measures and
coordination

Truck, mobile crane, skid steer loader, wheelbartoand ladders,

Machineries and equipment scaffoldings, hand tools,

Risk assessment The level of risk related is average.

7.1.2 Trench works

Following the preparation of the area one will @®d with the trench works, starting
with the tracings. Great care must be taken duttiregexecution of the tracings that
are included in those topographic applications edet identify and demarcate on
the ground the concepts designed on the map: theyoperations that must be
completed with particular precision, such as todemo doubt in the staking of points
that contribute to the definitions of shapes aremeints that might be useful. The
footbridge, being in fact completely prefabricategtjuires that the size and position
of the abutments and supports are very preciséaoittcan be installed without a
hitch.

Then the excavation by machine, the installatioswgporting structures of the walls
of the trench and finally the enclosure of the ¢rewill take place.

CHALMERS, Civil and Environmental Engineerinilaster’s Thesis 2010:78 129



WORKING PHASE SHEET PHASE F2

the phase includes: tracings followed by the exitanalone by
machine, then it continues with the installatiorsopporting
structures of the walls of the excavation. It cadels with the fence ¢
the trench.

Description of works

—

Falls from height, cuts and abrasions, acoustioss material falling|
Risks from above, investment, injuries from manual hargibf loads, dust,
interference machineries / workers.
The arrangement of a wooden fence with a minimuightef 1 m
around the perimeter of the area affected by tleaveation is
expected. Any storage of materials and equipmeist imei stable and
Security measures and | positioned at a distance of at least 2.5 m frometihge of the
coordination excavation. The operational vehicles moving nearetlige of the
excavation must be kept a distance from the edg# f at least 2.5
m. Personnel on the ground must be outside theesaioije vehicles.
Prohibition of circulation in the area affectedrhining operations fo
workers not involved.

Machineries and equipment | Truck, mechanical excavator, circular saw, handstoo

Risk assessment The level of risk related is average.

7.1.3 Construction of the abutments in reinforced concreg

To carry out the abutments in reinforced concretie first necessary to create the
wooden formwork, after which the application ofea@ting agents will take place
inside them. The installation of reinforcement baib follow. Once positioned the
scaffolding it will be possible to cast the coneretith a mixer truck and to constipate
it with an electrical vibrator and in the end, asnatures, the disarmament will take
place.

Figure 7.1  Details concerning the abutments in i@iced concrete before the
positioning of the footbridge (Crocetti, 2010).

130 CHALMERS, Civil and Environmental Engineerinilaster’s Thesis 2010:78



WORKING PHASE

SHEET PHASE F3

CONSTRUCTION OF ABUTMENTS IN REINFORCED CONCRI

ETE

Description of works

The phase includes: construction of the wooden ks,
application of the releasing agents, the instalfatf reinforced bars,
casting of the concrete with a mixer truck, coregiign of the casting
with electric vibrator and finally disarmament.

Risks

Knocks and bumps, cuts and abrasions, electrogutiaterial falling
from above, injuries from manual handling of loackstings and
sketches, allergens, interference machineries/wsrke

Security measures and
coordination

Drivers of vehicles must be assisted by a persahme@ground while
maneuvering in reverse. All protruding reinforcemens must be
folded or protected by special caps. The formwodsibe adequatel
shored, that it does not collapse.

It is required to maintain, for each worker, peaqurotective
equipment supplied in perfect conditions so thayttan provide
effective protection from specific risks presenttie various
construction phases of work performed.

Machineries and equipment

Mixer truck, mobile crane, hand pump for releasaiggnts, circular
saw, hand tools, electric vibrator for concrete.

Risk assessment

The level of risk related is average.

7.1.4 Positioning of the footbridge complete with parapet and
bracing system in the factory on the lorry with moble crane

This step simply expects that the footbridge elytiprefabricated, just leaving the
factory, is loaded on a lorry to be transportetht site where it will be mounted. To
do this a mobile crane will be used.

Figure 7.2  Positioning of the footbridge over tery by means of a mobile crane
(Crocetti, 2010).
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WORKING PHASE SHEET PHASE F4

POSITIONING OF THE FOOTBRIDGE ON THE LORRY

During this phase the positioning of the footbridgenplete in all its
Description of works parts (railings, bracing system) on the lorry talese. Afterwards it
will be moved to the building site.

Knocks and bumps, cuts and abrasions, materidilsgfdtom above,
Risks injuries from manual handling of loads, interferenc
machineries/workers.

The placement of the footbridge will be done thitotize use of a
mobile crane. The area of operations must be piypdemarcated an
marked with warning signs and no one has to pags in
Before use brakes, rotating beacon and acousticaeteshould be
checked. To avoid overturning the gradients, tlesg@nce of deep
holes and lift must be verified.
The passage of suspended loads over workers difting should be
Security measures and | avoided: if this precaution cannot be observedusimeport the
coordination ongoing operation to allow the evacuation of peaplie affected
area. It is not allowed to transport people on raedal vehicles
except for the driver. It is required to maintdur, each worker,
personal protective equipment supplied in perfeaddions so that
they can provide effective protection from speaiféks present in the
various construction phases of work performed.
Operators on the ground must accompany the loddrayites during
the lifting phase.

[

Machineries and equipment | Lorry, mobile crane, hand tools.

Risk assessment Operation at high risk.

7.1.5 Transport of the footbridge on site

A crucial phase in which to pay particular attentie represented by the transport of
the footbridge from the factory to the buildingesithere it will be mounted.

Since the artifact is about 22 m long, it is clhedi as an exceptional transport,
governed by Law no. 285 dated 30/04/1992, artitlgs61 and 62 (New Highway
Code) (Anon., 1992). The Law therefore provides thaiust be placed on a lorry and
the vehicle movement can take place only duringliglaty hours and without any
particular escort.

Exceptional transports and vehicles are subjectedsgecific permissions for
circulation, issued by the owner or dealer for gks, national and military roads
and by Regions for the remaining road networks.

This type of transport requires a long and carpkahning with regard to the study of
paths: in fact it must be verified that the roadséhappropriate radii of curvature to
allow easy movements of the lorry, that the slopé width of the road are always
suitable and that along the way not to gather damntagbridges, power lines and
buildings (penalty the payment of a compensation).

The securing of the cargo has to be performed ullydb avoid damage to vehicles
and injuries to passengers and other road usergrafid jams caused by the loss of
the cargo itself.
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Figure 7.3  The footbridge placed on the lorry ancedied towards the building
site (Crocetti, 2010).

7.1.6 Launching with mobile crane and fixing of the footlsidge to
the supports
Once arrived on site, the footbridge will be mowvath a mobile crane from the lorry

to the correct position on the abutments and thesllibe fixed to steel supports with
metal eyelets. Navigation on the Viskan will besnglicted during the launching.

.. :.,f:' g :

Figure 7.4  The footbridge during the lifting froimetlorry towards the abutments
(Crocetti, 2010).
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WORKING PHASE SHEET PHASE F6

LAUNCHING AND FIXING OF THE FOOTBRIDGE

This phase includes: the positioning of the foaltei in the right
Description of works position with the mobile crane and then its fixinghe abutments by
metal eyelets.

Knocks and bumps, cuts and abrasions, materidilsgdtom above,
Risks injuries from manual handling of loads, interferenc
machineries/workers.

The placement of the footbridge will be done thitotize use of a
mobile crane.The area of operations must be prpperharcated ang
marked with warning signs and no one has to pags in

Before use brakes, rotating beacon and acousticeteshould be
checked. To avoid overturning the gradients, tiesg@nce of deep
holes and lift must be verified,and the vehicledtdde situated awa
from the edge of any excavation and special bds#slse used to
redistribute the load.

The passage of suspended loads over workers difting should be
avoided: if this precaution cannot be observedustmeport the
ongoing operation to allow the evacuation of peapléne affected
area. Obligation to provide maintenance of traffiates and to avoid
the storage of materials in the vicinity of excémas and in areas thdt
could hinder the normal circulation.

It is not allowed to transport people on mechaniedlicles except fo
the driver. It is required to maintain, for eachrier, personal
protective equipment supplied in perfect conditisaghat they can
provide effective protection from specific riskepent in the various
construction phases of work performed.

Security measures and
coordination

Machineries and equipment | Lorry, mobile crane, electric drill, hand tools.

Risk assessment Operation at high risk.
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Figure 7.5  Just before the positioning of the bedhe edges are protected with a
rubber mat (Crocetti, 2010).

7.1.7 Waterproofing and asphalting

The footbridge, after being mounted, must be watexfied with welded bitumen mats
and covered with a layer of asphalt in order taeaaha walking surface resistant and
protective for the bearing structure (see congtrectetails in Paragraph 5.5).

WORKING PHASE SHEET PHASE F7

The phase includes: achievement of a waterproet Iy laying and

Description of works welding bitumen mats and implementation of the waglsurface in
asphalt.
Vibrations, heat and fire, acoustic injuries, imggrfrom manual
Risks handling of loads, tar, smokes and fumes, intenfege

machineries/workers.

While the waterproofing will be done by placing siaf bitumen and
welding them to the upper part of the deck of thdde with the gas
torch, the realization of the walking surface tagkse putting down
traditional or high roughness antiskid asphalt wepcourse (final
thickness of the compressed layer about 3 cm).

Machineries and equipment | Gas torch, vibrating plate, hand tools.
Risk assessment The level of risk associated is low.

Security measures and
coordination

[
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Figure 7.6  The welded bitumen mats placed on thesupprt of the deck just
before the realization of the walking surface in leap (Crocetti,
2010).

Figure 7.6 The asphalting phase carried on with hdadls and the vibrating
plate on the background (Crocetti, 2010).

7.1.8 Dismantling and closing down of the building site

Dismantling and closing down of the building sitéllviake place only after the
completion of all other working phases.
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In particular, the sub-phases that will occur Ww#l: cleaning of the area and removal
of the fence, the closure of the electrical andraylic connections, removal of the
barracks and removal of the traffic signs.

WORKING PHASE SHEET PHASE F8

DISMANTLING AND CLOSING DOWN OF THE BUILDING SITE

The phase includes: cleaning of the area and ditimguof the fencesg,
Description of works removal of barracks, removal of the traffic signsl @losure of
connections to water and electrical systems.

Knocks and bumps, cuts and abrasions, electricakslnjuries from
manual handling of loads, cargo handling hazards.

Personnel on the ground supporting the drivers maumséin outside
the scope of the vehicles. It is not allowed to$gort people on
mechanical vehicles except for the driver. It iguieed to maintain,
for each worker, personal protective equipment begin perfect
conditions so that they can provide effective prtta from specific
risks present in the various construction phasegook performed.
Particular care must be taken in the presence afithorized
personnel in the working area surrounding theasiie during
transportation of the material outside the site.

Machineries and equipment | Truck, mobile crane, skid steer loader, hand tools.

Risks

Security measures and
coordination

Risk assessment The level of risk associated is low.

7.2 Maintenance Plan and Building Booklet

The maintenance of a construction is intended tsuenits use, to maintain its
economic value and to preserve its performancenguris whole service life,
promoting the prescriptive and technical adjustment

The Maintenance Plan is the means by which thedetp)the municipality of Boras)
will relate to the building: it will describe theqredures in order to collect and record
the information and to take actions to set up armghmize in an efficient, both
technically and economic, the maintenance service.

This document is the means by which the buildingtiator relates to the building
under the management of a contract of programmethtemance providing the
technical operators the necessary instructionsaf@roper maintenance, using an
appropriate technical language, and at the saneiirthe instrument that indicates a
system of checks and actions to be executed aetaedined time intervals in order
to ensure an efficient management of the buildimdyits parts over the years.

The Maintenance Plan pursues the following objestiv

= technical and functional: establishing a systemtfe collection of "basic
information" and for the bringing up to date of tfieedback information” as a
result of the actions, which enables, through thplémentation and constant
updating of the "information system", to learn amintain properly the
construction and its parts; allowing the identifioca of the most appropriate
maintenance strategies in relation to the chanatits of the construction;
educating technical operators on the inspectionraaithtenance operations to
be performed, ensuring a correct and efficient em@ntation of the actions.
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= economic: optimizing the use of the building andeaxing the service life
with the implementation of targeted maintenancesriré@ntions; achieving
savings by reducing failures and the time of noa-o$ the construction;
enabling a more efficient and more economical glegmand organization of
the maintenance service.

The Maintenance Plan for the Fish Belly Bridge caratieulated with checks that
take place annually, every five, ten and twentg-fyears.

During the annual checks:

= Abutments shall be checked once in spring timeara® in autumn time and
the vegetation shall be removed.

= Railings shall be checked and possibly repairethely are damaged.

= Mechanical fasteners shall be checked and boltsshéightened. Tightening
should occur between September and October.

= Wearing parts at the sides and at the ends ofritigebshall be checked. Holes
or small openings where water and/or debris cagremton, are not accepted.

During the quinquennal checks:

= Paving and waterproof layer shall be checked. Blessdamage shall
immediately be retrofitted.

= Moisture content (MC) shall be measured on 15 dfierpoints in the
underside of the deck and its mean value of MC shbeallower than 18%. If
MC in one or more points is considerably larger tN&© mean there is a risk
for leakage; if the leakage has already occurfeglwaterproof membrane and
the asphalt paving should be removed around theagadhpoint (within a
distance of 2 m from the damaged zone). Then tick deould be dried and
the waterproof membrane and asphalt paving restored

During the decennary checks:

= Surface treatment (coating) of the elements ofbitidge shall be checked by
professional staff, who will decide if retrofittingr simple repainting will be
applied.

= Damaged coating on steel parts shall be steel eduahd improved by means
of zinc-based coating.

Finally after 25 years:

= the asphalt paving and waterproof membranes, bridggs and wearing
plates shall be removed and replaced with new ones.

For a better understanding and a rational manageménthe maintenance
interventions it has been decided to divide thestroction in sub-elements, namely:
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bearing structure, parapets and abutments andafdr the specific features of the
intervention and the professional figures invol\xiade been specified.

1 _ BEARING STRUCTURE

1.1 _DECK
Worker Description of the action Frequency Risks Seurity measures

Measurement of moisture
content in 15 different points
in lower part of the deck: the
average value must be lowsg
than 18%. If the value in
some point exceeds the megn
Specialized| value there is the risk of
technician | leakage; if it is already done
asphalt and bitumen mat
must be removed (within 2 m
of the damaged area), the
deck must be dried and new
mat and asphalt should be
placed.

Checking the integrity of the
protective layer of paint and,
Painter | according to the conditions,| Decennary No specific risk
proceeding to a local or total
paint.

D

-

Falling from

height See sheet BB1

Quinquennal

1.2 _METAL FLASHINGS

Worker Description of the action Frequency Risks Seurity measures

Checking the conditions of
the protective metal sheets.
Tinsmith | Holes or small openings Annual No specific risk
where water and debris can
enter are not accepted.

Tinsmith | Removing all flashings and
replacement with new items

1.3 _ COVERINGS

Falling from

height See sheet BB1

Every 25 yearg

Worker Description of the action Frequency Risks Seurity measures
Checking the conditions of
the coatings (in particular the
Asphalter layer of asphalt). Holes or Annual No specific risk
small openings where watef
and dirt can enter are not
accepted.
Checking the asphalt paving
Asphalter, and the waterproof layers. . See sheets A1 See sheets IA1 and
waterproofe Quinquennal and 1A2 .
Any damage must be ) IA2 (Appendix D)
r S . (Appendix D)
repaired immediately.
Asphalter, | Removal of the asphalt layer See sheets IA1 See sheets IA1 and
waterproofe| and the waterproof layer andEvery 25 years and 1A2 .
: ; IA2 (Appendix D)
r replacement with new ones (Appendix D)
1.4 METAL FASTENERS
Worker Description of the action Frequency ‘ Risks ‘ Seurity measures
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Specialized
technician

Check of all metal fasteners
(screws, bolts, nails) and
tightening of loose bolts. Th

D

tightening should take place Falling from
between September and Annual height See sheet BB1
October.
Removal of any damaged
fastener.
Specialized Removal of all metgl fastener Falling from
- and replacement with new | Every 25 years h See sheet BB1
technician height

ones.

2 _PARAPETS
2.1 _WOODEN ELEMENTS
Worker Description of the action Frequency Risks Seurity measures
Controllo dei parapetti in
Carpenter ttte le loro partie Annual Falling from See sheet BB2
riparazione in caso di height
danneggiamento.
Checking the integrity of the
protective layer of paint and
Painter |according to the conditions,| Decennary No specific ris
proceeding to a local or tota
paint.
2.2 _METAL FASTENERS
Worker Description of the action Frequency Risks Seurity measures
Check of all metal fasteners
(screws, bolts, nails) and
Specialized tightening of loose bolts. The Falling from
pecial tightening should take place Annual 9 See sheet BB1
technician height
between September and
October. Removal of any
damaged fastener.
Worker Description of the action Frequency Risks Seurity measures
Specialized Removal of all metal fastener Falling from
pecial and replacement with new | Every 25 years 9 See sheet BB1
technician height
ones.
3 _ABUTMENTS
3.1 _STEEL SUPPORTS
Worker Description of the action Frequency Risks Seurity measures
Control of conditions of the
reinforced concrete
abutments and of the zinc-
Specialized| coated steel supports of the . Falling from
technician | footbridge, to be performed Every 6 months height See sheet BB2
once in the spring and once|in
autumn.
Removal of any vegetation.
Worker Description of the action Frequency Risks Seurity measures
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Smith | Removal by brushing of the
old zinking anpl applying of a Decennary Fallmg from See sheet BB2
new layer of zinc-based height
coating.

Then as already mentioned, given the close linkvéet the Maintenance Plan and
the Building Booklet, which contains the informaticglated to the prevention and
protection from risks which workers are exposed diaring the execution of

maintenance workmanships, it has been decidedtégrate the two documents in

order to make easier to understand the logicalesempiof operations, risks and safety

measures.

The sheets compiled for the Maintenance Plan, sigwiecurity measures to be

implemented to prevent the specific risks identifiare therefore presented below:

RISKS DUE TO A FALL FROM HEIGHT DURING OPERATIONS
ON THE OUTER SIDES OF THE BRIDGE

SheetBB1

on the outer side of the bridge (namely: measur¢wfethe moisture content at the bottom of the de

cover the entire length of the bridge by placing tehicle on only one river bank.
In the event that the basket has four sides cltse=dnly safety measures that operators will adaipt
be wearing the appropriate PPE (Personal ProteEtjpipment).

the body harness device and fall protection dedesgned to limit the possible fall of no more tHlah
m.

Obviously the building contractor will be requiredprovide guidance to workers regarding the usk
maintenance of the PPE.

For all the workmanships and maintenance operatigmsh require that operators would be operating

Ck

check, removal and replacement of flashings, nfasténers and wooden studs) it is necessary ta use
truck-mounted platform which has a minimum workmgreach of 22 m. In this way it will be possiljle

In the case that the drum has one or more sidasafftbe personnel must wear safety belts made vyith

RISKS DUE TO A FALL FROM HEIGHT DURING OPERATIONS
ON THE INNER SIDES OF THE BRIDGE

SheetBB2

For all the workmanships and maintenance operatidrish require that operators would be operati
on the inner side of the bridge (replacement ofspairthe parapet) with the risk of falling fromhaight
into the water it is necessary that, in additioPRE, workers use safety belts made with body karn
device and fall protection device designed to lithé@ possible fall of no more than 1,5 m. The cimgp
of the belt will take place to metal rings fixedth® deck of the bridge and spaced at a distan2amof
one from another.

Obviously the building contractor will be requiredprovide guidance to workers regarding the usk
maintenance of the PPE.

for the coupling of the safety belts metal ringdl & placed on the upper chords of the lenticular
beams.
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8 Final remarks

8.1 Conclusions

The theme of this Thesis has been a complete arnwtade study of the design process
that should be put into practice during the desigd subsequent construction of any civil
engineering structure.

The needs analysis and the resulting definitiorthef characteristics that the work
must have, the understanding by the designer (sigdeteam) of constraints and
opportunities that the environmental context presidand the realization of physical
models for understanding the static behaviour ef structure are key points that
allow the realization of projects fully satisfagtand adequate to the demands of the
clients.

having addressed in this Thesis the issue conaethm design of a complex and at
the same time simple structure as that of a foddieriprovided the opportunity to
apply to a practical case what usually is neveghiaand that is learned instead during
the everyday work.

It has been moreover extremely satisfying to sew foe proposal of an idea
developed during the conceptual design processutimsately transformed into a
structure viable in reality and which, in partiaylhas significant static potential (its
static behaviour is similar to that of an arch wathie rod) combined with aesthetic
qualities and an extreme structural simplicity thadke it as product that fits the
requirements made by the clients at the beginniri¢popetition.

The structure meets all verifications imposed byoEades both for the Ultimate
Limit State and for Serviceability Limit State agdarantees, if properly constructed
and maintained, a long service life consideringakieeme care taken in the design of
constructive details.

8.2 Limitations

Since the contents of this Thesis are based aamjtestudies and direct analysis of a
design process actually happened, it is obviousttiey cannot be regarded as a fixed
model to be followed but rather they constitutenagible example of modus operandi
to reference in similar situations.

However, recommendations such as new documentatiork, a further needs
analysis (perhaps partly based on interviews waidents) and implementation of
different technological or structural solutions Wwbibe a good starting point to new
and completely different structures.

8.3 Future developments
Given the breadth of the spectrum that the desigogss of a complex structure such

as a bridge deals, this Master's project coveng amart and for this further research
should be made in order to give a complete answaeil the problems arisen during
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the design process itself. Below some hints coriecgrpossible developments as
subjects for future Master's Thesis are presented:

this Master's Thesis has focused only on a wootteictsre but it would be
interesting to try to work out a solution which @alsmcludes other materials
(for example, a composite timber-concrete or strakture).

Calculations and verifications according to EC5 h&#een based on the
realization of a very simple model in SAP 2000, ethiworks through the
Finite Element Method. It might be of some interestachieve a thorough
analysis of the actual behaviour of the structareugh more refined models
and through the usage of other softwares (Abagusxample).

The design process described in this Thesis stfigs baving done the
verification of structural elements and after theeqgwse definition of
constructive details: a possible and obvious pnas@t of the work could get
more into methods and phases regarding the ereofidhe bridge and the
organization of the building site.

Finally the Author suggests that a work similarthie one carried one in this
Master's project can be done on a bridge model ntadié during the
Competition, given the validity of some of the preals.
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Appendix A: diagrams of internal actions found with
SAP 200¢

In this Appendix are put all the diagrams of théeiinal actions found using the
software SAP 2000

The Load cases are three:

1. Uniformly distributed load on the whole length bé&tbridge

2. Uniformly distributed load on on half length of thadge

3. Uniformly distributed load on a quarter of the lémgf the bridge

For every Load case diagrams of axial forces, bwndioments, shear stresses and
deformed shape will be shown.
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Load Case 1: Axial forces and bending moments
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Load Case 1: shear stresses and deformed shape

CHALMERS, Civil and Environmental Engineerinflaster’'s Thesis 2010:78 149



Load Case 2: Axial forces and bending moments
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Load Case 2: shear stresses and deformed shape
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Load Case 3: Axial forces and bending moments
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Load Case 3: shear stresses and deformed shape
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Appendix B: Calculation of the connection between
the vertical stud and the upper chord

The metal fastener used are bolts 460 mm long atid avdiameter of 16 mm; the
characteristic strengths are reported below:

d 16 mm
length 460 mm
fuk 400 MPa
fux 320 MPa

According to EC5 Part 1-1 point 8.5.1.1 the minimuatues of spacing and edge
distance for bolts are:

a 90

a; 64 mm
a 64 mm
Agt 64 mm
Aac 48 mm

for the beam (compression perpendicular to thapeand

a 0

a 80 mm
a 64 mm
Asc 64 mm
Agt 48 mm
EPP 48 mm

for the stud (compression parallel to the grain).

The characteristic embedment strengths for thestemments are:

f
fh o0k beam = — nox =1646MPa
o ko Sifa +cosa

fh,O,k,stud = 070811_ OyO]-d),Ok: 26,17 MPa
The characteristic value for the yield moment foltdis:
M, re = 03f,,d*° =16214Nmm

Then it is possible to calculate the characterist@d-carrying capacity for bolts that
Is:
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o, t,d =3028987N
05f, ,.t,d = 4501997N

I:v;RK

4B(2+ BM
=105 f;'l:t;d [\/2/3(1+,3)+ A2+ M, -p|+ FaZRk =1292997N

fh,J.kdtl2
2
1+’8ﬁ,/2M y,kah’lkd +

I:ax,Rk _
4 1177668N

115

SO F, g =1176KN .
The effective number of bolts for the two differetéments are:

n,=n=1 for the beam

ef

ng = 212 for the stud

Finally it is possible to calculate the characterisstrength of the connection.
Concerning the beam thg R:

Fur 11776,68
Ry row = 2 * F\ R *nes | 23553,36 N
Ritot = 3 * Ricsila 70660,09

While for the stud is:

Fu Rk 11776,68
Rk,rowz 2 * Flek * nef 49855,40

Ritot 49855,40 N

And between the two values the lower must be chosbka design strength of the
connection is:

Rdyconnection: 35,90 KN (USIHg’M = 1,25 and Jﬁod = 0,9)
While the compressive force acting on it is
Fa=21 KN

So the connection is verified.
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Appendix C: calculation of the resultant wind force

According to EC1 Part 2-4 Point 6.1 the resultamdnaiorceFy, is obtainable from
the following equation:

I:W = qref [Ce(ze)[Cd [Cf [A'ef

Getting from Appendix A.16 the reference wind vdipdor the area of Boras/gs =
26 m/s) and assuming the air dengitgqual to 1,25 kg/fh it is then possible to
calculateq.s, that is the reference mean pressure of the wind:

O :ng = 16,25 N/M

ref

Being the bridge placed in the city centre the tercategory is the number IV and so
it is possible to get the exposure coeffici€at

Ce=15

ConcerningCyq, the dynamic coefficient, it is easily findablethe Point 9.3 and its
value, considering also the boundary conditionsgisal to:

Cq=0,95

To getCi , the force coefficient in x-direction, it is nesasy to calculate first the
following data:

Cix,0 2,3
| 22 m hence A=9,17
b 2,4 m

Ac 29,08 m

A 18 64 2 hence w\=0,9
(0] 0,62
And finally:

Co =Cho @, = 207
The reference ared.s, usingh,s of 3 m, is equal to:
A’ef = 66 m2

In the end the resultant wind force value is:

Fw=31,64 KN.
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Appendix D: calculation of the fundamental
frequency of the bridge

In order to be able to calculate the fundamemégjifency of the bridge first of all the
inertia of the cross section must be found.
As shown in the figure the cross section analyzete middle one.

+6

5 6

. .

The areas of the different elements are:

A 51750 mm?
A, 51750 mm?
As 51750 mm?
A, 51750 mm’
As 96750 mm’
As 96750 mm’
A, 315000 mm’
Aror 715500 mm’

And so the static moments &nd § are the following:

Sa 115402500 mm?
Se 115402500 mm?
Sa 115402500 mm?
S 115402500 mm?
Ses 22252500 mm?
See 22252500 mm?
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S 790650000 mm?
Syrot 1296765000 mm?

Sy1 15525000 mm?
Sy2 32602500 mm?
Sy 96772500 mm?
Sya 113850000 mm?
Sys 45472500 mm?
Sye 196402500 mm?
Sy7 393750000 mm?
Sytor 894375000 mm?

It is possible then to find out the position of Bepoint (setting the values of 8nd
Sy equal to zero):

XG 1250 mm

Ye 1812 mm

The moments of inertia about the x-axis are:

Ja 873281250 mm?*
Ja 873281250 mm?*
Ja 873281250 mm?*
Ja 873281250 mm?*
s 1632656250 | mm®*
L 1632656250 mm?*
Ja 416745000 mm”*
Jetor 6,84617E+11 | mm*

And about the G point-axis then become:

Jae 9700227000 | mm*
Jac 9700227000 | mm*
Jac 9700227000 mm?*
Jac 9700227000 | mm*
Jo.c 2,45304E+11 | mm*
J6,6 2,45304E+11 | mm*
Jae 1,55208E+11 | mm?*

The calculation of EJ for the whole section it &reed on finding the EJ value for
every element and then summing them all:
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Eomeang™ac | 1,12523E+14 | Nmm?
Eomeang®hec | 1,12523E+14 | Nmm’
Eomeang™ac | 1,12523E+14 | Nmm?
Eomeang™ac | 1,12523E+14 | Nmm?
Eomeang™sc | 2,84553E+15 | Nmm?
Eomeang™x6c | 2,84553E+15 | Nmm?
Eomeanka*)hoo| 1,62968E+15 | Nmm?
Elror 112522633,20 | Nm?

But in order to calculate the frequencyr&Jshould be in Nfim, so it has to be
divided by the width of the bridge (2,5m) resultihgn:

Edor = 45000053

m

Thenm, mass per unit area of the bridge is calculatdelksvs:

(lok,glulamAglulam*rpk,KertoAKerto)

m=

And finally the fundamental frequency of the bridgas been obtained by the

25

following expression:

o =2 |5 2197847
2V m
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Appendix E: sheets concerning the main working sub-

phases

EXCAVATION DONE BY MACHINE

SheetOS1

Activities and

machineries used

Associated
risks

Security measures depending
on the contractor

) Security measures depending
on the worker

Truck, excavator

with

hammer/bucket

Provide transit paths for the
excavation and transport
vehicles. Prohibited the

Keep a safety distance from
vehicles in motion.
Pay attention to acoustic and

Excavator with

hammer/bucket

Collision approach to the machir_1eries tdl_ashing light signals and safety
all those who are not directly | signs.
involved in such works.
Prohibited the presence of
personnel during reversing.
The paths must have an The vehicle must be placed o
adequate transversal slope. |a solid and flat base. If
The edge of the trenches mustmaneuvers are particularly
Overturning be properly defined. complex the driver has to be
assisted by a person on the
ground.
Non involved operators must
keep a safety distance.
Basing on evaluation of the | Use personal protective
level of personal exposure | equipment (headphones or
providing appropriate personalearplugs).
. protective equipment (ear
Noise defenders), including
information for use.
Performing regular
maintenance.
Throwing of Prohibited the presence qf Keep a safety distance.
stones or earth peo_ple near the vehicles in
motion.
Falling people| Setting up parapets, barriers oifo get up and down from the
from the edgeg Signs on the edge of the bottom of the trench use stairg
of the trench | excavation. or walkways.
Prohibited the storage of Do not collect soil or other
materials materials near the edges of the

Falling material
in the trench

of whatsoever nature in the
vicinity of

edges of the trench. Providing
appropriate personal protectiy
equipment (helmets) with
related information for use.

trench.

Use appropriate personal
protective equipment.

e

Dusts

Providing appropriate persona
protective equipment (dust
masks) with related

alSprinkle the ground with
frequency.
Use appropriate personal

information for use.

protective equipment.
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EXECUTION OF WOODEN FORMWORKS

SheetSC1

The process for its nature, can occur within araeation, trench or near slopes: in all cases beinexdy
to check the conditions of stability of the growswdthat there will be no landslides.

For the preparation of the tables, it providestifigr continued use of circular saw and in this casgst
be provided by Company and used by the operatgoersbnal protective equipment to prevent cuts

abrasions as well as inhalation of dust.

Activities and
machineries used

Associated
risks

Security measures depending
on the contractor

) Security measures depending
on the worker

Contact with

Providing appropriate personalUse personal protective

protective equipment (gloves
and safety footwear) with

equipment.
Check frequently the

Hand tools equipment related information for use. | conditions of the tools with
particular regard to the strength
of connection between woodg
handles and metal elements.

Providing appropriate personalCorrect and conscious use of
. . protective equipment (glasseg)he provided tools.
Flying particles \,it related information for | The univolved personnel have
use. to keep a safety distance.
Circular saw Authorizing to use only In any case the protection shg

Contact with
moving parts

competent personnel,
previously provided with
personal protective equipmen

be removed from the
instrument.
tKeep the work area tidy and

free from waste materials.

INSTALLATION OF REINFORCED BARS

SheetSC3

Activities and
machineries used

Associated
risks

Security measures depending
on the contractor

) Security measures depending
on the worker

Contact with

Providing appropriate personalJse personal protective

protective equipment (gloves
and safety footwear) with

equipment. Check frequently
the conditions of the tools with

n

o

Hand tools equipment | related information for use. | particular regard to the strength
of connection between woods
handles and metal elements.

Providing appropriate sling | The slings should be
ropes and adequate containerperformed correctly.
(metal baskets) for small During the lifting of materials
materials, detailed information following the safety rules
. .| on use and appropriate exposed. Use personal
Mobile crane M{artoer:a;tfgl\lllgg protective equipment. protective equipment.
Demarcation of the affected | Operators should work in a
processing area and testing of coordinated way and univolveg
hooks (with safety devices) angersonnel should keep a safely
cables with the stated distance.
maximum capacity.
The instrument must be used| Check the condition of the
by skilled personnel. cables and the integrity of the
The supply shall be provided | electrode holder and report any
Electric welder Electrical by regulatory electric panel. | damage immediately.

The electrical cables must be
complying with EC rules and
suitable for mobile installation

f
he

Place the instrument outside
the reinforcement and place t
.cables to avoid damage due t
shock or mechanical wear.

O
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CONCRETE CASTING WITH MIXER TRUCK

SheetSC4

Activities and
machineries used

Associated
risks

Security measures depending
on the contractor

Security measures
depending on the worker

Mixer truck

Jets, splashes

Providing appropriate persona
protective equipment with
related information for use.

Workers must wear
appropriate protective work
clothing and use the requireg
PPE.

Overturning

The paths should not have
excessive transversal slopes.

The vehicle must be placed ¢n
a solid and flat base.
Non involved operators must
keep a safety distance.

POSITIONING OF THE FOOTBRIDGE ON THE LORRY

SheetCP1

Activities and
machineries used

Associated
risks

Security measures depending
on the contractor

Security measures
depending on the worker

Hand tools

Contact with
equipment

Providing appropriate personal
protective equipment (gloves af
safety footwear) with related
information for use.

Use personal protective
ndquipment.

Check frequently the
conditions of the tools with
particular regard to the
strength of connection
between wooden handles a
metal elements.

hd

Mobile crane

Overturning

Leaving the vehicle to qualified
and reliable personnel.

Check the proper running of
safety systems.

The working area must be as fl
as possible.

Make sure that all the
stabilizers are fully extended.
The vehicle must be placed
only on flat ground; wooder]
aplanks should be placed
under the stabilizers to
increase the supporting ared.
Do not use the vehicle in cage
of strong wind.

Avoid reaching the limit
conditions and follow the
instructions provided by the
manufacturer.

Material falling
from above

Providing appropriate personal
protective equipment (protectiv
helmet) with related information
for use.

The area under the arm and thg
rope must be inhibited in transit
with the use of appropriate
barriers.

The slings should be
ecorrectly performed.
Authorised operators can pa
only in the working area
poutside the maneuvering arg¢a
and must wear the PPE
required.

When the load is overhung:
do not climb on the load, us
protective helmets with chin
straps and keep a safety
distance.

Accompany the load with
ropes during lifting.

1%
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LAUNCHING OF THE FOOTBRIDGE

SheetvVP1

Activities and
machineries used

Associated
risks

Security measures depending
on the contractor

) Security measures depending
on the worker

Hand tools

Contact with

Providing appropriate personalUse personal protective

protective equipment (gloves
and safety footwear) with
related information for use.

equipment.
Check frequently the
conditions of the tools with

th

=

equipment particular regard to the streng
of connection between woods
handles and metal elements.
Leaving the vehicle to qualifiedMake sure that all the
and reliable personnel. stabilizers are fully extended.
Check the proper running of | The vehicle must be placed
safety systems. only on flat ground; wooden
The working area must be as| planks should be placed undg
flat as possible. the stabilizers to increase the
Overturning supporting area.
Do not use the vehicle in case
of strong wind.
Avoid reaching the limit
conditions and follow the
instructions provided by the
manufacturer.
Providing appropriate personalThe slings should be
protective equipment correctly performed.
(protective helmet) with relatedAuthorised operators can pas
information for use. only in the working area
The area under the arm and theutside the maneuvering ared
rope must be inhibited in transiaind must wear the PPE
Mobile crane . .| with the use of appropriate | required.

Mzgerrq'a;éil\l)gg barriers. When_ the load is overhung: d
not climb on the load, use
protective helmets with chin
straps and keep a safety
distance.

Accompany the load with ropgs
during lifting.
Operator should be assisted bhKeep the arm of the vehicle a
personnel on the ground duringhe point of maximum
the operations of the crane. | extension and approach to high
Provide personnel of radio | voltage power lines at a safet
] devices to facilitate real-time | distance of not less than 20
Contact with | communication. meters.
power lines Pay attention to oscillations o
the rope.
In case of strong winds
immediately stop lifting
operations.
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LAYING OF THE BITUMEN MATS

SheetdAl

Operators must pay attention to the use of fineeldl the bitumen mats. It will also important tkda

care of the posture during the work and the mahaatlling of loads.

=

Activities and Associated | Security measures depending Security measures depending
machineries used risks on the contractor on the worker
Provision of emergency Keeping the flames from a
portable fire extinguishers, | safety distance from flammab
safety signs (no smoking, etc))and easily combustible
and emergency procedures inl materials , and in particular
Gas torch Heat/flameg case of fire. from the gas cylinders.
Operators must maintain orde
in the workplace and remove
the waste materials at the endg
of each phase.
The manual handling will be | Take precautions such as
Manual preceded by and adequate | handling by mechanical mearfs
handling of | training and information, and load distribution.
loads subjected to verification of thg Making the load easily graspgd
health of workers. without risk of injury.
ASPHALTING
SheetA2
Activities and Associated | Security measures depending Security measures depending
machineries used risks on the contractor on the worker

Hand tools

Contact with
equipment

Providing appropriate personalJse personal protective

protective equipment (gloves
and safety footwear) with
related information for use.

equipment.

Check frequently the
conditions of the tools with
particular regard to the strength
of connection between woodsd
handles and metal elements.

Vibrating plate

Heat, vapours

Provide appropriate personal
protective equipment (gloves,
safety shoes, masks, glasses
clothing) including related
nformation on use.

Use PPE (gloves, safety shogs,
masks, glasses, clothing).

Noise

Preliminary investigation on
the noise of the machineries,
adapting to technical progress
by adopting new less noisy
machines and renovation of
worn mechanical parts.

Use PPE (caps, ear plugs),
especially for workers
;employed in using the plate.

Contact with
moving parts

Authorizing to use only
competent personnel,
previously provided with
personal protective equipmen

Use work equipment according
to information received by the|
employer. In any case the
tprotection shall be removed
from the instrument. Do not
perform operations on its own
initiative that may compromisg
the safety of themselves or off
other workers. Report any
defects in work equipment.
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Appendix F: technical drawings

This Appendix contains:
= Plate 1: plan, cross section and side view of tidgb
» Plate 2: structural details
» Plate 3: building site layout _ launching of thelbe

» Plate 4: building site layout _ maintenance phase
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DETAIL: CONNECTION UPPER CHORD/UPRIGHT - Scale 1:20 DETAIL: DECK CROSS SECTION - Scale 1:10
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I DETAIL: EDGE OF THE DECK - Scale 1:10

FISH BELLY BRIDGE

_/3if:ﬁv\_\ asphalt covering (8 cm)
welded bitumen mat (0,5 cm)

- &nunmdu“\
2 hd steel plate (0,2 cm) .
I — KertoQ panels PLATE 2: STRUCTURAL DETAILS
< | glulam beam
' concrete abutment
H -
3 rubber mat (0,12 cm)
_ _ rubber pad (2 cm) SCALE: 1:10 AND 1:20
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H Entry to the building site (vehicles/pedestrians)
H Exit from the building site (vehicles/pedestrians)
H Employees car park

H Construction Management

H Contractor Technical Direction

_M_ Changing rooms/showers

H Canteen

H Infirmary

[o] we

E Main electrical wiring box

H Water meter

ﬂ Goods check and acceptance area
ﬂ Vehicles cleaning area

E On-site working area
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PLATE 3: BUILDING SITE LAYOUT _ LAUNCHING OF THE BRIDGE

SCALE: 1:500
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H Truck-mounted platform

H Van
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PLATE 4: BULDING SITE LAYOUT _ MAINTENANCE PHASE

SCALE: 1:500
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