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. INTRODUCTION

“A bridge incorporates the creativity of the
visual arts and the discipline of physical science”
D. P. Billington
(Robert Maillart’'s Bridges. The
art of Engineeringp100).

Bridges in urban areas have in recent times addjire@ew function. In addition to simply
providing a physical connection between two poirtteey are also expected to create a
landmark, as a symbol of originality, innovatiordgrogress.

New geometries for bridges have been devised: aralved, twist and incline; cables are no
longer mere structural elements but have becomegbdhe game, suggesting ruled surfaces
which frame the space; and the asymmetry, strubtusstounding, finally overcomes the
structure in the search for the sculpture (Figyre 1

Spatial arch bridges (SABs) have appeared in resgptmthis social demand, but no compact
definition and detailed classification have beeregi In spite of the significant number of built

spatial arch bridges, not enough systematic relseatadies focused on their structural

behaviour have been developed.

These new geometries are most often used in thggtbtaboratory® of footbridges and present
a challenge for the accurate structural behaviadetstanding.

The present doctoral thesis focuses on understauibdan structural behaviour of SABs and on
giving design criteria. Its aim is to fill part dfie aforementioned research gap in this bridge

type.

For a deck curved in plan, the structural solutiomsst commonly used employ bearings
underneath the deck- continuous multi-span girdepported on piers-, or above it- stay-cable
or hanging bridges usually with eccentric anchosageispending or leaning a curved deck on
an arch is a bridge type developed quite receaphart from the first examples employed by
Maillart. Different solutions have been developed.

The first approach of an engineer is to find the&@ifunicular form of the arch for a
certain loading, which works under compression with no egdnoments Such is the
approach given in the few researches regardingstiiigect,namely the Ripshorst bridge
and the in-depth research of Jorquera (200nce found the antifunicular form, the behaviour
of such structures is already clear.

However, we are facing a bridge type that has @dado with a formal approach to
bridges and urban landscapes, to architecturabaesid to solutions with geometries
often fixed in competitions which did not always/githe structural attention which

1| take the liberty of employing this term, whichvery often used by my supervisor, Angel C. Aparic
based on a conference of J.A. Fernandez-Ordo6fied andrrago in the ETS Ing. de Caminos Barcelona
(UPC)
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they require. These determinants often allow nonmrofmr employing orthodox,
antifunicular arch shapes of the loading.

Different solutions have been developed, some laaalg heterodox and others search for the
structural orthodoxy, namely the Ripshorst bridgd the in-depth research of Jorquera (2007).
For arches, structural orthodoxy implies finding thntifunicular form of the loading which
works under compression with no bending momentsceOiound, the behaviour of such
structures is already clear. However, the struttbehaviour is not that obvious, when
considering more heterodox solutions. Hence, thigkvis devoted to the structural analysis of
risky solutions and the proposal of design critevidich without scarifying formal aspects,
improve the structural behaviour.

Hence, the present work focuses on finding sim@sigh criteria, available for all
designers and based on deep structural understpodiheterodox solutions of this
bridge type.
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Figure 1: Examples of spatial arch bridges

The document is divided into chapters accordingi&n subject blocks. Each chapter is divided
into sections according to the different reseatalliess which have been conducted. There is an
index, objectives, conclusions, future lines ofdsttand references for each of the main
research studies. A compilation of the main objestj conclusions and future lines of study
references is presented, for the whole docume@hapters||, VII1 andl X, respectively.

The analysis method is described specifically &ahechapter. For all research studies 3D frame
models have been employed and analysed with SAPZF0certain analysis SOFISTIK has
also been employed.

A bookmark with the main geometry, load cases admeters definition for Chapter V is also
provided, to follow the analysis without having search the definition given in the same
chapter.

The methodology, employed for the different reskeatuidies developed in the thesis, is given
at the beginning of each chapter.
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To avoid confusion with chapters, annexes are nuecbstarting with “N”.

In the following lines the content of each chajfgesummarised.

The objectives of this doctoral thesis are presem€hapter 11.

The state-of-the-art of this bridge type is presdnin Chapter I11.A and Annex N1. After
several research studies which are explained, A& &finition, variables and classification
have been detailed, broadened and specified further

SABs are defined as bridges in which vertical deekls produce bending moments and shear
forces not contained in the arch plane due to theometrical and structural configuration.
Moreover, the arch itself may not be contained jpteae.

A wide compilation of examples of this bridge tyipees been mad&Chapter 111. A andAnnex
N1) in chronological order according to their constion date, from Maillart’s first concrete
spatial arch bridges to the latest designs andriakte

The aspects still to be studied are spotted.

Most SABs are steel footbridges. Hence the resehash been focused on the structural
behaviour of steel footbridges under self-weighmifarm loads and temperature and not those
loads associated with road bridges. Although thecsiral behavior would be the same, some
of the studied geometries could not be employeddad bridges, because of the loads larger
value.

In order to decide which analysis methods and so#wshould be employed for the present
research, a state-of-the-art of the existing stmattanalysis software has been conducted in
Chapter 111.B. The advantages of each software for the needseopresent study have been

evaluated and compared.

Different benchmarks have been developed to asth#revalidity of the analysis methods
employed in the present research.

An in-depth study of planar and non-planar Infereck Arch Bridges With Imposed
Curvature (IDABWIC) has been carried outGhapter IV andAnnex N2. In this type of spatial
arch bridges the arch and the deck centroid linedath contained in the same vertical cylinder
(Figure 2). The aim of the study is to propose riast appropriate design for controlling the
out-of-plane response.

In order to understand the behaviour of these arctiéferent frame 3D models have been
developed and analyzed with commercial software ditch definition, the deck and arch plan
curvature, the arch sag and cross-sections rigafitgrch, deck and hangers, as well as arch
cross-section area and different hanger/deck amdjenéarch connection types, have been
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studied as variables under both symmetrical andhamtrical vertical loading. Both flexible
and rigid hangers have been analysed.

An analytical formulation for a simplified hangewodel has also been developed. This gives an
intuitive point of view about the behaviour of thype of bridge and how it can be controlled by
means of the different variables involved:

—
f
e
|
L LONGITUDINAL
ELEVATION
X -
-1 <
g

PLAN VIEW

TRANSVERSE PERSPECTIVE
ELEVATION

Figure2: Inferior deck arch bridgeswith imposed curvature

A thorough study for different geometries of supedeck true SABs under vertical loading and
temperature variation has been conductechiaptersV. A andB.

The research study @hapter V.A andAnnex N3 deals with the structural behaviour of spatial
arches with superior deck. Their response unddiceeloads and temperature increments is
analysed and different geometrical configurationd Boundary conditions at deck abutments
are studied.
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Superior deck arch bridges can suffer importantpemature variations. If they are curved in
plan the most efficient boundary conditions forsgeior temperature might be different to the
ones commonly employed for classical arch bridges.

(@) (b) (©)

(d) (e)

Figure 3: Studied bridge geometries. (a) Vertical planar arch bridge with superior it deck (reference model);
(b) Vertical planar arch with superior curved de@g;Arch and deck with symmetrical curvature iaml(d) Arch
and deck with coincident curvature in plan (imposedsature); (e) Arch curved in plan with supestiaight deck
(both contained in the same plane)

A priori, we can think that the curvature might dimh the longitudinal deformations and
forces due to temperature compared to the strdtk geometries. In this case, it will be useful
to take advantage of the plan curvature and fixangtments in a similar way to the common
practice for other bridge typologies in seismicaateHowever, this also introduces other
internal forces on the arch and it cannot be stagfdrehand which boundary conditions are the
most convenient. Therefore, a close study of thabieur of the different bridge geometries for
the different boundary conditions is required.

In order to analyse the behaviour of these aratiéferent linear frame 3D models have been
developed and analysed with a commercial softw@igufe 3).

The purpose of our study is to understand the tstraicbehaviour of different geometries of this
bridge type and to establish the best boundaryitiond at abutments in each case.
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Vertical planar arch bridges with a curved supedieck are spatial arch bridges (SABs) with a
very characteristic structural behaviour and mamyeresting structural and aesthetic
possibilities. This bridge type is studied@hapter V. B.

Figure4: Vertical planar arch bridgeswith a curved superior deck. Parameters studied.

A thorough parametric analysis has been conducteorder to establish efficient values of
different parameters for this bridge type accordimgifferent criteria (Figure 4). The objective
is to minimize the total amount of structural metist It has also been studied whether different
criteria proposed by the authors are appropriateatisfy this objective. For such a purpose a
piece of software has been developed.

The election of the value of these parameters Wiglfluences the behaviour of this bridge type.
It is demonstrated in this chapter that the pasitind connection of some key points of the arch
and deck is essential in this bridge type in otderontrol the structural efficiency.

An appropriate range of values for the differentapzeters (arch/deck eccentricity, arch rise,
arch/deck vertical distance, inclination of stratel the cross-section of the different elements)
is given and it is established which parameterskayeto the bridge behaviour. The changes in
the structural behaviour according to the diffeqgartameters are explained.

In Chapter VI the stability of SABs with a curved deck is stutiEnd compared with that of
planar vertical arch bridges with a straight deck.

The basis of stability analysis of arch bridgeprssented irPart A of this chapter, including
several researches and the present codes for bgekdd geometrically non-linear analysis.

For different models of this bridge type a bucklstgdy has been conductedRart B of this
chapter. Their behaviour has been compared witlassical planar vertical arch bridge with a
superior straight deck.

A parametric analysis has also been developed, aongpthe behaviour of the different SAB
models. The buckling behaviour of this bridge typeompletely different to that of a planar
vertical arch bridge. Buckling takes place in bpléines of the arch at the same time (Figure 5).
This behaviour has been explained. It is difficaltalculate the out-of-plane buckling load for
arch bridges and it is even more challenging fr bhidge type.
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Literature and code formulations for the bucklingd of arch bridges have been compared with
the numerical results for this bridge type.

Buckling loads have also been compared to desigdsloassessing whether buckling can be
disregarded as a main problem in this bridge type.

(@)

(b)

Figure5: SAB asymmetrical buckling shapein both planesfor g=20m, f=10m, rIm and rtr, employing
reference cross-sections (a) Plan view (b) Layout

For different models of this bridge type geomethcaon-linear analyses with and without
imperfections have been conductedCinapter VI. B.

The sensibility to imperfections has also been istydconsidering the coded imperfections
based on the behaviour of planar vertical archgasd The results of the analysis also show a
high sensibility to the arch rise and this effeas lheen explained.

The geometrical non-linearities have a high infeeepn the bridge behaviour.

As already stated, most SABs are footbridges. Taesrethe dynamic behaviour of this bridge
type is an important aspect to be considered. Ynardic behavior of this type of footbridges
has been hence also conducted for a SAB exampiecuived superior deck @hapter VII.

The thesis conclusions are drawn specifically fache chapter and finally summarised in
Chapter VIII.

Future lines of study are suggeste€hapter | X.

10
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1. OBJECTIVES

The main objectives of the present doctoral thesis, which deals mainly with Spatial Arch Bridges
(SABS) as pedestrian footbridges are detailed in the following lines.

In general, the present doctoral thesis focuses on understanding the structural behaviour of SABs
and on giving design criteria.

In relation to the different morphologies projected and/or constructed up to the present date, the
aim of thethesisisto:

» Define what we understand by spatial arch bridges.

» Establish the different variables involved.

* Provide aclassification for the different types of SAB.

»  Summarise the present knowledge of this bridge type, giving a brief review about how the
different examples have emerged.

« Explain the basic principles of behaviour and point out the research studies which have
been carried out so far.

In relation the structural and morphologic bridge type of Inferior Deck Arch Bridges With
Imposed Curvature (ID-ABWIC), it intends to:

» Define possible geometries for imposed curvature arch bridges.

» Study if non-planar geometries can be approximated by equivalent arches contained in an
inclined plane.

o Establish which geometrical and mechanica variables influence the structural behaviour of
these arch bridges.

* Find out which is the best way to control the arch behaviour, either with rigid arches or a
rigid hanger-deck system.

As far as the geometries of SABs with a superior deck concerns, the main objectives of the
present doctoral thesis are to study:

» the global structural behaviour of different geometries of spatial arch bridges with
superior deck under a vertical uniform loading and a temperature increment. Theaimisto
decide which bridge geometries help to improve the structural behaviour of these bridges.

» the suitability of different boundary conditions for the different bridge geometries under
the considered |oading cases.

15
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When considering SABs with a superior curved deck, the objectives are to:

» understand the changes of the structural behaviour of this bridge type due to changes the
different parameters (e, f, v, ﬁl, El, GJ, z ga) which have been previously described for
different deck curvatures (g) (Figure 1)

« establi

sh arange of the best combination of the studied parameters in order to minimise

the materia employed for different spatia arch bridges

e study which will be the best indicator in order to minimise material

»  assure whether the minimisation of bending moments is equivalent to the minimisation of
stresses and if the latter corresponds to minimising the total mass of the bridge

Figure 1: Nomenclature of variables.

In relation to buckling analysis, the purpose of the study is:

to analyse the influence of different parameters (f, 4, El and GJ of arch, struts and
deck) on the buckling shape and loading of spatial arch bridges with a superior
curved deck (SABWSCD) with a planar vertical arch with g=0 and g=20m and
e=16,57m

to anayse the buckling behaviour of IDABWIC with g=20m and f=20m and
different cross-sections

to compare the buckling shape and loading of SABs with that of equivaent (ie:
with the same arch rise (f) and span (L) values) planar vertical arch bridges with a
straight deck

to evaluate the validity of different existing formulations for the determination of
arch bridge buckling values

to evaluate the worst live load distribution for SABs buckling

! the inclination of the strutsin longitudinal view. See chapter V. B
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Regarding the influence of geometrical non-linearities in the structural behaviour, the objectives
areto:

» compare the effects of geometrical non-linearities on planar arch bridges with a straight
deck and on SABs with a superior curved deck.

» compare the effects of geometrical non-linearities on SABs with a superior curved deck
with different f values.

* evaluate the sensitivity of SABs with a superior curved deck to the values of
imperfections stated in EC3

e evaluate whether the design cross-sections obtained from a linear analysis (LA) are till
valid when considering geometrical non-linearities

Finally, regarding the dynamic behavior of footbridges of the studied structural type, it is
pretended:

* to check the dynamic behavior of the geometry concluded in previous chapters as most
efficient for SABWSCD with a planar vertical arch under design dynamic loads of one of
the present codes or guidelines and also the behaviour under the dynamic load case of a
single pedestrian and of asmall group.

e to compare its dynamic behaviour with that of a planar vertical arch with straight deck
with an equivalent span and rise.

Many research studies have already been conducted to develop different methodologies to obtain
antifunicularity (eg: specificaly for SABs: Jorquera, 2007, Todisco, 2014 and Lachauer, 2014).
Developing a new methodology is hence not the point of interest of the present study.

The aim of this doctoral thesis is to clarify the structural behavior of SABs, establish design
criteria and evaluate the importance of geometrical non-linearities and also check their dynamic
behavior when employed as footbridges.

Once the main key parameters have been identified and design recommendations have been
drawn, the most efficient solutions obtained in this thesis could be optimized employing the
already devel oped techniques to obtain antifunicularity for afurther research or for design.
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Ill. A) STATE-OF-THE-ART OF SPATIAL ARCH BRIDGES

1. INTRODUCTION

This chapter is a broadened and further detailedior of the paper published in tBgidge Engineering
Journal of the Institution of Civil Engineering in 2011 Ilye present author and her supervisors (Sarmiento-
Comesias et al, 2011).

Bridges in urban areas have in recent times aadjurenew function. In addition to simply providing a
physical connection between two points, they as® axpected to create a landmark, as a symbol of
originality, innovation and progress.

New geometries for bridges have been devised: araed, twist and incline; cables are no longer ener
structural elements but have become part of theegamggesting ruled surfaces which frame the spaw®;
the asymmetry, structurally astounding, finally mamnes the structure in the search for the scudpfeigure
1-1).

Spatial arch bridges (SAB) have appeared in regptmshis social demand, but no compact definiaod
detailed classification have been given. The dereknt of these new structural forms has not been
underpinned by research either.

All of this is possible due to current technologiidevelopment. Faster computers enable close fityrea
simulations and highly complicated analysis. NewDIBAM technologies make buildable shapes that would
otherwise be impossible to manufacture. These dpwatnts have broadened the design possibilities.
However, the architectural and engineering charstitess must be in harmony in order to optimize the
possibilities offered by both the new materialg] #re drawing, calculation and construction methods

However, the development of these new structurahgchas not been underpinned by research. Fewestudi
have been carried out so far on spatial arch bsiddgerquera, 2007 and 2009). After six Internationa
Conferences on Arch Bridges, this bridge type hiisn®t been considered, and only some example® ha
been presented. A deeper study is needed in oodelatify their behaviour and stability, to broadand
optimise the design possibilities and to establiekign criteria. Before such a study is undertakeis
essential to clearly define this bridge type andseethe state-of-the-art, including both the redeatudies
and some of the examples which have been completed.

In the present chapter Spatial Arch Bridges arénddf The different variables and geometries thahte
such a structural configuration have been studneldctassified.

A compilation of examples of this bridge type haei made in chronological order according to their
construction date, from Maillart’'s first concretpasial arch bridges to the latest designs and matgeA
wider compilation of examples is also given in Animél in Table format with the main data of eaclube.

This chapter is a broadened and further detailediore of the paper published in Special Issue ochAr
bridge of the Bridge Engineering Journal of thditagon of Civil Engineering by the present autlzrd her
supervisors.
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Figure 1-1: Campo de Volantin footbridge in Bilbao(see Annex N1 for further details)

2. OBJECTIVES

The objectives of this chapter are to:

. Define what we understand by spatial arch bridges.

. Establish the different variables involved.

. Provide a classification for the different typesS#B.

. Summarise the present knowledge of this bridge,tgngng a brief review about how the
different examples have emerged.

. Explain the basic principles of behaviour and paint the research studies which have been

carried out so far.

3. DEFINITION

SABs are defined, for this document and all theepgjfirom this document derived and published, mybs
in which vertical deck loads produce bending momeamd shear forces not contained in the arch mlaedo
their geometrical and structural configuration. Kver, the arch itself may not be contained inaagl

Under the global concept of “spatial arch bridges”understand both, bridges supported by archarilisby
shells.

The previously given definition applies to SABs doying arch ribs. Their definition can be developed
further: “true spatial arch rib bridges” are thaeewhich vertical deck loads centred on the dedkuae
internal forces not contained in the arch plane wutheir geometrical and structural configurat{bigure
4-3). The spatial behaviour of the rest of spasialh bridges is only activated by vertical loadsiclvh
introduce torques also on the deck. From a geocagtstandpoint, arch bridges which are longitudynal
asymmetrical in plan are always true SABs (Figu®id section 4.2).

Non-true SABs are those arch bridges which areifodigally symmetrical in plan (and therefore theha
and deck have a symmetrical cross-section) withentioin one deck (eg: Figure 4-4c and d in sectig) 4
more than one arch (inclined non-braced arches asi¢h the examples shown in Figure 4-4b in secti@h
or more than one family of hangers (Figure 4-4b¥touts (eg: the arch bridge across high-speed R
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near Bratcic (Strasky and Husty, 1997)). The spaihaviour of non-true SABs is only activated bg t
eccentricity of the vertical loads on the deckie self-weight of the inclined arches.

Classical planar vertical arch bridges which havepatial behaviour under wind loads are not comsitle
SABs. Neither are those vertical planar arch bsdgéh a straight deck and one centred family otival
rigid struts or hangers that introduce horizonkedas forces in the arch under eccentric verticadidoon deck.

Shell arch bridges have a completely different umation and structural behaviour. In such bridges
main bearing element is an arch consisting of 8 sk double curvature (Figure 4-5).

4.  SPATIALARCH BRIDGE TYPES

Many variables are involved in the definition oBAB. As a consequence of this, it is difficult tassify this
bridge type because several criteria could be used.

Most SABs are footbridges in which either an adsthkechallenge is pursued or a curved deck isiredu
due to accessibility criteria. For short and medigpans, arch bridges may be justified for aesthletic
environmental or clearance reasons, as the beshaitive, allowing a potential SAB solution. Forger
spans, under 600m, arches compete with cable-stagduspension bridges.

Most SABs have been built with steel and compdsiteel and concrete) sections. The second mosogetl
material is structural concrete. In some particelases other materials have been used. Stainkssveds
employed in the York Millenium bridge, UK, in 20@Eirth, 2002), the Celtic Gateway bridge in Holydea
Town, UK, in 2005 and the stainless steel-GFRP stede bridge in Sant Fruités, Spain, in 2009. The
Leonardo da Vinci bridge in Aas, Norway, was bunl2001 with timber (glulam curved beams) (von Buel
et al, 2010). Ultra-high performance concrete Hss lbeen used in the case of a research studyétirasch
bridges (Strasky, 2008 and Terzijski, 2008).

4.1 \Variables definition

There is a high number of variables that may bebioed in many different ways. However, not all the
combinations are structurally or geometrically fploies In addition, for some possible combinations,
bridges have been built yet.
The different variables can be observed in Figuteashd are defined as follows:

« Type of arch members: ribs and shells

e Geometrical shape

o Number of arches, decks, and sets of hangers (#eedeck is beneath the arch) or struts
(when the deck is over the arch)

o Number of elements (hangers and/or struts) pearsmbspacing between them.

o Arch and deck spand., andLp respectively), horizontal arch and deck ségsand gp
respectively), arch ris@,), geometric shape of the arch.

0 Angular tilt of the arch from the vertical plang)(
0 Relative position between the arch and deck:

= |n elevation: it can be determined by the positbithe deck in relation to the arch;
the definition can be based on a relationship betvike arch risg and the height of
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the deck measured from the arch springimg@-igure 4-1c). The bridge can have an
‘inferior-deck’ (zp=0, i.e. a bridge with a spatial arch over the deck)superior-
deck’ @@= fa, i.e. a bridge with a spatial arch under the dewkan ‘intermediate-
deck’ 0<z< fa, i.e. a bridge with a spatial arch beneath and elibe deck). For
these definitions, inferior, superior, and intermatel only have a geometrical
meaning, related to the position of the deck iatreh to the arch.

= Plan eccentricity between the arch springings hadleck abutmentsg)(
= Horizontal offset between the arch crown and thekaeid-span sectiord)
= Rotation of the arch in plan in relation to theyalhent of the declgj
* Material
* Support conditions for both the arch and the détkexabutments
e Deck-supporting members (hangers and struts):
0 Slope of the deck-supporting members (with or witheopnetwork configuration)

o Distances from either the hanger anchorages attheconnections to the shear centre of the
cross-section of the archy( horizontallly ando,, vertically) and the deckog, horizontally
andbp, vertically)

0 Flexural stiffness of the deck-supporting membeigid (mainly, either steel profiles for
inferior-deck SAB or steel or concrete memberssigperior-deck SAB) or flexible (mainly
stays and cables for inferior-deck SAB) members

0 The prestressing of the deck-supporting membets/eagmainly post-tensioned hangers) or
passive (non pre-stressed) members

Geometrical variables are a clear way of classifyiridges. Nevertheless, from a structural stamdpeither
geometrical o mechanical dimensionless ratios ane appropriate:
e Geometrical ratios:

o Ratio between the distance from the deck sheareémthe axis joining the deck abutments
and the span of the dedilp+ bp,)/Lp. Similarly for the arch(gate+bay)/La

0 Ratio between the arch depth and width/B). This coefficient is required due to the
relevance of the out-of-plane behaviour of the arch

0 The deck/span ratidis/La; Hp/Lp

0 An appropriate relationship betwefne, ¢, andg, might be relevant for defining the spatial
shape of the arch thrust line (i.e. the anti-fulicghape of the spatial arch)

¢ Mechanical ratios:
0 Arch/deck flexural rigidity ratio:Ea-1,)/(Ep-Ip)

o Flexural and torsional rigidity ratio (for both thech and the deck)&E(1)/(G-J)
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Figure 4-1: Variables’ nomenclature:a) Vertical arch with curved inferior deck; b) lm&d arch with straight inferior
deck; (c)Rotated arch with intermediate deck
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4.2  Classification and examples

Many types of classification can be made due tchige number of variables. Some variables defimed.1
appear also in classical vertical arches containedplane. Therefore, an interesting classificatimuld be
one that considers the variables intrinsic to SAB®reover, the classification criteria may eithez b
morphological or structural. Morphological criterall also lead to a good structural classificatamd they
are visually clear.

A scheme of a possible classification of SABs isvaf in Figure 4-2. A set of different levels is satered.
The levels in the flowchart have been numbered forto 5 in order to avoid repetitions of the same
information in the different branches.

Firstly, SABs can be divided into two large groups:

» Spatial arch ribs (Figure 4-3 and Figure 4-4): ascin which the cross-section of the arch has a
width/span and depth/span ratios low enough forateh to be accurately analysed with frame
elements with 6 degrees of freedom per node.

* Shell arches (Figure 4-5) arches in which the esession of the arch has a width/depth and
width/span ratios large enough for requiring anlhymis with shell elements. The arch is a roof-like
structure.

Spatial arch ribs can be classified into longitadlin asymmetrical (Figure 4-3) and symmetrical ah
(Figure 4-4), which can in turn be sub-classifiedaxding to the relative vertical position betwdba arch
and the deck (level 1), the deck curvature (leyeh2d the number of arches (level 3). Finally, tlaeg
classified according to the shape of the arch Aeddeck and their relative position (levels 4 andrigure
5-2).
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SPATIAL ARCH RIBS

Longitudinally asymmetrical (Figure 4-3) Longitudinally symmetrical
(Purely spatial bridges) (Figure 4-4)

Level @ Level @

Inferior Superior deck Intermediate Two arches or Two decks Two families of | | One arch perpendicular
deck (Figs. 5-1, -4 and -5) deck more (Figs. 4-4¢ or more hangers or more to the deck in plan
and 5-2) (Fig. 4-4b) (Fig. 4-4b) (Fig. 4-4a)

1

Non-braced Non-braced
convergent divergent
arches (Figs. 4-4¢ arches
and 5-2) (Fig 4-4d)
Level @
Straight in Curved in .
plan deck plan deck Multibridge

Level @ Level @

One arch Two or more arches One arch Two or more
(Fig. 4-3a) (Figs. 4-3f, g) (Figs. 4-3c,e & 1-1) arches

7@ 40

% Level @ % Level @
Planar Non-planar Planar Non-planar
arch arch arch arch
%
V Level @
- | | [mposed Non-eccentric Eccentric
Eccentric Inclined Rotated arch curvature arch arch
vertical arch arch (vertical or (Fig. 4-3¢)
(Fig. 4-3a) (Fig. 4-3b) inclined)
(Fig. 4-3d)
Eccentric Incl{ned arch Rotated vertical
. (Figs. 1-1 -
vertical arch or inclined arch
and 4-3¢)
SHELL ARCHES
| Concrete shells (Figure 4-5a, b and 5-6b) | | Geodesic structures (Figure 4-5d) | | Prestressed membranes (Figure 4-5¢)

Figure 4-2: Spatial arch ribs classification scheme

Regarding spatial arch ribs, the following aspsbisuld be clarified:

Multi-bridges: these bridges have multiple (at teasee) convergent decks, each of which may
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be supported by, or on, an arch. The only alreagbigthed examples are tri-bridges, such as the
Sanchinarro shopping-mall access bridge by J.ehds in Madrid (J. J. Arenas, 2005) or the project
of the Hacking Ferry bridge, also called Ribble Way Wilkinson Eyre, in Lancashire (Firth and
Kassabian, 2001).

. Planar arches: these arches are contained in &aleor inclined plane. This geometrical
configuration allows the direct projection of th&arnal forces into two orthogonal planes, when
employing arch cross-sections symmetrical on thke pfane.

. Non-planar arches: these are not contained in @eplaven if a circular arch cross-section is
employed, internal forces cannot be projectedtiwtoplanes because internal forces are coupled.

. Arch bridges with imposed curvature (ABWIC). In $eeSABs, the arches are forced to have the
same curvature in plan as the deck. Thereforeattie and deck centroid lines are contained in the
same vertical cylinder.

. They can have an inferior or superior deck (IDABWAd SDABWIC). In IDABWIC, the deck
is located under the arch and supported by vettigaters which do not restrict the vertical cleaean
(Jorquera 2007). ABWIC can have either planar ifiec arch) or non-planar (Sarmiento-Comesias et
al, 2010)

. A very scarce number of this kind of arches. Onfgwa bridges of this type have been built so
far (see section 5).

. Arch bridges longitudinally symmetrical in plan Wwitwo or more braced arches do not have a
spatial behaviour under vertical loads, whereasnasstrical ones can be braced without losing the
spatial behaviour that characterises SABSs.

. Longitudinally symmetrical bridges with one archrgendicular to the deck in plan. This takes
place in the limit of an asymmetrical bridge withr@tated arch in plan in relation to the deck
alignment. When it becomes symmetrical, viit®0, it should not be considered an arch bridgeabut
cable-stayed bridge with an arch-shaped pylon. Neskess, the arch would behave like a spatial
arch.

(b)
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(d)

()

Figure 4-3: Longitudinally asymmetrical inferior deck spatial arch bridges(see Annex N1 for further details):

One-arch bridges:

Multiple-arch bridges:

(a) Eccentric vertical planahawith rigid hangersOndarroa Port bridge
(b) Inclined planar eccentric arch with straightkl: La Alameda bridge
(c) Inclined planar arch with curved deckateshead Millenium bridge (Source:
Gifford. company responsible for the structure loé toridge. Reproduced by kind
permission of Nolan Mills)
(d) In-plan rotated archHulme arch bridge (Source: Wilkinson Eyre)
(e) ID-ABWIC: Galindo bridge

(f) displaced arch crowrdamtated archedVordsternpark bridge (Source: Nicolas
Janberg 2005. Reproduced by kind permission ofcitrae (publisher)) (Source:
Stefan Polonyi. Reproduced by kind permissionetithor)

(g) convergent braced arché3reilander bridge (Reproduced by kind permission of
Hans-Peter Andra).
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© ©

Figure 4-4: Longitudinally symmetrical inferior deck spatial arch bridges(see Annex N1 for further details)

One-arch bridges: (a) In-plan rotated arch: Mihaskum bridggReproduced by kind permission of
Massivbau, TU Berlin)

(b) Two decksLogrofio bridge (Reproduced by kind permission efelaManterola)

Multiple-arch bridges: (c) Two convergent arch@&eraleda bridge (Source: AIA. Reproduced by kind
permission of Ramén Sanchez de Lgon)

(d) divergent archegames Joyce bridge

Not all the arch bridges which look like a shelllwiehave like one structurally. A possible struatudivision
is:

. Bridges in which the arch works like a shell angparts all the bridge loads (the deck can be
either inferior or superior, Figure 4-5 (a) and)(b)

. Spatial arch rib bridges additionally loaded withromf shell. Morphologically they look like
shell arch bridges but the main loads are restsyeh arch rib.

. Bridges in which the deck works like an arch sfieijure 4-5 (c)).

. Bridges with double-arch systems braced by a mestd membrane acting like a roof (Figure
4-5 (e)). This bridge type has not yet been designe it is a very interesting option.

Very few shell arch bridges have been built sqfécoletti, 1999, DeLucchi, 2010 and Corres et@l@ and
2011). Only a small number of projects and studies.

Structures of a bridge with a roof shell might bisleading, because the roof will support its owrighie but
not the bridge loads. These bridges are obvioustiyntluded in this classification type.
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(d)

(e)
Figure 4-5: Shell spatial arch bridgegsee Annex N1 for further details)

(a) Inferior deck shell arch bridg@roject of pedestrian bridge in StHelier (Reprodiidey permission of Jiri
Strasky)

(b) Superior deck shell arch bridge and arch usquathway tooBridge over Basento river

(c) Shell arch acting as pathwayamouthReproduced by permission of Jtirasky.

(d) Geodesic shell arcBridge of PeacéReproduced by kind permission of Michelle De Lucchi
(e) Studies of prestressed membraffreproduced by permission of Jiri Strasky)
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5.  BRIEF HISTORICAL REVIEW. EXAMPLES AND EVOLUTION

Over 100 spatial arch bridges have been designddrg@armiento-Comesias et al, 2009). In the mtese
chapter, only some representative examples ofiffexent types, mainly the first and latest ones, r@ferred
to.

The concept of spatiality has appeared in some mmasarch bridges, such as skew arches, success§ion o
arches which describe an angle in plan view, aratitiges. In all of them, the spatial thrust lisecontained

in the bridge cross-section. Leonardo da Vinci 502 had the foresight to design more slender mgsonr
spatial arches, as his sketches for the Golden Hddge attest. His clear understanding and inneeat
thinking, significantly ahead of his time, led teetdesign of a true spatial rib arch bridge. Hisigte was
eventually built in 2001, in Aas, Norway, with tiebrather than stone. It is called the Leonardd/idai
bridge (Allied Arts Foundation 2001). However, sphtmasonry arch bridges are not included in the
definition of SABs considered in this documentehaist is focused on bridges built with materialscivh
resist bending forces and in which live loads mayse the pressure line to fall out of the crostiaeof the
bridge.

The first true SABs were deck-stiffened arch cotecleidges designed by Robert Maillart (Billingtd97),

a pioneer of this bridge type. The Ziggenbach laifiigure 5-1a), was the first to be completed in 1924 in
the central east side of Wagital lake in Schwyzit&xland (Billington, 1997). It comprises a stiaign-plan
concrete arch bridge and a curved-in-plan supeléok. The demolished Landquart rail bridge alsotg

to the same bridge type (Billington, 1979). The Bakh bridge (193Zigure 5-1b), with a 14,4 m span, was
the first one to have an arch with an axis curveglan (Billington, 1997), whereas the SchwandHaritige
(1933, Figure 5-1c) was the first with an imposed curvature. It 88 m over the Schwandbach creek in
Switzerland and consists of a polygonal-profilehafdefined as Stabbogen by Maillart) with a conistan
thickness of 0.2m, connected to the deck onlylierdentral 2.8m of the span (a much lower lengin the
previous and shorter Bohlbach bridge). The archyspbut at the banks to meet the foundations (@iitin,
1979).

All of these first spatial arch bridges are supedeck-stiffened arch concrete bridges that westgded by
Robert Maillart (Laffranchi and Marti, 1997), natlg pioneer of this bridge typology, but also amgieeering
genius.

(a) (b) (c)
Figure 5-1: (a) Ziggenbach bridgg(Source: Yoshito Isono 1998. Reproduced by kinthigsion of Structurae
(publisher)) (b) Bohlbach Bridge; (c) Schwandwach BridgeSee Annex N1 for further details.

At the same time many different examples of conmetdpraced symmetrical arches with inferior deckewe

built too.
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It took over 30 years for the first shell arch yedo appear. In 1969, Sergio Musmeci built whdtelkeved
to be the first and only concrete shell arch bridgeh a superior deck. It is located in Potenzalyjtand
crosses the Basento river (Nicoletti, 1999).

In 1987 the construction of the Felipe Il or BacRieda bridge, in Barcelona, Spain, which was desidoy
Santiago Calatrava (Figure 5-2) was completeds the first symmetrical double-arch non-true SABisT
bridge comprises two non-braced sets of archesshaéaie themselves asymmetrical braced double arches
Calatrava has designed the highest number of SAi8s &is first true spatial arch bridge design, Gentil
Footbridge in 1987. Most of them are inclined etGersteel arches with either a curved or straigferior
deck. Examples are the Devesa footbridge in Rignadl the Port of Ondarroa bridge (Figure 4-3 (2Dhis
both built in 1989; la Alameda bridge (Figure 4B3)(in Valencia, Spain, built in 1991; the Europ&lfe, in
Orléans, France, built in 2000 (Datry, 2001 and d¢hosan, 2001); the Observatory bridge in Liége, in
Belgium, built in 2002 (Verlaine et al 2001); thelahtin footbridge (Flaga and Januszkiewicz, 20aaj the
recent Reggio Emilia inclined and skew arch, ityJtauilt in 2006. Inclined eccentric arches wittfarior
deck have also been widely used by other desigserae examples are described by Firth, 2001; Strask
2005 and Arenas, 2005).

Figure 5-2: Bac de Roda bridggsee Annex N1 for further details)

From the late 1980s, the use of bridges as citgineanks became widespread, and more examples of this
bridge type are proposed. The search for a nevemmiiim symbol enhanced the aesthetical power dfaspa
arch bridges and generated several examples.

In the 1990s a new concept was introduced: the m@ntetted in plan in relation to the deck alignmedme
examples of this type are: Nordsternpark (FiguBe(#), built in 1996; the TZU footbridge, built1997; the
Hulme arch bridge (Figure 4-3 (d)), , built in 199uhich has become a symbol of Manchester (Husaain
Wilson, 1999); the Charvaux footbridge, and the rimsgive multiple-arch Juscelino Kubitschek bridge
(Almeida et al, 2003), both built in 2002; and there recent Te Rewa Rewa bridge, in New Plymouifit b
in 2010.

In 1998, the construction of the Gateshead Millanrmbridge over the Tyne was completed. It is th& find
only spatial arch movable bridge (Figure 4-3c, domand Curran, 2003, Curran, 2003 and Butterwairti,
2003). One year later, the Ripshorst bridge (Fidiidg was completed (Schlaich and Moschner, 1998as
a non-planar and anti-funicular arch (i.e. an anctvhich the thrust line follows the arch centrdiine, and
therefore the arch works mainly under compressiora fcertain loading condition).
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Figure 5-3: Juscelino Kubitschek bridge in Brasilia over the lake Paranoa, Brazil, 2000-2002 hree arches rotated
according to a vertical axisRéproduced by kind permission of Lukas Koh&ee Annex N1 for further details.

\\n})‘

Figure 5-4: Ripshorst bridge (Reproduced by kind permission of Mike SchlaiSke Annex N1 for further details.

In the same period, the first divergent arches veenployed: St James Garden footbridge in Londof8519
Butterfly bridge in Bedford, 1998 or Friends bridmeLondon, 1998. More recent examples include: the
Churchill way footbridge in Hampshire, 2000-200% tlames Joyce bridge in Dublin, 2003 (Figure é}}% (
and the Ponte della Musica in Rome, 2011 (Liaghat,e2011). There are fewer examples of asymnatric
divergent arches, such as the Celtic Gateway Bridg&/ales, 2003-2005, and the anti-funicular Nagnin
Butterfly tied-arch bridge in Guangxi, 2009 (Cheial, 2010).

Some examples of symmetrical arch bridges with re¢viecks are the bridge over the Guadalentin fiver
Lorca, Spain, 2002 (Manterola et al, 2005) andRhther Bernatek's footbridge over the River Vistinla
Cracow, Poland, 2010 (Flaga and Januszkiewicz,)20@bth with two decks, and the Logrofio bridge (ifeg

4-4b), Spain, 2003, with three decks (Manterol®120

The structural schemes conceived by Maillart far deck-stiffened SABs with imposed curvature were n
subsequently used until Manterola designed the itatda bridge (Figure 5-5) and the Contreras bddge
Manterola contributed to the development of thisittral type extrapolating Maillart's scheme from
superior- to inferior-deck arch bridges. The bridiyer the Galindo River, in Bilbao (Figure 4-3 (8pain
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(Manterola et al, 2009 and 2011), is the first iiledeck spatial arch bridge with imposed curvatun
which the arch has a double hanger system.

Figure 5-5: Endarlatsa bridge (Reproduced by permission of Javier ManteroBge Annex N1 for further details.

Musmeci’s shell arch superior deck bridge has siit found a successor. Nevertheless, severalestudi
models and designs of shell arch bridges have deeerloped by Strasky (Figure 4-5 (a), (c) and (d)),
although they have not been built yet (Starsky Kathb, 2007, Strasky, 2008 and Strasky et al 2010).
Matadero and Invernadero footbridges (Figure 5k6)the first built shell arch bridges with an inéerdeck
(Corres et al 2010 and 2011). In 2010 the firstdgse shell arch bridge, the bridge of Peace (Eigub d),
was built in Thilisi, Georgia (De Lucchi, 2010).

T
T e s
A |

Figure 5-6: Invernadero footbridge. See Annex N1 for further details.

A great range of ideas and combinations of vargaldestill floating in the horizon, to be discovgreesigned
and constructed.
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6. RECENT STUDIES ON THE STRUCTURAL BEHAVIOUR OF SABS

There are very few research studies on the behagfdhis bridge type.

A broad state-of-the-art review has been carriet] imeluding the six international conferences aoha
bridges held so far (1995, 1998, 2001, 2004, 200F 2010). Several papers briefly describe the arch
behaviour for specific examples but very few tackkBs as a bridge type. The research studies daoue

so far are not wide enough to establish desigerait

Non-linear behaviour of spatial arch bridges witlpexior deck and imposed curvature bridges have bee
very briefly studied (Verlaine et al, 2001; Liagkatal, 2011 and Sarmiento-Comesias et al, 20Tha)effect

of temperature on these bridges has only beenestddr some specific subtypes (for example the Nann
bridge by Cheng et al, 2010; and a general resesttally of SABs with superior decks by Sarmiento-
Comesias et al, 2011b). The recent analysis metbaoalstain anti-funicular arches for SABs do notwerge

for some cases (Jorquera, 2007) and several vesiadilll need to be studied. Many other formfinding
software could be applied, for example employingpgiic statics with a computer aided design software
together with a parametric modelling plug-in andhefec algorithms (Lachauer, 2011). However, this
approach neglects the material stiffness, the tsiraicdeformation, and the potential structuraltabdity
(buckling).

Jorquera (2007) conducted the first comprehensisearch study of this bridge type, giving a firstimition,
variables and classification. Jorquera’s reseanctudled the study of the linear behaviour of veitiglanar
arches with active flexible hangers and an infedeck SAB with different deck curvatures. He also
examined the effect of the arch/deck eccentricitplan for a given curvature. For straight decksstudied
the behaviour of the arch when varying its inclioiat The effect of hanger eccentricity with respecthe
shear centre of the deck is also analysed. He cagedgram to obtain anti-funicular arches for iiitfie and
superior-deck SABs with pinned hangers. Althoughguera carried out a wide and interesting study for
different variables, his research only partly dlas the behaviour of spatial arch bridges. Thegaech is not
wide enough to establish design criteria. The eftdctemperature on these bridges is not studie- n
linearity of spatial arch bridges with superior kiend imposed curvature bridges are only brieflylstd; the
antifunicularity program does still not converge $ome cases and several variables are still ¢ty.stu

Antifunicularity is now a theme in vogue, since n&@AD/CAM technologies make buildable shapes that
would otherwise be impossible to manufacture. Tla@eeseveral other studies employing different ttieso
for finding anticunicularity for SABs, namely witktatic graphics (Lachauer, 2014) and with genetic
algorithms (Todisco, 2014).

After several research studies which are explaindglde present document, the SAB definition, vdaaland
classification have been detailed, broadened aecifggd further in the present chapter.

Spatial arch bridges are subjected to importantdingnmoments (as presented by specific case studies
Hussain and Wilson, 1999 and Johnson and Currd8)2hd torsions (as presented by specific caskestu
Manterola, 2001 and Verlain et al, 2001) and hawedxial forces (Jorquera, 2007).

For vertical or inclined planar arches with a syrtmoecross-section in relation to the arch plameirduitive

way of understanding their behaviour is by meansirafoupling in-plane and out-of-plane behaviouf. In

plane it works like an arch: axial forces and iafpbending moments are coupled. Out-of-plane, iksvas a

so-called balcony-beam, i.e. a fully restrainedvedrbeam with the loads acting perpendicular toplhee

containing the beam centroid line. For the latteg,torsional moments and out-of-plane bending nmisnare
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coupled. Depending on the relevant ratios betwetfereht variables, either the arch or the balcbegm
behaviour is enhanced.

When either the arch is not contained in a plarth@icross-section is not symmetrical in relatiothe plane
of the arch, this simple approach is no longer iptss

It can be intuitively understood that the highehei the arch plan curvature or the angle betwbemptane
containing the arch and the hangers/struts, théehighe out-of-plane effects, i.e. the arch behavio
diminishes and the balcony-beam behaviour increa$elsas been demonstrated that when employing
mechanisms that increase the horizontal stiffndsthe system, the behaviour improves (Laffranchil an
Marti, 1997, Jorquera, 2007 and 2009, Manterokd,ét009).

Nevertheless, even if it is possible to separagehihaviour into two planes, the behaviour is hebBgs
obvious and predictable, because the relationshiyden bending and torsional rigidities, the hafsgreits
connection types and eccentricities, and the samomditions of the arch and deck at the abutmetéy, a
fundamental role in the arch behaviour.

In conclusion, spatial arch bridges not only prawvée architecturally interesting, but also preseasonable
structural behaviour when employing a geometry #rdtances the arch/deck interaction and the adequat
support conditions for both the deck and the archtha abutments. Moreover, the deck curvature is
advantageous in order to diminish the axial foingbe deck caused by temperature increments.

Considering the few references on the subjectwilde range of variables and the recent popularitihis
bridge type, it is concluded that further reseasafiecessary.
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7.

CONCLUSIONS

In this chapter spatial arch bridges have beey fidfined and classified, and the variables thiheeoth
the geometrical and structural configuration hagerbpresented.

The spatial arch bridge type has its origins in s@nhMaillart’s bridges built at the beginning of
the 19th century, whose rationale was based onifurat considerations. Its use has reached its peak
in the 1990s, becoming increasingly popular in norageas as a means of creating city landmarks.

In spite of the significant number of built spataakth bridges, not enough systematic research
studies focused on their structural behaviour hmaen developed.

Existing research studies demonstrate the relevahtee out-of-plane internal forces (i.e. the
behaviour as balcony-beam) in spatial arch bridges.

Many research studies have been conducted to ge\wdifeerent methodologies to obtain
antifunicularity.

Recent researches do not fully clarify the behavidspatial arch bridges yet
No design criteria recommendations have been gieén

The effects of temperature, non-linearity, bucklamg dynamic research studies have not been
conducted yet.

Many lines of research are currently open in tietdfin order to clarify linear and non-linear
behaviour, to establish design criteria and torojzié the bridge behaviour.

43



lll. A) STATE-OF-THE-ART OF SPATIAL ARCH BRIDGES

REFERENCES

Allied Arts Foundation (2001). The Leonardo bridge project. Available at
http://www.leonardobridgeproject.orgtcessed 19/02/2012

Almeida, P. A. O., Stucchi, F.R., Rodrigues, JSE.Wainberg, M. and Berger, D.“Retronanalysishef tests
of the 3rd Bridge over the South Lake in Brasike{roandlise dos ensaios na 32 Ponte sobre o LdgieS
Brasilia)".V Simpdsio EPUSP sobre Estruturas de Con¢igfm Paulo, 2003 (in Portuguese)

ARCH ’'07. Proceedings of the 5th International ABtidge Conference. Funchal, Madeira, Portugall42-
September, 2007

ARCH '10. Proceedings of the sixth InternationatBridge Conference. Fuzhou, China. 11-13 October,
2010

Arch Bridges IV. Advances in Assessment, Structibakign and Construction. Proceedings of the 4th
International Conference on Arch Bridges. Barceld"al9 November, 2004

Arch bridges: proceedings of the First InternatioG@nference on Arch Bridges. Bolton, UK on 3-6
September 1995. 690p. ISBN 0-7277-2048-1

Arenas de Pablo, J. J. “Quality in Engineeringoolation and Maturity (Calidad en la ingenieria:viacion y
madurez)”. In:AEC Proceedings 200 he life of bridges: Asociacion Esparfiola de la @gara. 200%. San
Sebastian. 27-29 April 2005. p341 and 343 (in Sggni

Billington, D. P.. “The Role of Science in Enginiegr” In Robert Maillart's bridges. The art of engineering.
Princeton University Press. Princeton, New Jers@y9, pp. 94-105 and pp.111-112.

Billington, D. P..Robert Maillart. Builder, Designer, and ArtisEambridge University Press, 1997, pp. 146-
149 and pp. 174-182.

Butterworth, K., Carr D. and Kassabian, P.. “GageshMillenium Bridge, UK: fabrication, assembly and
erection”.Proceedings of ICE. Civil Engineering 138aper 12826. March 2003, pp. 11-19

Cheng, K. M., Ketchum, M. A., and Drouillard, FNdnning Butterfly Tied Arch Bridge over the Yongver
in China”, Structural Engineering Internationa20 (3). 2010, pp. 308-311

Corres Peiretti, H.; Sdnchez Delgado, J. and Saarzzlhedo, C.. “Pasarelas cascara sobre el rio Mareza
en Madrid”.Proceedings o¥ Congreso ACHBEBarcelona, 2011 (in Spanish).

Corres Peiretti, H.; Seijo Veiguela, C.; Garciaigsp J.D.; Calvo Herrera, |.; Gravalos Moreno,Qhozas

Ligero, V.; Lampe Carreras, R. and Vifiolo Albiofe, “Aplicacion de tecnologias avanzadas del hoémign

las pasarelas en cascara sobre el rio Manzanai@e®lpproyecto de Madrid RioRevista Obras Publicas
(ROP) 2010, n°® 3.515, pp7-18. ISSN: 0034-8619 (in Sggni

Curran, P. “Gateshead Millenium Bridge, UkStructural Engineering InternationaNovember 2003, 13 (4)

Datry, J.-B.. “The Europe Bridge in Orléans (Frgntessons Learnt’ARCH '01. Proceedings of the Third
International Arch Bridge ConferencBaris, 19-21 September 2001. pp735-743 (in French)

44



Ill. A) STATE-OF-THE-ART OF SPATIAL ARCH BRIDGES

De Lucchi, M.. “The bridge of peace. A monumenfTtalisi's different identities.’Proceedings of the 34th
Inernational. Symposium on Bridge and Structurabiéeering, IABSEVenice, Italy, 2010, pp. 1-8 (CD-
ROM)

Firth, I. P. T. and Kassabian, P. E.. “The RibblayWCharacteristics of a three-way arch”. ARCH ’'01.
Proceedings of the Third International Arch Bridgenference. Paris, 19-21. September 2001. Pp807-812

Flaga, K., Januszkiewicz, K.. “On the aestheticd gathnical efficiency of current arched footbridgedtn
International Conference. Footbridge 2034 /roclaw, 6-8 July, 2011

Hoeckman, W.. “The Europe Bridge in Orléans (FragnG®nstruction PhasesARCH '01. Proceedings of
the Third International Arch Bridge Conferendraris, 19-21 September 2001. pp745-750

Hussain, N.; Wilson, I.. “The Hulme Arch Bridge, Rtzhester’ ICE Proceedings, Civil Engineerinj32.
February 1999. pp 2-13

Johnson, J. and Curran, P.. “Gateshead Milleniurdger an eye-opener for engineeringtoceedings of
ICE. Civil Engineering 156Paper 12885. February 2003, pp. 16-24

Jorquera, J. J. (2007). “Study of the structurdaveour of spatial arch bridges”, PhD Thesis. Suiged by
Prof. Manterola, Technical University of Madrid (MR, (in Spanish). See
http://oa.upm.es/812/1/JUAN_JOSE_JORQUERA LUCER@A Accessed 21/02/2011

Jorquera, J. J.. “Structural behaviour of spatiahdridges”, Proceedings of the International Assion for
Shell and Spatial Structures (IASS) Symposium 20B%lution and Trends in Design, Analysis and
Construction of Shell and Spatial Structures (DauirmA., and Lazaro, C. (Eds)), Valencia, 2009, 2447-
2457.

Lachauer, L., Jungjohann, H. and Kotnik, T. “Int#nze Parametric Tools for Structural Design” Prediags
of the 35th InernationaBymposium on Bridge and Structural Engineeringutjpiorganised by IABSE-IASS:
‘Taller, Longer, Lighter; London, UK, September 20-23, 2011, pp. 1-8 (CDMBO

Laffranchi, M. and Matrti, P.. “Robert’s Maillartsoncrete arch bridgesJournal of structural engineering
123(10), 1997, pp. 1280-1286.

Liaghat, D., Powell-Williams, K. and Capasso, MRohte della Musica: An Urban Bridge in Rome”.
Footbridge 2011. Proceedings of the 4th Internatio@onference FootbridgeNroctaw, Poland 6 — 8 July
2011

Manterola, J. “Composite arch bridge®!RCH '01. Proceedings of the Third InternationalcirBridge
ConferenceParis, 19-21 September 2001. pp779-785

Manterola, J., Gil, M. A., and Mufioz-Rojas, J.. tArspatial Bridges over the Galindo and Bidaso@Riy
Cauce 2000: Revista de ingenieria gidit7. 2009, pp. 20-29, (in Spanish).

Manterola, J., Gil, M. A., and Mufioz-Rojas, J.. tArspatial Bridges over the Galindo and Bidaso@Riy
Structural Engineering Internationa®1 (1). 2011, pp. 114-121

Manterola, J., Mufioz-Rojas, J., Lépez, A., Fernande “Guadalentin river and San Cristobal urbeeaa

Project in the city of Lorca (Actuacion sobre @& Guadalentin y espacio urbano del barrio de S&tdBeal

en la ciudad de Lorca)’ACHE Proceedings 2005 (Comunicaciones al lll coagrdCHE de puentes y
45



lll. A) STATE-OF-THE-ART OF SPATIAL ARCH BRIDGES

estructuras) Zaragoza. 2005. pp1802-1811 (in Spanish)

Michele De Lucchi Archive (aMDL). Ponte della PacEbilisi (Georgia), 2009-2010. Available at:
http://www.archive.amdl.it/en/index.aspast accessedApril 2012

Nicoletti, M.. Sergio Musmeci: organicita di formagforze nello spazio. Testo & Immagine, Torino, 499

Proceedings of the Second International Arch Bri@gaference(Venice, 6-9 Octubre 1998). [s.l.]: Taylor &
Francis, 1998. 439p. ISBN 9058090124, 9789058090126

Robertson, Leslie. “A life in Structural Engineegin In: Nordenson, GuySeven Structural Engineers: The
Felix Candela LecturesNew York: The Museum of Modern Art, 2008. pp83-84

Sarmiento-Comesias, M., Ruiz-Teran, A. and Aparidio C.. “State-of-the-art of spatial arch bridges.
Special Issue on Arch bridge of tBeidge Engineering Journadf the Institution of Civil Engineering/ol.
166, Issue 3, April 2013 pp163-176. Published na-2011. DOI10.1680/bren.11.00010

Schlaich, J., and Moschner, T. (1999). “Die Ripstar Bricke Uber den Rhein-Herne-Kanal, Oberhaysen”
Bautechnik6(76), pp. 459-462.

Strasky, J and Husty, I. “Arch bridge crossing Bmo-Vienna expressway'Composite constructive —
conventional and innovative. International confererinnsbrick, 16-18 September 1997. pp.870-871.

Strasky, J. “Bridges designed by Strasky, Hustyagtier”. In: AEC Proceedings 2005 (The life of iyed:
Asociacion Espafiola de la Carretera. 2005). Saasiiéb. 27 -29 April 2005. p255-312

Strasky, J. and Kalab, P.. “Model Test of the Pessted Concrete Membran®ASS 2007 Conference - Shell
and Spatial Structures. Structural Architectureow@rds the future looking to the pagenice, Italy, 2007, pp.
1-8 (CD-ROM)

Strasky, J., Kalab, P., Necas, R. and Terzijski,“"Development of Membrane Roofs from Prestressed
Concrete. Structural Concrete in the Czech Rep@0@5-2009”3rd fib CongressWashington, 2010.

Strasky, J.. “Bridges Utilizing High-strength coet”. 30" Conference of Slovenian Structural Engineers
Bled, 2008, pp. 1-18.

Terzijski, 1. “Optimization of UHPC for the Modelfa Pedestrian Bridge in: Ultra High Performance
Concrete (UHPC)".Ultra high performance concrete (UHPC): proceedingfsthe Second International
Symposium on Ultra High Performance Concré¢kehling E., Schmidt, M. and Stirwald S. (eds))s$&,
Germany, March 5-7, 2008, pp. 707-716

Thomas, G. E. “The Blythe Park Bridge”. In: Martinel. (Dir y Ed). Proceedings of Composite Bridges
2001. Madrid: Ediciones del Colegio de IngenieresCaéminos, CC y PP. 2001. Madrid, 22-26 Janua@] 20
pp 131-144 (in Spanish)

Verlain, D., Hardy, D., Schmit, C., Joris C., DuobgY. and de Caters, P.. “Bowstring bridge withved
deck”. ARCH '01. Proceedings of the Third InternationatclmBridge Conferencearis, 19-21 September
2001. pp715-722 (in French)

Von Buelow, P., Falk, A. and Turrin, M. “Optimizati of structural form using a genetic algorithnmséarch
associative parametric geometiigfoceedings of the International Conference on @&tmes & Architecture

46



Ill. A) STATE-OF-THE-ART OF SPATIAL ARCH BRIDGES

(ICSA) 2010Guimaraes, Portugal. 8p

Notation

a angle between the plane which contains the ardhtanvertical hangers
f arch vertical rise

Oa, @ horizontal sag of the arch and the deck, respdgtiv

La, Lo span of the arch and deck, respectively

la, Ip balcony-beam flexural rigidity of the arch and theek, respectively
Ja, Jb torsional rigidity of arch and deck respectively

Ea, Epelastic moduli of the arch and the deck, respelgtive

G shear modulus

Zp height of the deck measured from the arch sprgggin

d horizontal offset between the arch crown and thek deid-span section
e plan eccentricity between the axis of the ardhatspringings and the axis of the deck at therabnts
Ba arch width

Ha,Hp depth of the arch and the deck, respectively

@ rotation of the arch in plan in relation to the kletignment

w angular tilt of the arch from the vertical plane

bay, baz boy, bp, horizontal and vertical distances from the hangehorages to the shear centre of the cross-
section of the arch and deck, respectively

Acronyms
IDABWIC Inferior-Deck Arch Bridges with Imposed Grature
SAB Spatial Arch Bridge

SDABWIC Superior-Deck Arch Bridges with Imposed ature
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1.

STATE-OF-THE-ART OF ANALYSESMETHODS

The state-of-the-art of analyses methods deals difterent aspects. Some are specific for other
studies and hence can be found in other chaptersraxes:

11

The basis of analysis of approximate formulatiamsiiuckling, either coded or purposed
in research studies, has been detailed and is edposhapter VI. A.

The advantages and disadvantages of different Feelivog possibilities, with either
frames or shells, have been considered and suneddrighe present chapter (based on
Sarmiento-Comesias, 2009)

A comparison of different commercial software hasiconducted in order to choose the
most adequate one for the present research (sussddn the present chapter and based
on Sarmiento-Comesias, 2009)

FE models

Either frame or shell elements can be employed iREamodel. Each model type presents
advantages and disadvantages which can be sumthagZellows:

Internal forces interpretation is easier when emyiplp a frame model and the analysis is
quicker.

Non-linear material analysis gives good resulthviiame models when employing fibre
hinges, in which the cross-section is divided ifiboes and the stresses in each of them
are controlled, the mechanical characteristicchefdross-section are modified as fibres
plasticize. Softwares applying this analysis cdntnaterial non-linearities without the
need of employing shell models.

Bending moments, shear forces and torsional monietggaction is not considered for
obtaining stresses in frame models, whereas in siadlels it is considered (eg: Von
Mises for steel shell elements in SAP2000).

Shell models allow obtaining local effects.

In conclusion, applying the aforementioned advaggaand disadvantages to the present study:

Spatial arch rib bridges global behaviour is besideized by employing FE frame
models.

For shell spatial arch bridges it is best to embgll FE models, since a frame model
approximation is not good enough.

In general, for the objectives of the present stwyrame 3D analysis is the most
adequate, since it is the global behaviour of SABat is considered and not the local
effects.
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1.2  Softwarecomparison

A series of softwares have been compared (Sarmi@omeesias, 2009). This comparison has lead
to the following conclusions for the present reskar

The most adequate software to conduct a frame nestter linear or geometrically and material
non-linear analysis is SAP2000, since it emplopsefihinges for whatever material of which the
constitutive equation can be introduced. This mathtbows for considering the formation of
plastic hinges and it automatically iterates ohtajrthe new characteristics based on the fibres
forming the hinges and obtaining the new internatds until convergence is reached. SOFISTIK
and ANSYS do not have this function automaticalynodule should be programmed to obtain
this analysis with plastic hinges.

However, the opposite happens with FE shell mo®¥FISTIK and ANSYS are both adequate
for non-linear shell analyses, but not SAP2000. ISDK results output offers advantages over
ANSYS. Moreover it has the possibility to implemegecambers and antifunicularity, which
offers advantages for design and future researelnesit is cheaper.

For the analysis of FE frame models with linear aniat but geometrically non-linear analysis
SOFISTIK offers the advantage in front of SAP20@@uatomatically introducing imperfections

based on the buckling shape, whereas in SAP2080rth$t be done by exporting and importing
excel tables or programming a module.

Therefore, SAP2000 is concluded to be the bestranodor non-linear analysis of frame models
and SOFISTIK for shells. Benchmarks will be develdgor geometrically non-linear analyses
with both software, SAP2000 and SOFISTIK.

2. BENCHMARKS

21 INTRODUCTION

With the objective to assure that the software eggal for the present research study and the
analyses methods can be considered valid, a btasetaf-the-art research has been conducted.
On finding no specific results to approve the idieth methodology specific benchmarks for this
research study have been developed.

Three different benchmarks have been employed:

 The arch with the maximal curvature has been mddelgh a different number of
straight frames to measure the error committed by employing curved frames
according to the literature error calculation fotasufor bending and torsional moments
(Sawko in Manterola, 1977). This is necessary sB®Bs have to bear important out-of-
plane forces also for vertical loading. To obtane tuckling error due to the same
simplification the models have been compared to with a high number of straight
frames which can be considered to have a negligitote with curved frames.

This benchmark is presented in section 2.3 of tesgnt chapter.

» A cantilever with an eccentric axial load has baaalysed with two different softwares
by means of a buckling analysis and geometrically-imear analysis and compared with
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Euler’s buckling load and Timoschenko’s (1957) gtiedl formula for the displacements
in order to obtain the error committed by the Féetnt model.

This benchmark is presented in section 2.4 of teegnt chapter.

» A series of FE frame models of pinned beam of diffié lengths submitted to an axial
load have been analysed with SAP2000 with a GNLR-gelta+large displacements and
also introducing material non-linearities. Eurocaglecoded imperfections have been
introduced to the beams employing the first modeklig shape and the critical axial
load values (Ncr) have been obtained in each dasmitarian slenderness- Ncr diagram
has been plotted with the results and comparedhéoEuIropean buckling curves. The
objective is to assure that coded imperfections ameservative, since no European
buckling curves exist for arch bridges.

This benchmark is presented in section 2.5 of teegnt chapter.

22 MATERIAL CHARACTERISTICS

The material employed for all the analyses of tmdhmarks is steel with the following
characteristics:

f,=248,211N/mrh
f,=399,896N/mm
G=76903N/mmA

For non-linear analyses the stress-strain diagrapiayed is the following (Figure 2-1):

Strain (mm/mm)

400.

3200

240.

160

a0.

0.

Stress (N/mm2)

-80.

-160.

-240.

320,

W aw hm' e o e m e v 20w
Figure 2-1: Employed stedl stress-strain diagram

23 STRAIGHT FRAME MODEL OFA CURVED STRUCTURE

Employing straight frames to model curved beamdewtg the curvature effects in each of the
frames. The forces caused by the curvature wiltdmcentrated on the joints between straight
frames. The curvature effects in the case of SABdmaportant as in planar vertical arch bridges
for the behavior in plane (axial forces and bendimgments), but further more important for the
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behavior out-of-plane as a balcony beam. In a cungieder or balcony-beam bending and

torsional moments are coupled. The interaction betwthese internal forces is continuous along
a curved beam. However, when using a model withigit frames the interaction between

bending and torsional moments only takes placénatvertex of the polygonal line which the

straight frames describe. The higher the numbdramfies, ie: lower angle between frames, the
lower the internal forces deviation (Manterola, TRAccording to Manterola (1977) for bridges

curved in plan when the angle between the framssaler than 2° a straight frame model can be
employed with a negligible error. This is based Sswko’s method for a reasonable EI/GJ
relationship. Employing Sawko’s figures (Figure 2&hd for the described arch cross-section
values: EI/GJ=1,31

% ERROR % ERROR
100 ! t 100
so[[prre=ans H- 80 —
I’ 2 /’9:1’ i N - E'=4Od
V // ,V \ N ] p
10 - 10
s £ V4 [ y 4
/I Le=a1 - ICERCE] /
7 Y X 7l
4 { g=qd1] ‘\ g=10| N| |/
i / b2 Bl
95 1 " s © %0 100 OB e 5 10 50 100
PORCENTAJE DE ERROR EN PORCENTAJE DE ERROR EN
LA RIGIDEZ A FLEXION LA RIGIDEZ A TORSION
(a) (b)

Figure 2-2: Error defined by Sawko depending on the stiffness and the angle between frames (a)
bending momentserror (%) (b) torsional bending momentserror (%). Figure obtained from
Manterola (1977)

If 68 frames are employed for each the arch anddduk, with the maximal rise=50m for the
arch andy=20m for the deck , the bending moments errorshferarch and deck, when compared
with 200 frames for each the arch and the deck made below 5% and 4%, respectively, and
for torsional bending moments below 0,75 and 0,8%é. consider these errors negligible. Most
models employ the same arch rise and horizontalisggan f=g=20m, hence errors for the
balcony-beam behaviour are in general below 4%

To make sure that this is also valid for buckliagtudy has been conducted for a parabolic planar
vertical arch with fixed bearings. The highest @iwe value has been employed in the present
study, corresponding to &50 planar arch. Different models have been andlyseying the
number of frames employed, from 200 (maximal anigégween frames 1° Figure 2-3a),
considered the reference value supposing a 0 emdrdiminishing it to 5 frames (maximal angle
between frames 39°, Figure 2-3b). For the differeatels the values obtained for the buckling
load and for the axial force at the arch springingder a vertical uniform loading on the whole
arch span or only half its span have been compared.
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(@)

(b)

Figure 2-3 Arch frame models (a) 200 frames (b) 5 frames

It has been proved that, when employing more thalefents (maximal angle between frames
37°) for the arch loaded with a vertical unifornading on the whole span, the improvement of
the results for buckling is negligible (the errsrbelow 3%). Even less elements are need to
obtain a good approximation of the axial forceshat arch springings. When loading the arch
with a uniform loading on only half its span it iecommendable to employ more than 30

members (8°), since with this number the errobfarkling is already above 3%.

For all of the analytical studies the deck and andlh be divided into 68 straight frames as
already stated, which gives an error below 1,2% {s&ble 2-1). This fully guarantees the validity
of the results in spite of not using curved frames.

Number gB g8 asym Nspringing Nsprirlging (kN) error gB | error B asym error N error N
of frames| (kN/m) | 02ding (kN) for for g=10kN/m | ™ g,y (%) (%) | asym (%)
(KN/m) g=5kN/m asym loading
200 11.698 22.777 400.114 626.467 0 0 a 0
68 11.696 22.506 399.994 625.883 0.0 1.2 0Jo 0.1
50 11.694 22.360 - 625.548 0.0 1.8 - 0.1
30 - 21.995 - 624.649 - 34 - 0.3
25 11.680 21.803 399.600 624.300 0.2 4.3 01 0.3
10 11.583 - 398.178 - 1.0 100.0 0.5 -
6 11.362 18.543 395.770 611.062 29 18.6 11 2.5
5 11.206 - 394.223 - 4.2 100.0 15 -

gB is the buckling loading value of a uniform vertical loading on the whole length of the arch for the 1% buckling mode
gB asymis the buckling loading value of a uniform vertical loading on half the length of the arch for the 1% buckling mode
Nspringing is the axial force at the arch springing for a vertical uniformloading g

Table 2-1: Axial force (N) and buckling load forceserrorsfor dfferent number of frames arch model,
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24 BUCKLING AND NON-GEOMETRICAL ANALYSIS BENCHMARK:
CANTILEVER WITH AN EXCENTRIC LOAD

ek

4

Figure 2-4:
Cantilever FE
model with an
excentric load
frame model.

Height: 5m, load
excentricity 0,5m

A step loading and geometrically non-linear analy&NLA) and an elastic
buckling analysis have been developed for the 2iné& model shown in
Figure 2-4 with SAP2000 v14. Various models witfiedent number of FE
have been analysed. An analysis with SOFISTIK kest@een conducted.

The numerical results for the horizontal displacet®at the top nodeé) of
a column with height L=5m and an eccentricity a thp of e=0,5m have
been compared with the analytical results accortbrijmoschenko (1957)

(Eq 1).

e(1-cospl)

5= Eq1

cospl
The errors for the displacements in each loadieg ahd the buckling load
with respect to the analytical values have beecutated.

In Table 2-2 the analytical results and the nuna¢rimes obtained for the
Euler buckling axial load (Nb) with SAP2000 and $®HK employing 25
elements (15 in height and 10horizontally) and kiagk analysis are
displayed, as well as the error committed employiregFE analysis (named
“error Buckling” in the table). The error committewith both softwares is
negligigle. If this error is added to the one comea by employing straight
frames to model the arch (section 2.3) the bucldimgr is still below 3%.

A summary of the results obtained with SAP2000tfe different cross-
sections described in Table 2-3 is given in Table 2

Analytical Nb (kN) 4189,5
Numercial Nb SAP2000 (kN)| ~ 4119,9 error Buckling (%) | 1,7
Numercial Nb SOFISTIK (kN)| 4161,0 | error Buckling (%) | 0,7
Table 2-2: Euler analytical buckling axial load comparison with numerical

buckling loads obtained with different softwareswith buckling analysis

In Table 2-4 “%Nb” is the percentage of the budjlioad (Nb) obtained
with SAP with which the structure is loaded. Focledoading value a
displacement horizontal value at the top is obthiemploying a GNLA
with the P-delta+large displacements method. Thplatement error with
GNLA is the percentual difference of this value lwitespect to the
analytical value obtained with Eql. The nearerlt@els to Nb, the larger
the displacement error.

In Figure 2-5 and Figure 2-6 the analytical resatlisl the numerical ones
obtained with both softwares are compared.

The error does not depend on the bending stiffoésise cross-section, as

results of sections from 1 to 3 attest (Table ZHhe error is not caused by the analytical formula
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neglecting shear stiffness, since, when neglectimegar stiffness, the displacement error for a
same load value is larger.

According to this benchmark, the present study egipy 3D frame models with SAP2000 v14
will consider results to be reliable only for loadsder a 50% of the buckling load.

SOFISTIK gives a larger error (Figure 2-5 and Fe#6).

Cross- Cross- Cross-
section 1 section 2 section 3
Area (m2) 6,645-10 | 6,645-10 | 6,645-10
Moment of inertia (m4) | 2,123-70| 2,123.10 | 2,123.10
Tosional stiffness (m4) 2,106-10| 2,106-10 | 2,106-10
Shear area (m?2) 3,426-10 3,426.-10 0

Table 2-3: Frame cross-sections employed for 3 different models

Cross- Cross- Cross-
section 1| section 2| section 3
Displacement error with . 0 0 L
GNLA(%) Y%oNb SAP| %Nb SAP  %Nb SA¥
3% 54 54 47
5% 59 59 54
10% 67 67 64
ERROR
BUCKLING(%) 1,7 1,7 0,1

Table 2-4: External loads correspondent to different displacement errorsand SAP buckling load
errorsfor different cross-section values shown in Table 2-3. Theloads are given asa % of the SAP
buckling load (Nb)
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Horizontal displacement (mm)
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Figure 2-5: Axial load-horizontal displacement comparison of the analytical and numerical results
until the analytical buckling load isreached
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Figure 2-6: Axial load-horizontal displacement comparison of the analytical and numerical results
until the error of the displacements reaches approximately 10% for SAP2000 and approximately
20% for SOFISTIK. Detail of Figure 2-5.
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25 PINNED BEAM WITH CODED IMPERFECTIONS. NUMERICAL
FRAME MODEL VALUES COMPARED TO THE EUROPEAN BUCKLING
CURVES

2.5.1Model description and objectives

There are no equivalent European curves for aiiclgds. Therefore, the coded imperfections will
be employed following the first mode of bucklingaple as stated in Eurocode 3 (EC3 Part 1.1,
chapter 5.3.2). The specific values for arches@8 Annex D.3.5 and also EAE 22.3.4 will be
employed for arches. This imperfection values axpeeted to be conservative, but it is
convenient to confirm this with a benchmark for thegram SAP2000 v14 which will be
employed for the present research.

The frame model shown in Figure 2-7 has been aed)ysmploying the cross-section shown in
Table 2-5, for different span lengths (L, Table)23¥he aim is to compare the European buckling
curves of the codes with the results obtained nisaléyr introducing the coded eccentricities (EC
3) and conducting a GNLA with SAP2000 (with the éttd + large displacements method, which
has proved to give good results in section 2.4) &lad a geometrically and material non-linear
analysis (G and M NLA) with fibre hinges.

A

Figure 2-7: Beam FE model with an axial force

Area (nf) 2,725.16
Moment of inertia (if) 1,846-1C0
Tosional stiffness (fi) 4,926-16¢

Shear area (fn 1,417-16

Table 2-5: M echanical characteristics of the cross-section employed for the model shown in Figure 2-7

L (mm) Slenderness| Unitarian slenderne ;?mper(?gc:tigqnacgruag (mm
200 24 0.027 landa<0,2
500 6.1 0.068 landa<0,2
1000 12.2 0.136 landa<0,2
2000 24.3 0.273 1,24
4000 48.6 0.545 5,97
6000 72.9 0.818 11,06
8000 97.2 1.090 16,96
10000 121.5 1.363 23,81
16500 200.5 2.248 50,85

Table 2-6: Length, slendernessand imperfectionsfor the different analysed modelswith the geometry
shown in Figure 2-7
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2.5.2 Buckling hypothesis
Local buckling:

Enough thickness is given to the cross-sectionrderoto avoid local buckling, acoording to the
EC 3 classification.

Plate buckling

Diaphragms and transverse bracings will control bluekling of the compressed plates and
instabilities caused by shear forces.

Global buckling

The aim of the present study is to analyze theadlbbckling of this bridge type.

2.5.3Imperfectionsvalues

A frame model is employed and sectional effectsravemodeled. Therefore residual stresses
cannot be introduced

Residual stresses might cause the cross-sectiarpart of it to plasticize and this would lower
the buckling load. This buckling load reduction aensidered by means of an equivalent
imperfection.

The imperfections stated in the codes compriseduesi stresses, load eccentricities and
geometrical imperfections.

Load eccentricities in the arch are caused, fomgke, by the gaps opened on the arch in order to
pass gusset plates through. This can be consiietlkd bridge model.

Geometrical imperfections will not be larger thae tolerances and could be introduced with the
buckling shape to be conservative.

In order to consider residual stress as recommebgége ECCS no 22 a sectional model must be
developed (Manzanares and Hinojosa, 2011). Sinmhyisig cross-sectional behaviour is not our
aim, we will be working with a 3D frame model asyipbusly stated. Therefore, instead of
introducing load eccentricities and residual seesshe coded imperfections will be employed
following the first mode of buckling shape as dfaire EC3 (Part 1.1, chapter 5.3.2) and also in
EAE 22.3.5. The imperfections for the differentrglerness values of the analysed models are
detailed in Table 2-6.

2.5.4 Analyses

A step loading geometrically non-linear analysishwhe aforementioned imperfections has been
conducted. The axial-bending moments at the midipbave been plotted. The interaction

diagram has also been plotted. The intersectiobodh diagrams shows the axial force and
bending moment for which the first fiber plasticze

A geometrical and material non-linear analysis h&® been developed, plotting the axial-
bending moments at the mid-point. In order to de #nalysis, two fiber hinges in the Newton
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integration points of each frame have been emplo8@dibers have been employed in order to
accurately define the cross-section. The lengtthe$e hinges is half each frame. Frames with a
large stiffness have been employed and the stdfnalies have been given to those hinges. An
equivalent analysis with only a hinge in the midap@f each frame and with 160 fibers shows

that the model is not improved further increastmg number of hinges or of fibers.

Displacement control has been employed.

2.5.5Results

The results of the maximal axial force accordingr® european buckling curves (EC 3, Part 1.1,
chapter 6.3.1.2), the plastification of the firdtef and the maximal axial force according to the
geometrical and material non-linear analysis, Hsen compared (Figure 2-8).

700.00

600.00

500.00

400.00

==§==European curves (EC3)

Axial force (kN)

+« 4 NLGA with FE frame model
300.00

NLG and M A with FE frame model

200.00

100.00

0.00
0.000 0.500 1.000 1.500 2.000 2.500

Non-dimensional slenderness

Figure 2-8: Comparison of the unitarian slender ness-axial for ces diagrams of the eur opean buckling
curves, the plastification of the first fiber and the maximal axial for ce according to the geometrical
and material non-linear analysis

The axial force difference between considering thatstructure reaches its ultimate load when
the first fiber plasticizes or when the maximalaforce forming a completely plasticized hinge
is reached is completely negligible (Figure 2-8)eflefore, it is equivalent to do a geometrically

! This leads to a mechanism, since the structusmitatic.
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non-linear analysis considering the interactiongdien and to consider both geometrical and
material non-linearities. However, it must be bameind, that this model is isostatic.

Observing the evolution of the stresses in fibrs cross-section stresses can be plotted as shown
in Figure 2-9. After reaching the maximal axial dpaxial forces will not increase anymore

because bending moments increase very quickly (Eige9), ie: the structure buckles due to
important geometric effects, in spite of still bgifar from the Euler buckling load.

L=2m

First fiber plastification. N=-663.58kN; M=0.898km Intermediate step. N=-665.40kN; M=0.928kN-m Maximal axial force. N=-665.52kN; M=0.954kN-m

238.77

238.13 237.33
\ 24112 24335
\ | 24543 24821
243.48 248.21
\ 54372
246.07
\ 24821 248.21 24821

First fiber plastification. N=-509.90kN; M=11.6Mkm Maximal axial force. N=-510.50kN; M=12.198kN-m

125.21 118.7
155.85 157.76
186.50 196.8
189.56
220.20

248.21
248.21 248.21

L=16.5m

First fiber plastification. N=-113.00kN; M=39.24km

Maximal axial force. N=-113.00kN; M=39.21kN-m
166.11

169.38

37.36

148.92

248.21

248.21

Figure 2-9: Cross-sectional stress (M Pa) diagramsfor different lengths of the analysed beam and for
different steps of loading in each case
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Ncr obtained fronj Ner obtained from Ncr obtained from
L (mm) NLGA (kN) . th_e European G and M NLA (kN) el (%) e2 (%)
uckling curves (kN)
200 644,12 644,12 644,12 0 0
500 644,12 644,12 644,12 0 0
1000 644,12 644,12 644,12 0 0
2000 631,49 633,70 633,83 -0,37 0,0
4000 574,81 585,93 580,57 -0,99 -0,9
6000 484,89 505,94 488,57 -0,75 -3,4
8000 364,15 388,25 366,10 -0,53 -5,7
10000 262,55 281,23 261,74 0,31 -6,9
16500 107,24 115,44 107,80 -0,57 -6,6

el isthe error committed in the GNLA by neglecting material non-linearities
e2 istheerror of theresults obtained by the G and MNLA model with respect to European buckling
curves
Table 2-7: Length, critical axial forces (Ncr) and errorsfor the different analysed models and
employed methods

Considering the coded eccentricity is conservatsiace axial forces are below the
European buckling curves (Figure 2-8).

* Employing an eccentricity to model this effect fpasved to commit a maximal error of
7% and minimal of 1% (Table 2%7)Developing buckling curves for arches equivatent
European curves, requires an accurate analysidichwesidual stresses are introduced
in a FE shell model. However, to obtain these caiigenot the objective of the present
study.

e Our aim is to understand this bridge type behavidterefore, according to the present
chapter results, SAP2000 is employed to model thBsSto study with 3D Frame
models.

* These structures have a highly statically indeteate. Hence, considering also material
non-linearity is expected to give a higher beadagacity to these structures.

’ The slenderer the beam, the larger the error.
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3. CONCLUSIONS

« Employing straight frames with an angle<3° to madelrved balcony-beam (as both the
arch and the deck are, out-of-plane) gives benbergling moments error below 5% and
a torsional bending moments below 0,75%. The bogkéirror is below 1,2%. Therefore,
employing a straight frame model to model the aschied curved decks of the present
study is considered valid if the angle between &atmelow 3°

* SAP2000 gives good enough buckling results (errgi%) and a geometrically non-
linear analysis gives reliable displacements fadkinferior to a 60% of the buckling
load (error<5%).

* The coded imperfections, employing the first modebackling shape as stated in
Eurocode 3 (EC3), are conservative in comparisdh tie European buckling curves.
Therefore, this is the method which will be emplbyer the present research study.
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IV. STRUCTURAL BEHAVIOUR OF INFERIOR-DECK SPATIAL ARCH BRIDGE WITH IMPOSED CURVATURE
1. INTRODUCTION

This chapter is a broadened and further detailesiore of the paper published in ASCE Journal ofiBe
Engineering in 2011 by the present author and iyeersisors.

In the present chapter, arch bridges with imposedature (ABWIC) possible geometries and theirdine
structural behaviour are studied. The geometriediilty is addressed in chapter VI.

As a reminder, the definition of ABWIC already givim chapter Ill, is detailed in the following lise

1.1 Definition

Arch bridges with imposed curvature (ABWIC) aregban which the arches are forced to have the same
curvature in plan as the deck (Figure 1-1). Theeefthe arch and deck centroid lines are contaimete
same vertical cylinder. In inferior deck ABWIC (IBBWIC), the deck is located under the arch and
supported by vertical hangers which do not resthiet vertical clearance (Jorquera 2007; Sarmientl e
2010).

L LONGITUDINAL
ELEVATION

TRANSVERSE PERSPECTIVE
ELEVATION
Figure 1-1: Nomenclature for the models that have den studied for inferior deck arch bridges with impsed
curvature
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IV. STRUCTURAL BEHAVIOUR OF INFERIOR-DECK SPATIAL ARCH BRIDGE WITH IMPOSED CURVATURE
1.2 Research procedure and parameters considered

In order to understand the structural behaviouhege arch bridges, several 3D frame FE models bese
developed and analyzed (using SAP2000 v14.2), d®pa set of thorough parametric analyses (Fiduie
model perspective). Several parameters, such aart¢hegeometrical definition, the deck and arctvature

in plan view (measured by means of the horizordagl(g)), the arch rise (f) (Figure 1-1), the cresstional
area and the rigidities of the arch, have beenidered. In addition, bearing in mind the relevantd¢he
arch and deck interaction, the cross-sectionaditigs of the deck and the hangers, as well adlittke
connections between these structural members, ssengal parameters to be investigated. One of the
objectives of this study is to identify the settbése parameters for which the arch works mainigeun
compression (i.e. the arch tends to the anti-fuaicof the loading).

For all the analyses presented in this paper, thewiing dimensions have been employed: span length
L=100m and arch rise f=20m. Unless otherwise meetiop the variable g is set equal to 20m.

The arch-rise span ratio (f/L) has been adoptedlaqul/5, as usual in conventional arch bridge€ganor
1971). The plan curvature effects have been enkancenaking g=f.

All the arches included in these analyses are radeeel, as are most of the built spatial arcides. This
material has an appropriate performance in thidderitype, since large bending moments occur duis to
structural configuration (see section 4). The mosaif elasticity (E) considered is equal to 2,6 K/n.

The studied arches in each of the studied modelfxaad to the deck, which is itself fixed to tHautments.

The behaviour of this bridge type is studied undstical uniformly distributed live loads (q=10kN/om the
whole deck, except for section 4.3.2). The deaddand the pretension of the hangers counterbatzaute
other and need not be considered.
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IV. STRUCTURAL BEHAVIOUR OF INFERIOR-DECK SPATIAL ARCH BRIDGE WITH IMPOSED CURVATURE
2. BACKGROUND AND OBJECTIVES

A considerable number of spatial arch bridges l@ready been built, but only a few of these havedsed
curvature (see chapter Ill and Annex N1). Not mue$earch has been done on spatial bridges soniér, a
even less on ID-ABWIC (Jorguera 2007). Therefdiere are hardly any references available.

The first spatial arch bridge to be built was Zigigach Bridge (1924, Figure 2-1a). It is a planatioa!
arch with a curved superior deck (Billington 19Z8ffranchi and Marti 1997). The first bridge with arch
curved in plan was the Bohlbach Bridge (1932, Figulb) and the first bridge with imposed curvatues

the Schwandwach Bridge (1933, Figure 2-1c). Alistheéhree bridges are deck-stiffened arch bridges
designed by Robert Maillart in Switzerland (Billiog 1979, Laffranchi and Marti 1997).

(@) ® ©

Figure 2-1: (a) Ziggenbach bridggSource: Yoshito | sono 1998. Reproduced by kind permission of Structurae
(publisher)); (b) Bohlbach Bridge; (c) Schwandwach BridgeReproduced by kind permission of the author A.
Ruiz-Teran)

Bridge design did not revert to the first Maillartarch bridge with imposed curvature until Manteroted
this typology in the Endarlatsa Bridge and the @matk Bridge, and reconfigured it with inferior HétD-
ABWIC) and a double hanger system in the bridge tive Galindo River in Bilbao (Figure 2-2; Mantexol
et al, 2009, 2011).

Figure 2-2: Bridge over Galindo river in Bilbao

This bridge type is subjected to large bending numand torsions and the axial forces are smdikan t
expected. The higher the plan curvature, the saotigs effect. For a given arch vertical rise, doger the
curvature in plan, the larger the arch inclinatimegjucing the arch behaviour and enhancing thedog-
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beam’ behaviour (ie: out of plane behaviour of #neh, equivalent to a curved in plan beam with dixe
supports loaded perpendicularly). The arch behavioproves when employing mechanisms that increase
the horizontal stiffness of the system (Laffranahd Marti 1997, Jorquera 2007 and 2009, Mantero# e
2009). Until now, this effect has been justifiedthg presence of coupled horizontal forces (Joey@e07,
Manterola et al 2009). According to these autharbprizontal force outwards the plan curve is irdlic
This causes tension stresses that compensatef plagt @mpression, diminishing the axial forcehie trch.
However, the different arch geometrical possilgsitiand the influence on the structural behaviouthef
axial, flexural and torsional rigidities of the imdlual structural members have not been studigd Ipe
addition, both the appearance of these coupledzdwal forces and the bridge behaviour was not
completely explained. Therefore, a deeper and widsearch is required in order to establish efficie
configurations and appropriate design criteria.

This paper focuses on ID-ABWIC and intends to:

» Define possible geometries for imposed curvatuch aridges.

e Study if non-planar geometries can be approximbtedquivalent arches contained in an inclined
plane.

» Establish which geometrical and mechanical varalitdluence the structural behaviour of these
arch bridges.

* Find out which is the best way to control the abethaviour, either with rigid arches or a rigid
hanger-deck system.

» Establish whether it is possible to define an &micular configuration.

Therefore, the main original contributions of thregent study with respect to the published litegature the
following:

e Spatial arch bridges, using many different georoetrilefinitions, which have not been studied in
the literature before, are defined, analyzed amapzwed.

» Clear conceptual models employing rigid hangerstegeretically and analytically described.

* Formulae for a simple analytical model with a sindlexible hanger are derived. In addition,
interesting conclusions have been drawn from tladyais of these formulae.

* The arch-deck interaction is enhanced by employigig hangers. The influence of the rigidities of
the hangers, the deck and the arch is parameyristaitiied. The influence in the structural response
of the connection type between the hangers andthethrch and the deck is also fully investigated
(annex N2.1), and interesting and useful conclisane drawn.
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3. GEOMETRICAL DEFINITION OF INFERIOR-DECK ARCH BRIDGE S WITH
IMPOSED CURVATURE (ID-ABWIC)

Depending on how the arch for an ID-ABWIC is defin#& might be contained in a plane or not.

Figure 3-1: Definition of (a) an elliptical planar arch bridge, (b) a parabolic planar arch bridge, (¢ a bent
parabolic arch bridge, (d) a cross vault ribbed art bridge

There are different ways of defining these archaesh as:
» Elliptical planar arch bridges (Figure 3-1a)This planar arch bridge type arises when a vértica
cylinder containing the deck center line is inteted by a plane.

» Parabolic planar arch bridges (Figure 3-1bJhis planar arch bridge type is obtained by rotat
parabolic vertical arch around the axis that jaissspringings. The deck center line is obtained by
projecting the rotated parabola. In such a casarnttewould be imposing the plan alignment andtinet
opposite, which is the most usual case. Therefseehave not included this geometrical case in our
study, but the elliptical one as representativa pfanar arch.

» Bent parabolic arch bridges (Figure 3-1cJhis type of arch bridge arises when a plananemtical
parabolic-shaped arch is bent or folded over aicadrtylinder that contains the deck center linee T
bridge over the Galindo River (J. Manterola e2é)]11) is classified in this category. Using a paliab
shape seems quite logical since this is the anic@lar shape for a uniform distributed loading.
However, this cannot be so easily stated once #nabpla is bent, since the new curve is not planar
anymore. This is the geometrical definition empbbyeall the studies presented in this article.

* Cross vault ribbed arch bridge&i§ure 3-1d): This type of bridge arises when a vertical cylinde
containing the deck is intersected by a horizocyéihder. The intersection is a non-planar shageasn
both cylinders have the same diameter and cointedess.

* Given a plan alignment for the deck, in a similayvas the example above, a non-planar arch with
imposed curvature may be obtained by the intexsect a vertical cylinder containing the deck aaisl

a three-dimensional body, such as an ellipsoiihtiellparaboloid, hyperbolic paraboloid, hyperbdloi
cone or torus.

An initial parametric study (L=100m, f=20m and gwiag from 2 to 20m) to determine whether non-ptana
geometries can be approximated by an equivalentcon&ined in an inclined plane has been performed.
This study is based on the comparison of the behawf the FE frame models of (1) an elliptical rza
arch bridge, (2) a bent parabolic arch bridge, @)@ cross vault ribbed arch bridge. The archaheiscular
hollow section (CHS), with D=1000mm and t=30mm, tleek is a box girder 4000x800mm and t=15mm,
and the hangers are flexible stay cables (Tablg 3-1

A brief geometrical study of arches is also condddh Annex N2.1.

75



IV. STRUCTURAL BEHAVIOUR OF INFERIOR-DECK SPATIAL ARCH BRIDG& WITH IMPOSED CURVATURE

CHS D=1000mm;

ARCH t=30mm
BOX GIRDER
DECK 4000x800mm; t=15mm
Flexible hangers: stay

HANGERS cables
HANGER .

JOINTS Pinned
SYMBOL

Table 3-1: Cross-section values employed for the mparison of the behaviour of different arch geomety
definitions for superior arch bridges with imposedcurvature

Non-planar arches with imposed curvature can beoappated by planar arches with imposed curvature,
and identical rises, with differences in internatces and displacements smaller than 1,75% foiotmif
distributed loading (Figure 3-2).

Legend
——— (1) Elliptical planas arch bridge
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— — (2) Bent parabolic arch bridge
— . — (3) Cross vault ribbed arch bridge
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Figure 3-2: Comparison of internal forces in the ach under uniform loading on the deck for different
geometrical definition of the arch (a) Axial forceqb) Total bending moments

Under asymmetrical loading, although the situattbthe maximal point varies a bit when the arcimas
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contained in a plane, this maximal value is theesamwith a variation not superior to 2% for int&rforces
and displacements (Figure 3-3).
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Figure 3-3: Comparison of internal forces and disgcements on the arch under asymmetrical loading otihe
deck for different geometrical definition of the arch (a) Axial forces (b) Total moment (c) Torsion (i Total
displacements

Therefore, non-planar arches with imposed curvatarebe approximated with negligible errors byimeaxd

planar arches with imposed curvature with the sesgfor g/f< 1. The larger the g/f ratio, the larger the
errors.

This conclusion is very powerful, allowing us tdeareto in-plane and out-of-plane behaviour evenrfon-
planar arches, when using symmetrical (with resfgetiie approximated arch plane) cross-sectionfyaels
can be projected into two orthogonal axes (oné@iftcontained in the approximated arch plane).
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4. STRUCTURAL BEHAVIOUR OF IDABWIC

4.1 Understanding the effect of increasing the horizoral sag
The structural response of an arch bridge with segdocurvature, L=100m, f=20m, and g varying frono O

10m is compared with a conventional vertical (gafdh bridge having identical rise and span lengtte

comparison provides a first appropriate approadhitresearch. The mechanical properties areiwrio
those in the previous study (Table 3-1).

The results are displayedHfigure 4-1
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Figure 4-1: Arch internal forces comparison for diferent deck curvatures (measured as g) (a)Arch axidorces
(b) Arch total bending moments (c) Arch torsional noments

For a given vertical rise, the analysis shows #ghiaigher arch plan curvature leads to:
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» smaller axial forces in the arch (Sggure 4-1a))

» larger total bending moments in the arch (bothlamg and out of plane bending moments increase)
(seeFigure 4-1b))

» larger in-plane and out of plane shear forceséraitth
» larger torsional moments in the arch (5&gire 4-1c))
This had been observed also by Jorquera (2007).

When the plan curvature is increased, the plarieeo&rch inclines. This causes the described clsaingbe
internal forces of the arch, because the ‘arch\aebd in the plane of the arch decreases and lthé&ony-
beam behaviour’ of the arch is enhanced.

For these same studied cases it has been provethéhbuckling critical load is higher when increasg,

since the axial forces are lower (chapter VI).

4.2 General scope
Conceptual models

When employing rigid hangers (both in the longihadiand transverse direction), fixed to both trehand
deck, in a first approach, the system may be censitla curved Vierendel truss, as it can be irdefnam
Manterola et al (2009). The larger the stiffnesshef hangers, the higher the arch-deck interactiod,the
higher the axial force in the deck (due to the fheat the abutments are fixed). Therefore, thel darae in
the deck is a way to measure arch-deck interaction.

i3 The structural response of this balcony beam under
HE 2 a vertical load leads to both bending and torsional
N moments. The resultant response torque will be
T T=H-f+T|+T, . .
resisted by the sum of St Venant torsion at bo¢h th
£ arch and the deckFigure 4-2, T, and T
- respectively) and warping torsioRidure 4-2, H-f).
C The distribution between the two torsion types
T, L'T4 depends on both the transverse flexural rigidity

Figure 4-2: Simplified conceptual model of the (13-3) and the torsional rigidity (J1) of the arch,

behaviour of an arch bridge with imposed curvatureand ~ @nd on the transverse flexural rigidity and toraion
rigid hangers (equivalent to a Vierendel curved trss rigidity of the deck (J2).

cross-section) ) . .
Horizontal forces, H, produce tension forces in the

arch (in addition to the aforementioned compressiote deck), diminishing the axial compressiortha
arch. These H forces increase the out-of-planeefoic the arch too. Therefore, it is of interestaduce
them. To do so, we need to decrease the warpisgtorBy increasing the torsional stiffness of teek
(high J2) and an arch with a low J1 and 13-3, tesgwill be mainly resisted by the deck’s StVenamnsional
component. Therefore, H will tend to zero and msitens will be introduced on the arch.

On the other hand, employing low J1 and J2 valeesls to T=0; T,~0 and T = H-f. Consequently, the axial
compression forces in the arch diminish greatly.

This behaviour can be intuitively deduced, but thel behaviour is too complex to develop a simple
analytical model. Consequently, we will study theases with a FE analysis of full bridges.
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This is analysed in detail in section 4.3.1.1.

If flexible or pinned hangers are employed, thevedrVierendel truss analogy is no longer possible
system behaves like two balcony beams verticallyheoted by the hangers.

A simple analytical model of a single pinned han@égure 4-3 and annex N2.2) of a bridge with achar
inclined an angle: with respect to the hanger has been studied. Tduehias three springs: K1, for the in-
plane stiffness of the inclined arch; K2, for treddony-beam stiffness of the arch and K3, for thkdny-
beam stiffness of the deck.

The axial stiffness of the hangerk§, = EA, /L, . The model leads to the following equations:

Q
. Ky o2, K3 2 o K3
(1+K2sma+chosa+KH)

F1= 1

cosa
Eqg. 1: In-plane force acting on the arch

Q
. Ky o2, K3 o K3
(1+K2sma+chosa+KH)

F2= 1

sina
Eq. 2: Out-of-plane force acting on the arch

1

F3=0Q0-|1- K K K
23 oin2 223 2 223
1+Kzsm a+chos oc+KH

Eq. 3: Vertical force acting on the deck

Q

Ky o, K3 o K3
1+Kzsma+chosa+KH

FH=

Eqg. 4: Axial force in the hanger

F, . F Q- (Ky-sen’a + K, - cos?a)
N =K—-smoc+K—-cosa=
2 1 (Kl-KZ + K; - K3 - sen?a + K, - K3 - cos?a +

Kl-lléi-Kg)

Eqg. 5: Vertical deflection of the arch
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Figure 4-3: (a) Simplified model of a pinned hangewith springs modelling the stiffness of the archif its plane
and out of it) and deck, submitted to a 10kN load (b) Reactions at arch (c) Reactions at deck and hgers (d)
Arch deflection

Despite the simplicity of this analytical modeletbonclusions that can be inferred from these empsare
very useful, and they have served as a guide whdressing the complex FE models of the full bridge.
Moreover, they have been confirmed by those compEexnodels. The most relevant ones are the follgwin

 The reaction to a vertical deck load in the dil@tsi associated to;kKand K with different stiffness
(F, and k) only depends on the total equivalent stiffness] & then projected in the different
directions (Eg. 1 and Eq. 2).

* If Fyis represented as a function of the balcony bedimess of the arch (i, for given values od,
Ks, Ky and K, (Figure 4-4), there is a bound for the balconynbestiffness of the arch @K from
which the contribution to the resistance of thehafl§,) does not increase. From this bound, the
deflections of the arctdf) do not decrease either (Figure 4-5).

* Increasing K enhances both the archand the balcony beam jJFmechanisms. Therefore, the
arch behaviour can be enhanced, but a non-deshbaldeny beam behaviour simultaneously occurs.
On the opposite, if we reduce the balcony beam\iehain the arch, we are simultaneously losing
the benefits of the arch mechanism, the deflectiooiease and the deck balcony beam mechanism
(Fs) is enhanced.

* Obtaining an antifunicular arch, by modifying théfsess of the different elements of the systesn, i
impossible because,¥0 (no balcony-beam forces in the arch) impligsOF(no arch behaviour).
Therefore, if we want to eliminate the bending mataave need to work with the hanger-arch and
hanger-deck joint connections or to employ an &uthl external system (such as the stay cables in
Galindo Bridge, Figure 2-2) which prevents out-tdfe displacements in the arch.
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* The loads taken by the arch @nd F, see Eq. 1 and Eq. 2) will increase with increadds;, K, or
Ky or with decreases of or K3, but controlling certain parameterszJKs more effective than others.
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Figure 4-4: Reaction at the superior node (represdimg the arch on a simplified model of a pinned rigd
hanger with springs anda=45°) function of the arch balcony beam stiffnes@). The deck stiffness (K3) and

the arch planar stiffness (K1) are constant.
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Figure 4-5: Total displacements of the superior noel (representing the arch on a simplified model of a
pinned rigid hanger with springs anda=45°) function of the arch balcony beam stiffnesd@). Deck stiffness
K3 and arch planar stiffness K1 are constant.

« The non-dimensional term ¢&,)-coga is much smaller than the rest, since the axiihetis of the
arch is significantly larger than the balcony besifiness of the arch. Therefore, the forces wall n
change significantly with variations of,Kie: the area of the arch is not a significantialde,
although a closed area will be advisable becausarsibnal bending moments.

However, the higher the hangers’ stiffness)(ldr the balcony beam stiffness of the arch)(khe
higher the influence of the axial stiffness of #reh (K;) on the balcony beam forces on the arch.

The higher the deck stiffness fKthe axial stiffness of the arch {Kor the curvature (measured as
a), the lower the influence of the axial stiffnesgtee arch (K) on the balcony beam forces on the
arch. The K-F; relationship is of the type shown on Figure 4-6.

Given a high enough axial stiffness of the arcl, akial stiffness does not influence the balcony
beam forces or displacements of the arch.
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Fz‘

P—
Kl

Figure 4-6: K1-F2 relationship

It is interesting to employ a very rigid deck amekible arch and hangers, in order to diminish the
balcony beam force on the arch)(FAt the same time, this will diminish the archaborce (R) too,
losing the arch behaviour effect (Eq. 4-2). Accogly, in order to diminish the arch displacements,
the most efficient way when employing pinned hasgaccording to this simple analysis is to
increase the stiffness of the deck.

If the force on deck (F) is very important, it will be interesting to ir@se the hanger stiffnessy(K
see Eq. 3 and Eq. 4).

If we employ very rigid hangers and the curvaturglian is important, the forces taken by the arch
mainly depend on its balcony beam stiffness andtiffeess of the deck:

Q- cosa
Fl = K
K, > K, (1 + K—353n2a)
If {KH > K3} - 0 _Zsina
a»45°)  |F, =

Koo |
k (1 + K, Sen a))
For very rigid decks, it might be so thgfs:z/aK2 > 0. However, in general we can consider the K

3, relationship to be as shown on Figure 4-7.

5

Figure 4-7: K2-62 relationship

The derivative ob, with respect to Kis as follows:
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csina - [Ke — K - (1453 sinza + 83 cos2a + K3
08, Q - sina [K3 K, (1+K2 sin a+K1 cos a+KH)]
oK,

2
K3 - (1 +§—z-sin2a +§—icosza +II§—Z)

Eq. 6: Derivative ob, with respect to K

The higher the stiffness of the arch (bothafd k), the stiffness of the deck gKor the stiffness of
the hangers (K), the lower the influence of ¥on displacements (Eq. 6). This will be also obsérv
in full bridge models with fixed hangers in secti.1.1.

We can use fictional bearings to model a systenchvig infinitely stiff in a particular directionhat in
which the displacements are restrained). This cbeldcaused by either an infinitely large rigiditfy the
hanger-deck system or a second set of stay cdkieg the arch, as mentioned before. If there aarings,
the axial force on the arch depends on the comgonehe arch plane of the transmitted load pr@édan
the direction in which the bearing prevents dispiaents (the studied case shown on Figure 4-8foy the
horizontal direction).

Arch

Figure 4-8: Simplified conceptual model of the behdour of an imposed curvature bridge with flexiblehangers
for the particular case g=f

The horizontal reactions on the bearings compertbateurved balcony beam behaviour and increase the
arch in-plane component. This enhances the arcavimglr, resisting the deck loads mainly as an arch,
spite of being inclined. However, axial forces wailbo increase in comparison with a vertical plarah.

In reality, the systems will not be as simple asththree models described here, since (1) thébdisdn of

internal forces depends on the arch and deck idaliibehaviour (2) the hangers have different kemgind
stiffness along the bridge and therefore transifigrént axial forces, and (3) there will be nodikbearings
but elastic ones, function of the transverse rigidf the system, that is different along the beidtherefore,
a single k (Figure 4-8) does not exist).

4.3 Frame FE models of IDABWIC with rigid hangers

We have done linear parametric analyses with adr&f model of the whole arch bridge with L=100m;
f=20m and g=20m. The parameters studied are thditigg of the deck, the arch and the hangers,thad
connection types between the hangers and bottr¢heaad the deck. The arch is fixed to the dedkchvis
itself fixed to the abutments.

4.3.1 Study of the connections of rigid hangers withdheh and the deck

The possibilities of the connection between rigahdpers and arch and deck have been studied (An24y.N
On the following paragraphs the main results of gtudy are presented.
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Fixed hangers transmit vertical loads, shear foatesbending moments to arch and deck. The valtieedd
internal forces they can transmit changes wheraselg one of them.

The change of the bending moments transmitted éydmgers when they are either fixed or releasees d
not transmit axial forces neither to the arch mer deck. What causes the variation of the axiaef®iis the
change of the shear forces in the hanger.

Positive V3-3 values tension the deck and compifessarch and the opposite happens with V2-2 pesitiv
values Figure 4-9).
Negative transverse shear forces values (V2-2) eosgie out-of-plane bending moments (M2-2) and

positive ones in-plane bending moments (M3-3).

The most interesting is to diminish out-of-planendieg moments and increase axial forces, to enhtmece
arch behaviour. Therefore, we will be interestedconfigurations of the hangers’ connections which
introduce negative V2-2.

Arch

.
2

Figure 4-9: Positive shear forces in the hangers drtheir transmission to the arch and the deck

The definition of the bending moments in arch esfibllowing:
e MS3-3 are in plane bending moments

* M2-2 are out of plane bending moments

Figure 4-10: Positive bending moments in hangers drtheir transmission to the arch and the deck
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According to the axis system ligure 4-10
» A positive M3-3 in a hanger causes a positive torén the arch and a negative one in the deck.

* A positive M2-2 in a hanger causes a positive MB-8e arch and a negative one in the deck.

It is interesting to introduce negative torquegha arch, to reduce in-plane bending moments (M&rg)
out-of-plane bending moments (M2-2) at the spriggiand positive torques to reduce M2-2 and M3{Beat
mid-span. According to this, it is favourable fbetarch to have positive M3-3 in the hangers atrtitespan
and negative ones at the springings.

Longitudinal bending moments transmitted by thedeas produce tension axial forces in the arch and
compressions in the deck due to the change of dhezgs (see Annex N2.1). This effect is partidylar
enhanced at the short extreme hangers, which hihighar stiffness, due to their smaller length.

When M2-2 is released at both ends of the hany@<, negative shear forces values increase, edlyeaia
the extreme stiffer (due to their shorter lengtlnders. This increases axial tensions in the deck a
compressions in the arch. Shear forces transnbitdthngers increase, tensioning the deck and casipge
the arch. Longitudinal bending and torsions areimished through the transmission of transverse ingnd
moments.

Therefore, for every model, whatever the mechangaperties of the sections employed for deck and
hangers, releasing M2-2 gives the maximal axiatderin the arch. However, when analysing the bendin
moments, we can observe that eliminating the ladgial hanger/deck interaction is not the besttamiuo
minimize them. This means that axial forces incee&sit not because we are enhancing the antifuamicul
behaviour, but because we are increasing the haekdgidity of the system and, therefore, incieggshe
horizontal forces in the arch, which cause a deer@athe balcony beam forces, but lead also to@ease

in the forces in the arch plane.

When employing what can be considered a deck wifimiie torsional rigidity, the type of behaviows i
divided into two big groups: M3-3 fixed and M3-3eased at the hanger/deck connection.

When M3-3 is fixed at the hanger/deck connectibe, whole arch is under compression and the deck is
tensioned. When released, the axial forces dimiaistt the behaviour at the abutments and springings
changes completely. The arch is slightly tensicatetie springings.

As stated, the cases of fixed hangers or M3-3 selkbat hanger/arch joints give good results fokslegth a
large torsional stiffness. However, these confians cause tensions when employing a deck witinalls
torsional stiffness.
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Structural behaviour under a vertical uniform disited loading applied on the whole deck

4.3.1.1 Analogy with acurved Vierende truss
Six models with very rigid circular hangers andetiént cross-sections of arch and deck have befmede

in order to prove the intuitive conceptual modekatibed in section 4.2. The hangers have a fixed
connection with both the arch and the deck. Theeslemployed for the cross-sections are described i

Table 4-1.
Il\_lE?\;/IEB’\Iég ARCH DECK HANGERS HANGER JOINTS SYMBOL
Reference arch Reference deck Rigid hangers
CHS CHS CHS
D=1m; t=30mm D=1m; t=30mm 800x800mm; t=25mm
Model (0.1) | A=0,0914m A= 0,0914m A= 0,0609m No releases
J=0,0215rh J=0,0215rh J=9,149-18 m*
12= 0,0108r 2= 0,0108rf 2= 4,575-1G m*
13= 0,0108r 13= 0,0108rf 13= 4,575-1G m*
Arch with large Reference deck Rigid hangers
torsional stiffness CHS CHS
A= 0.0914rA D=1m; t=30mm 800x800mm; t=25mm
Model (0.2) | 32 ;0 A= 0,0914mM A= 0,0609m No releases
12= 0.0108rf J=0,0215th J=9,149-18 m*
13= 010108rﬁ 2= 0,0108rf 2= 4,575-1G m*
' 13= 0,0108m 13= 4,575-1d m*
Arch with large Reference deck Rigid hangers
torsional and balcony- | CHS CHS
beam flexural stiffness | D=1m; t=30mm 800x800mm; t=25mm \
Model (0.3) | A=0,0914mM A= 0,0914mM A= 0,0609m No releases
J=10nf J=0,0215rh J=9,149-18 m*
12= 1m* 2= 0,0108m 12= 4,575-16 m*
13= 0,0108r 13= 0,0108rf 13= 4,575-1G m* O
cR:Efgrence arch Degk with Igrge cR;Eg hangers :)
o torsional stiffness e
D=1m; t=30mm A= 0.0914r4 800x800mm; t=25mm
Model (0.4) | A=0,0914rd = 16nﬁ A= 0,0609mM No releases
J=0,0215rh - J=9,149- 18 m*
~ 2= 0,0108m ~ "
2= 0,0108r 3= 0.0108f [2=4,575-16 m O
13= 0,0108r ' 13= 4,575-1G m*
Reference arch Deck with large Rigid hangers q
CHS torsional and horizonta] CHS N
D=1m; t=30mm flexural stiffness 800x800mm; t=25mm| C
Model (0.5) | A=0,0914m A= 0,0914mM A= 0,0609m No releases
J=0,0215rh J=10nt J=9,149-18 m*
12= 0,0108m 2= 1m* 12= 4,575-1G m*
13= 0,0108r 13= 0,0108rf 13=4,575-1G m*
Reference arch Deck with large Rigid hangers Q
CHS torsional and balcony- | CHS
D=1m; t=30mm beam flexural stiffness| 800x800mm; t=25mm (\
Model (0.6) | A= 0,0914nd A= 0,0914m A= 0,0609mM No releases
J=0,0215rh J=10nf J=9,149-18 m*
12= 0,0108m 12= 0,0108r 12= 4,575-1G m*
13= 0,0108m 13= 1m* 13= 4,575-1d m* U

Table 4-1: Mechanical properties’ values of the crss-sections employed on the study of the analogyaof
IDABWIC with a curved Vierendel truss

The axial forces results in arch and deck (Figufied 4nd Figure 4-12) prove that H forc&g(re 4-J are
highest for the (0.1) model, as it had been thamit described in section 4.2. Large H valuesseau
tensions in the arch (Figure 4-11) and the higbestpressions in the deck (Figure 4-12).

Increasing the balcony-beam flexural stiffness itiez the deck or the arch leads to more unifornalax
forces on both of them (models (0.3) and (0.6)thkse models axial forces in the deck decreasglgdue
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to the decrease in H forces. Both torsional anddmgt-beam flexural stiffness play an important rdle to
the coupling of torsional and balcony-beam bendnagnents.

1500.000
0.1
Arch and deck with equal cross-sections
0.
eeseee Archwith large torsional stiffness
1000.000 Arch with large torsional and flexural stiffness
0.4
===« Deck with large torsional stiffness
0.5
Deck with large torsional and flexural (in the horizontal
direction, asan arch) stiffness
0.6
500.000 == == == Deck with large torsional and flexural (in the balcony-
z beam direction) stiffness
=3
g
S
e
s
x
<
0.000
Compression <0
- LFH’_/—'—'__‘%\_\TH_L‘:L
-500.000 i E v .
B L PSP PSR LTI 4
)
- S —— P — — — =
-1000.000

Figure 4-11: Arch axial forces comparison for diffeent arch and deck sections in inferior deck arch ddges with
20m (L/5) rise.The abscissas are the arch length from O4amd the ordinates axial forces (kN)
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-1000.000 0.4
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beam direction) stiffness
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Figure 4-12: Deck axial forces comparison for diffeent arch and deck sections in inferior deck arch Hdges with
20m (L/5) rise.The abscissas are the arch length from 040 L

Minimal torsional moments in the archigure 4-13 are achieved with a deck with both high torsicavadi
flexural balcony-beam stiffness (0.6). However, thaximal torsional moments in the dedkgure 4-14
are not achieved for this model but for (0.5) inickhonly the torsional stiffness is high. Vice-verf®r the
minimal torsional moments in the deck, achievedhwibdel (0.3).

6000.0
0.1 Arch and deck with equal cross-sections
"""" 0(-)- ee* Arch with large torsional stiffness
4000.0
"""" 03 Arch with large torsional and flexural stiffness
m * Deck with large torsional stiffness
2000.0

0.5 Deck with large torsional and flexural (in the horizontal

£ direction, asan arch) stiffness
= . . .
= 06" Deck with large torsional and flexural (in the balcony-
g ' beam direction) stiffness
£
=3
L2
2
L
-2000.0
-4000.0
-6000.0

Figure 4-13: Arch torsion comparison for differentarch and deck sections in inferior deck arch bridgs with
20m (L/5) rise.The abscissas are the arch length from 040 L
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8000.0
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o . 0.3
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L \
-
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Figure 4-14: Deck torsion comparison for differentarch and deck sections in inferior deck arch bridge with
20m (L/5) rise.The abscissas are the arch length from 04o L

Local moments caused by the hangers in both amdlieck are minimized by increasing either the bateo
beam flexural stiffness of the arch or the declgyfé¢ 4-15 and Figure 4-16, models 0.3 and 0.6). The
minimal torques achieved for these models imply\dgh balcony-beam moments (Figure 4-17 and Figure
4-18, models 0.3 and 0.6). To reduce these momtmd]exural stiffness must be maintained low. t0@
other hand, to maintain the arch in compressiontdhsional stiffness of either arch or deck musthigh
(models 0.2 and 0.5), paying high torsional cosigure 4-13 and Figure 4-14).
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Figure 4-15: Arch in-plane bending moments comparisn for different arch and deck sections in inferiordeck
arch bridges with 20m (L/5) rise.The abscissas are the arch length from 040 L
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Figure 4-16: Deck horizontal bending moments (in ta plane that contains the deck) comparison for diéfrent
arch and deck sections in inferior deck arch bridge with 20m (L/5) rise.The abscissas are the deck length from 0
to Lp
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Figure 4-17: Arch balcony-beam bending moments congsison for different arch and deck sections in infeor
deck arch bridges with 20m (L/5) rise The abscissas are the arch length from 040 L
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Figure 4-18: Deck balcony-beam bending moments coragson for different arch and deck sections in infeor
deck arch bridges with 20m (L/5) rise.The abscissas are the deck length from Oxto L
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4.3.1.2 Influence of the out-of-plane flexural rigidity of the arch

The influence of the out-of plane flexural rigidity the arch, i.e. the flexural rigidity for thelbany beam
mechanism (with second moment of arlgpon the behaviour of arch bridges with imposed/ature under
a vertical uniform distributed loading applied ¢ twhole deck (g=10kN/m), has been studied (Figtt8

and Figure 4-20). In this series of models, thegkasm have a fixed connection with both the arch thed
deck.

The values employed for the cross-sections aregibdesan Table 4-2.

0
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ha 1 — — 01 _ ]
= —-400 :F-"'%E*%\:t —
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2 N\ .F-_r 10 / ’\_’:{. . 05
-500 AN ==
= ‘\3 =
-600 T
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Figure 4-19: Arch axial forces comparison for diffeent arch sections (Table 4-2) in inferior deck arb bridges
with 20m (L/5) rise.

When increasing the balcony beam flexural rigiditye axial forces in the arch increase too and the

increment is larger at the springings than at rpiaas(Figure 4-19). For the set of fixed parametbese is a
certain } value above which:

» there is a change in the distribution of the afaates along the arch. The forces in the springings
become larger than those at mid-span somewheheirahge of,£0,1 to 0,5rf (Figure 4-19). This
is due to a stronger increase of the axial loatiérhangers close to the abutments.

« the axial forces in the arch hardly vary (foel3n, Figure 4-19)

« the bending moments in the arch hardly vary (fo8in’)

» the out-of-plane bending moments, i.e. the baldmegm bending moments, remain steady (for
1>3m")

« the arch displacements remain steady (Figure 4t80),>3n").
Therefore, there is no advantage in increasitgyond =3nt".

To see the influence of the balcony beam rigiditythe arch on the total displacements, they hawanbe
measured at the arch span center deflection fér macel described on Table 4-2 (Figure 4-20).
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LEGEND d
NUMBER ARCH DECK HANGERS HANGER JOINTS SYMBOL
Reference arch | Reference deck Rigid hangers
CHS BOX GIRDER SHS
D=1m; t=30mm | 4000x800mm; t=15mn] 400x400mm; t=20mm
Model (1.1) | A= 0,0914n A= 0,1431mM A= 0,0304mM No releases
J=0,0215rh J=0,0615rh J=1,097-10 m*
12= 0,0108m 12= 0,2517r [2=7,337-1¢ m*
I3= 0,0108m 13= 0,0196r 13= 7,337-1¢ m*
Reference arch | Rigid to torsion deck Rigid hangers
CHS BOX GIRDER SHS
D=1m; t=30mm | 4x0,8m; t=15mm 0,4x0,4m; t=20mm
Model (1.2) | A=0,0914n A= 0,1431mM A= 0,0304mM No releases
J=0,0215rh J=10nf J=1,097-10 m*
2= 0,0108m 12=0,2nf 2= 7,337-1¢ m*
I3= 0,0108m 13= 0,02nf 13= 7,337-1¢ m*
Reference arch | Reference deck Rigid hangers
CHS BOX GIRDER High transverse
D=1m; t=30mm | 4x0,8m; t=15mm bending rigidity
Model (1.3) | A=0,0914n A=0,1431mM A= 0,0304mM No releases
J=0,0215rh J=0,0615rh J=1,097-16m*
12= 0,0108mM 12= 0,2517r 12=7,34-10m*
I3= 0,0108m 13= 0,01961 13= 7,34-nt
Reference arch | Rigid to bending and Rigid hangers
CHS torsion deck SHS
D=1m; t=30mm 0,4x0,4m; t=20mm
Model (1.4) | A=0,0914n A=0,1431mM A= 0,0304mM No releases
J=0,0215rh J=10nf J=1,097-10 m*
12= 0,0108m 12=0,2nf 12=7,337-1¢ m*
I3= 0,0108m 13= 0,2nt 13= 7,337-10 m*
Reference arch | Rigid to bending and Rigid hangers
CHS torsion deck High transverse
D=1m; t=30mm bending rigidity
Model (1.5) | A= 0,0914n A= 0,1431mM A= 0,0304mM No releases
J=0,0215rh J=10nf J=1,097-16m*
12= 0,0108m 12=0,2nf 2= 7,34-10m*
13= 0,0108r 13=0,2nt 13= 7,34-nf

Table 4-2: Mechanical properties’ values of the crss-sections employed on the study of the influenoéthe arch

Figure 4-20: Total displacement of the arch at midspan as a function of the out-of-plane arch stiffres (12) for
different models with hanger and deck cross-sectiadefined in Table 4-2(1) corresponds to 1.1 in Table 4-2
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and idem for the rest of models.
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When employing both a large torsional (J) and ftekgls) rigidities for the deck (Table 4-2, models (1.4)
and (1.5)), the arch displacements for small vabidgsignificantly decrease (Figure 4-20, models (a4
(1.5)). This happens because, when the arch isfletiple, the only way to reduce the arch disptaeats is
by reducing the deck deflections. When only onéheke deck rigidities is large (J, model (1.2),l&ab2),
the arch deflections for small values efdo not decrease significantly (Figure 4-20, mdde2)) as the
vertical deflections in the deck are still largagdo the small value of the other deck rigidity fhodel (1.2),
Table 4-2). Forj> 0,25nt the differences in the arch deflections betweenletoowith the same torsional
rigidity of the deck and different flexural rigigtiof the deck are smaller than 3,4%. Furthermdre value
of I, from which the arch displacement remains almasidst is independent of the rest of the parameters
(Figure 4-20, all models).

When employing hangers with a large transversditigi(Table 4-2, models (1.3) and (1.5)), the arch
displacements diminish considerably (Figure 4-20ngare (1.1) with (1.3) and (1.4) with (1.5)).

We can conclude that the out-of-plane flexuralditgi of the arch, i.e. the flexural rigidity for@hbalcony
beam mechanism,j| is the parameter that controls more efficientig arch deflections. In fact, the arch
deflections remain steady wherp13nt (for our f=g=20m and L=100m model), regardless\akie of the
rest of the parameters. For loywhlues, arch deflections can be greatly improwethb hanger-deck system
stiffness (Figure 4-20, Model 1.5).

4.3.1.3 Influenceof theflexural rigidity of the arch versusthe rigidity of the hanger-deck system

Six different full bridge models (see Table 4-3\véeeen analyzed in order to determine, whether the
behaviour can be more efficiently controlled by thygdity of the arch or the hanger-deck systemallnof

the models, the following parameters have been @&mept f=g=20m, L=100m, arch fixed to deck with
encasted abutments, deck submitted to a uniformhiited loading of 10kN/m.

We have borne in mind the previous conclusions drawgection 4.3.1 and the Annex N2.1.

* The minimal total bending moment in the arch, wkemploying a rigid to torsion cross-section, is
obtained with M3-3 fixed at hanger/deck joints.

» The maximal total bending moment in the arch cgweasds to hangers pinned at both ends.

The following figures (see from Figure 4-21 to Figul-26) demonstrate that to control arch momends a
torsions, employing a rigid hanger-deck system amdarch with low rigidity is better than increasitige
rigidity of the arch.

The models identified ifable 4-3as (2.1) and (2.2) have hangers with pinned cdiorecto both the deck
and the arch. Therefore, their behaviour can bectir compared to the analytical model describe&qy 1
to 5. All the conclusions drawn from the analyticabdel about the effects of increasing the stiffnefsthe
balcony beam are confirmed by these FE modelseofiuthbridge.
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LEGEND NUMBER ARCH DECK HANGERS HANGER JOINTS SYMBOL
Reference arch | Reference deck
CHS BOX GIRDER _
D=1m; t=30mm | 4x0,8m; t=15mm ?—_f’(c))g?-‘llngm“ Pinned hangers
Model (2.1) A= 0,0914rR A= 0,1431m4 e 30 10 9
J=0,0215rh J=0,0615rh |3: 7’34. m
2= 0,0108m 2= 0,2517m -
13= 0,0108nt I3= 0,0196mM
Reference deck
Rigid arch BOX GIRDER _
A= 0,250 4x0,8m; t=15mm ?—_f’(c))g?-‘llngm“ Pinned hangers
Model (2.2) | J= 0,18 A= 0,1431r e 30 10 g
12= 0,06nt J=0,0615rh |3: 7’34. m
13= 3,00nf 2= 0,2517m -0
I3= 0,0196mM
Reference arch | Reference deck
CHS BOX GIRDER _
D=1m; t=30mm | 4x0,8m; t=15mm 'j‘:fgg?fllngml, Hangers fixed at deck a
Model (2.3) A= 0,0914m A=0,1431M I2_— 7 34.10m¢ | transversally pinned at ar
J=0,0215rh J=0,0615rh |3: 734 (M3-3 released at arch)
2= 0,0108rf 2= 0,2517rf -
13= 0,0108nt I3= 0,0196mM
Reference deck
Rigid arch BOX GIRDER _
A= 0,25nf 4x0,8m; t=15mm JA__f’gg’?_‘llrgm‘l Hangers fixed at deck ar
Model (2.4) J=0,18mM A= 0,1431m I2_- 7 34.10m* | transversally pinned at ar
12= 0,06nt J=0,0615rh |3: 724 (M3-3 released at arch)
13= 3,00nf 2= 0,2517m -0
13= 0,0196r
Reference arch
CHS Rigid deck _
D=1m; t=30mm | A= 0,1431n ?—_f’(c))g?.‘llngm“ Hangers fixed at deck ar
Model (2.5) A= 0,0914m J=10nf I2_— 7 34.10m? transversally pinned at ar
J=0,0215rh 12= 0,2nf |3: 734 (M3-3 released at arch)
2= 0,0108m 13= 0,2n" - h
13= 0,0108nt
Rigid arch Rigid deck _
A= 0,25nf A= 0,1431nM JA__f’gg’;)_‘llrgmA Hangers fixed at deck a
Model (2.6) J=0,18mM J=10nf I2_— 7 34.10m* transversally pinned at ar
12= 0,06nt 2= 0,2nf |3j 724 (M3-3 released at arch)
13= 3,00nf 13=0,2nf -0

% Note: the longitudinal flexural rigidity of the hgers is low, so longitudinally they will tend te Ipinned
too.

Table 4-3: Definition of the different cross-sectins employed on the study of the influence of theefkural rigidity
of the arch versus the rigidity of the hanger-declsystem
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Figure 4-25: Deck moments comparison Figure 4-26: Deck torsion moments comparison

Regarding the displacementsidure 4-29, it is very efficient to increase the flexuraiffsiess of the arch
when the flexural stiffness of the deck is sm&ig(re 4-24 compare model (2.1) with (2.2)), and also to
increase the flexural stiffness of the deck whem flexural stiffness of the arch is smalliqure 4-24
compare (2.3) with (2.5)). This is because theldgments are very sensitive to the only flexutiéfiness
that can control them, as the other one is sna#.dlso quite efficient to use fixed connectidetween the
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hanger and the deck, but only when the flexuréinss of both, the arch and the deck, are sriidiufe
4-24, compare model (2.1) with (2.3)), because thersfgaes in the hangers are the only mechanism to
control the arch displacements. This mechanismtifiicient when the flexural stiffness of thelais large,
since there is more than one mechanism availabomtrol the displacements in the aréhiglre 4-24
compare (2.2) with (2.4) and (2.6)).

Moreover, when the arch displacements are contr@f@ure 4-24 models (2.2), (2.4), (2.5) and (2.6)), the
arch behaviour is enhanceériqure 4-21 models (2.2), (2.4), (2.5) and (2.6)). Howevehew the
displacements are controlled by means of the flhatiffness of the arch{gure 4-24 models (2.2), (2.4),
and (2.6)), the bending moments in the arch agel@&igure 4-22 models (2.2), (2.4), and (2.6)). This effect
is enhanced, when the flexural stiffness of thénascthe only parameter that is available to cdriine
displacements in the arch (model (2.2igure 4-22andFigure 4-29. Therefore, the arch displacements
are best controlled by providing rigidity to the ala system. However, controlling the arch displagets
while enhancing the arch behaviour, is achievegroyiding rigidity only to the hanger-deck systemogel
(2.5), fromFigure 4-21to Figure 4-29.

It is possible to define a set of parameters (Tdb& model (2.5)) for which the arch tends towtrd
antifunicular of the loading, i.e. enhancing thehaaxial behaviourKigure 4-21 model (2.5)) by cancelling
the balcony-beam behavioufigure 4-22andFigure 4-23 model (2.5)). This behaviour is achieved when
the hanger has a fixed connection to the deckartrimsverse direction, the torsional rigidity loé deck is
large, and the flexural rigidity of the arch is din@herefore, opposite to what has been concludesther
studies (Jorquera 2007), antifunicular arches d&t & IDABWIC.

A geometrically non-linear analysis has been cotatlim chapter VI.

The parameters proposed above in order to tend &mtfunicular IDABWIC are exactly the same ass#no
that Robert Maillart used for his superior deckvear arch bridges, with a foresight that only a gerdould
have, although he did not prove it through calcoret (Billington 1997, Laffranchi and Marti 1997).
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4.3.1.4 Secondary hanger systems
The expected optimal configuration

In Annex N2.1 the forces needed to introduce is thidge type in order to compensate internal e
described. A solution in terms of the hanger/decdl hanger/arch connections and hanger-deck system
stiffness is given and summarized in section 433df.the present chapter. However, this could &lso
achieved and more precisely controlled and visedlisy employing a secondary hanger system. A scheme
of such a system is shown kigure 4-27. The vertical hangers will be in tension and teeosidary system
consists on rigid struts in compression which idtree compensatory torques in the arch.

(a) (b)

Figure 4-27: Secondary hanger system to compensdte internal forces in the arch caused by a uniform
distributed load on the deck. (a) Intitial reasonirg: forces perpendicular to the plane of the arch a needed to
resist the balcony-beam behavior. Eccentricities @& introduced to compensate the bending moments. Thi
secondary hanger system would work under tension,ub geometrically it is not possible, it remains unennected
to the system at one end. (b) Strut system workingnder compression

On the following figures a comparison of this getmyavith g=f=20m and L=100m (model A) and an
equivalent bridge without the secondary hangeresygimodel B) is presented (frofngure 4-28to Figure
4-31). The cross-sections employed for the arch, deckvartical hangers in both models are the same one
as in Table 3-1. Struts with infinitely rigid cressctions are employed to model the eccentricityhef
secondary hanger system with the shear forcesrceftiee arch and deck. The cross-sections empléiyed
the secondary hanger system are CHS of 400mm déamued 20mm of thickness.

Employing a compensatory hanger system with anwateglistribution:

» increases the axial forces compressions in the heztause it increases the in-plane behavioureof th
arch (Figure 4-28).

» diminishes the out-of-plane and total bending masemecause it controls the out-of-plane
behaviour of the arch (Figure 4-30).

* can be also employed to diminish in-plane bendiogents in the arcliF{gure 4-29).
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Figure 4-28: Arch axial forces comparison of model#d and B with and without secondary hanger systenThe
abscissas are the arch length from O fo L
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Figure 4-29: Arch in-plane bending moments comparisn of models A and B with and without secondary hager
system.The abscissas are the arch length from 040 L
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Figure 4-30: Arch out-of-plane bending moments comgrison of models A and B with and without secondary
hanger systemThe abscissas are the arch length from 040 L
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Figure 4-31: Arch torsional moments comparison of rmdels A and B with and without secondary hanger sysm.
The abscissas are the arch length from 040 L
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The particular case of the bridge over the Galimaer

The bridge over the Galindo river in the outskiofsBilbao, designed by Javier Manterola, employs a
compensatory cable system at the arch which isaedhn a series of struts connected to the deigki(&

4-32).

Figure 4-32: Bridge over Galindo river in Bilbao enploying a secondary hanger system

M3-3 transverse bending momenEig(re 4-10 are released at hanger/arch joints and longitldiending
moments M2-2 are fixed. At hanger/deck joints M8&Jixed and M2-2 is released (Figure 4-33). If no
compensatory cable system was employed, this woalde very low axial forces at both deck and arch,
especially at arch springings and deck abutment,high bending and maximal (compared to othert join
configurations) torsional internal forces (see AnhR.1).

Figure 4-33: Detail of the hanger joints of the brilge over Galindo river in Bilbao

The compensatory cables are at the inner side eofctinve instead of the outer side as in the previou
solution. At the extremes they tend to be more Zoorial (Figure 4-32) and, therefore, with a higher
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component perpendicular to the arch approximatiamebthan the central cables. This means that lower
axial forces will be introduced at extremes thaspn center.

Since it is in the inner part of the curve, thesecbndary” hangers work under tension.

This distribution is adequate to diminish the intpat bending moments at arch springings, but it evily
slightly reduce bending at span center and incréfesaxial force which is already a compressiondott is
not the distribution which helps to maximize thetabehaviour of the arch.

The cross-sections employed in the bridge oveiGhkndo river are detailed in Table 4-4. They haeen
approximated taking as a basis the ones descrip&thhterola (2011).

A=m?
J=nf
2= m*
I3= 0,0108nt
Reference deck
BOX GIRDER
4000x800mm; t=15mm
DECK A= 0,1431mM
J=0,0615rh
2= 0,2517rf
I3= 0,0196mM
Flexible hangers
Stay cables
HANGERS A=9,8-10' m?
J=0nt
2= 13= 0 nf
M3-3 released at

HANGER hanger/arch connection
JOINTS M2- released at
hanger/deck connection
Flexible hangers
SECONDARY| Stay cables

HANGER A=9,8-10' m?

SYSTEM J=0nt
2= 13= 0 nf

ARCH

Table 4-4: Cross-section values employed for the lolge over the Galindo river

1t is a bent parabolic arch according to the dedin which has been developed for the presentysiudectiors.
Hence, it is not contained in a plane. Howeverg@aproximation plane can be employed as demonstiatesttions.
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4.3.2 Structural behaviour under non-symmetrical verticatling

For conventional vertical arch bridges (g=0), theximal arch shear forces, bending moments and
deflections are significantly higher when the loagis applied on half the deck span (from the akutnto

the mid-span, q'=10kN/m), than on the whole decanspg=10kN/m). However, highest axial forces are
obtained when the whole deck span is fully loadgd. QkN/m). This behaviour is shown in Figure 19.

In contrast, for IDABWIC (with a large g/f ratiothe critical load case, for both internal forcesl an
displacements, is obtained when the uniform digtéd loading is applied on the whole deck spanufiéig
20).

A vertical uniform distributed loading applied dretexterior half of the deck’s cross-section altreggwhole
bridge span (g"=5kN/m; t"=5kN-m/m, ie: verticabdding and tipping torque) has also been analygedn
the importance of torsional behaviour in this bedgpe. For all the models, the internal forcesypdoto be
mainly due to vertical loading.

All these conclusions are verified both for flexdland rigid hangers (s@able 4-5. Models 3.1 and 3.2 have

very similar results, as expected.

NooEND | Model (1) Model (2) Model (3)
Reference arch Reference arch Reference arch
CHS D=1m; CHS D=1m; CHS D=1m;
t=30mm t=30mm t=30mm
ARCH A= 0,0914m A= 0,0914m A= 0,0914m
J=0,0215rh J=0,0215rh J=0,0215rh
12= 0,0108r 2= 0,0108rf 2= 0,0108rf
13= 0,0108nt 13= 0,0108nt 13= 0,0108nt
Reference deck | Reference deck| Reference deck
BOX GIRDER BOX GIRDER BOX GIRDER
4000x800mm; 4000x800mm; 4000x800mm;
DECK t=15mm t=15mm t=15mm
A= 0,1431m A= 0,1431mM A= 0,1431mM
J=0,0615h J=0,0615rh J=0,0615rh
12= 0,2517r 2= 0,2517rf 2= 0,2517rf
13= 0,0196r 13= 0,0196r 13= 0,0196r
Flexible hangers CHS D=0,4m; CHS D=0,4m;
Stay cables PR PR
— 2 — Uy — Uy
HANGERS) A58 10 | - gea10mt | J=864-10m
12= 13= 0 nf 2= 4,32-10 m* 2= 4,32-10 m*
13= 4,32.10 m* 13= 4,32.10 m*
%%I\III\(IB'IE'ESR Flexible hangers Pinned hangers Fixed hangers
SYMBOL
l ||| || |

Table 4-5: Cross-section values employed for theusty of the worse loading case for vertical planari@h bridges

(g=0) and IDABWIC with g=20
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Figure 4-34: Internal forces and deflections alonghe arch length (LA) of a conventional vertical art bridge
(L=100, f=20m and g=0) for the different models défied in Table 4. Comparison between load cases g0 on
the whole deck span and g'=10kN on half the deck ap. (a) Axial forces (b) Total bending moments, (c)
Deflections
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Figure 4-35: Internal forces and displacements alanthe arch length (LA) of an IDABWIC (with L=100, f=20m
and g=20m) for the different models defined in Tal# 4. Comparison between load cases: q=10kN on thaale
deck span; q'=10kN on half the deck span and q"=5M/m on the exterior half of the deck’s cross-sectibalong

the whole bridge span. (a) Axial forces (b) Total &hding moments (c) Torsional moments (d) Total didacements

5.

CONCLUSIONS

In the context of the present study, we can corclud

Non-planar arches with imposed curvature can beoappated by inclined planar arches with
imposed curvature with the same rise, with an diopinternal forces inferior to 1,3% for uniform
distributed loading applied on the whole deck spaahto 2% for uniform distributed loading applied
on half the length of the deck span, in both cémelg<1.

There is a value for the out-of-plane arch rigiddy which the distribution of axial forces alortgt
arch changes, tending to concentrate either atspeéah or at springings, and also a bound for which
the internal forces and deflections converge. isirgy the balcony beam rigidity above this bound
has no advantage at all.

Given a vertical rise of the arch, and employingneid hangers, the higher the plan curvature, the
lower the axial forces and the higher the momeantke arch.

To enhance the arch behaviour in an ID-ABWIC, eryipig a rigid hanger-deck system (a deck with
high torsional rigidity and hangers with high treese flexural rigidity) and an arch with low
flexural rigidity is more efficient than increasitige rigidity of the arch. This ‘ideal configuratias
the simplest way to make the arch tend towardntsfanicular form.

For ID-ABWIC with a large g/f ratio, the criticalve load case is obtained when the uniform
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distributed loading is applied on the whole declrspwhereas for a conventional vertical arch
bridge (g=0) the maximal arch shear forces, bendimgnents and deflections are higher for a
uniform distributed loading applied on half the kispan.

« These conclusions are valid for a linear behavdub-ABWIC.

6. FUTURE LINES OF STUDY

* In a future research this study could be widenedrfore for more cross-sections, employing real
cross-section values to quantify the improvemerimafeasing the stiffness.

* A parametrical relationship of the horizontal sagl dhe torsional and flexural stiffness of arch,
hangers and deck could be found.

» The study of second hanger systems could be breddéncomparison between model C and the
bridge over the Galindo river would be interestihg.foresight of such a future study the same
cross-sections as for the bridge over the Galirade tbeen employed.
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Notation

aangle formed by the plane which contains the anchthe vertical hangers

d;arch displacement in the arch plane on a simplifiadger with springs model (direction of the model
spring Ky)

d.arch displacement perpendicular to the arch plana simplified hanger with springs model (directmn
the model spring B

datotal arch displacement on a simplified hanger \wghngs model

dpvertical displacement of the deck on a simplifiedidper with springs model

f arch vertical rise

Fiload taken by the arch as inclined arch on a sfiaglhanger with springs model
F.load taken by the arch as balcony beam on a siegblifanger with springs model
Fsload taken by the deck on a simplified hanger sfifings model

Fuload taken by the hanger on a simplified hangeh gfiirings model

g horizontal sag of the arch and deck

Lspan of the arch bridge (straight line measurevéen springings)

La whole arch length

Lp whole deck length

K,axial stiffness of the inclined arch on a simptifieanger with springs model
K,balcony beam stiffness of the arch on a simplifiadger with springs model
Kavertical stiffness of the deck on a simplified hangith springs model

I balcony beam rigidity

U, balcony beam displacements of the arch

Uz axial shortage of the arch

utotal displacements of the arehu = \/uZ + u2

Uc total displacements of the arch span centre

M._out of plane bending moments of the arch (balcaanibbending moments)
Ms3 in plane bending moments of the arch

M total bending moments of the arch

Abreviations

ID-ABWICinferior-deck arch bridges with imposed eature
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1. INTRODUCTION

This chapter is a broadened and further detailesiore of the paper published in IABSE-IASS
London Symposium in 2011 by the present authorberdsupervisors (Sarmiento-Comesias et
al, 2011).

The main principles of behaviour studied for ID-AB®V (inferior-deck arch bridges with
imposed curvature; chapter IV) give a clear idehat a SD-ABWIC (superior deck ABWIC)
will behave. However, the imposed curvature idegelationship with the minimum free height
for users has lost its sense, since the arch isrnedth and implies no determinants for users.
For superior deck spatial arch bridges (SD-SAB)ngetoy is completely free as far as the use
of the structure regards. Moreover, the struts bdllnecessarily rigid in this bridge type and
their connection with the arch and deck will beywmnportant for the bridge behaviour and the
horizontal forces transmitted to the ground.

Different geometries of spatial arch bridges witlperior deck are studied in the present
chapter. Their response under vertical loads amgeeature variations is analysed and different
geometrical and bearing configurations at deckrabats are studied.

Extreme values for the curvature of the arch imgiave been adopted. They should not be
regarded as realistic bridge designs but as theakatxamples, which have the objective to
draw conclusions of the bridge behavior. This Wwal useful for the design of SABs within the

range of the extreme geometries employed in thidyst

The study of the deck’s boundary conditions wilbye to be essential. The main objective is to
determine whether it is advisable to restrain thgitudinal movements or not. A priori, we
might think that, on the one hand, restraining thveilhbe the most suitable approach to resist
seism, for instance. On the other hand, for corneeatl vertical planar arch bridges it is
common knowledge that free longitudinal movemeathiice internal forces due to temperature
increments.

These studies have led to interesting conclusionddundary conditions and have helped to
gain a deeper understanding of the most adequateajges for different cases.

1.1  Objectives
The main objectives of the present chapter aréutdys

e the global structural behaviour of different geonest of spatial arch bridges with
superior deck under a vertical uniform loading artemperature increment. The aim is
to decide which bridge geometries help to imprawve s$tructural behaviour of these
bridges.

« the suitability of different boundary conditiong the different bridge geometries under
the considered loading cases.
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1.2 Research procedure and values

In order to understand the behaviour of these arctiéferent frame 3D models have been
developed and analyzed, as part of a set of thbropgrametric analyses (parameter
nomenclature in Figure 1-1). A linear analysis rafitie 3D FE models for each case study has
been performed and analysed with SAP2000.

The different studied bridge geometries are defindéigure 1-2. The values of the parameters
(Figure 1-1) which have been employed are theviolig: a spanl() of a 100m and a vertical
rise of the archf= L/5=20m (usual value for arch bridges contained wedical plane (C.
O’Connor 1971)).

The deck and arch plan curvature are measuredrasihial sag @, andg,, respectively). Their
value is 0 or 20m, as stated for each geometry.

The material employed is steel with a 2,6-k0/m? modulus of elasticity (E).
In general, the struts are completely fixed to anetl deck.

In the figures the whole arch longitude will be rahh, and the deck’s onkp, whereas we
should note that these values are different fragrsffan so-called.

On the following figures (Figure 1-2(a) to (e)) hi&erent studied geometries are shown.

S~

Figure 1-1: Variable Nomenclature
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(@) (b) (©)

(d) (e)

Figure 1-2: Studied bridge geometries. (a) Verticaplanar arch bridge with superior straight deck
(reference model); (b) Vertical planar arch with syerior curved deck; (c) Arch and deck with
symmetrical curvature in plan; (d) Arch and deck with coincident curvature in plan (imposed

curvature); (e) Arch curved in plan with superior straight deck (both contained in the same plane)

Those bridge geometries have been studied forrdiffehypothesis of the boundary conditions
of the deck at its ends. The deck is pinned atrabnts (ie: the bending moments at both
support sections are released), the radial displants are restrained and tangential longitudinal
displacements might be free or restrained, asatelitfor each case:

* Longitudinal displacements (ie: tangential to therve in plan) may be free or
restrainedf(l.d. orr.l.d.).

* The twisting rotation may be free or restrainedr(orr.t.r.).

In every case study the arch springings are fixebthe struts are fixed to both arch and deck.

The effect of the strut rigidity variation has besadied. The employed sections are displayed
in Table 1-1:
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Model 1 | Model 2 | Model 3
I
ARCH 0,03
4
DECK o RS
0,8
0.4 0.6
STRUTS ﬂ 1002 @j 002 ® 0,025

Table 1-1: Cross-sections for different models

In the study for ID-ABWIC (chapter IV) we have cduded that the maximal axial force on the
deck is reached for struts with the transverse nmortM,.,) released at arch. The minimal deck
axial force values correspond to struts pinnedt bnds. We can extend this conclusion to the
strut joints of superior deck spatial arch bridges.

Fixed strut/deck and strut/arch joints have beepleyed. The different models are studied for
both cases with its displacements fixed in all aimns and allowing free longitudinal
movements of the deck at abutments in two loadscaseder a vertical uniform load on the
deck and a temperature variation.

The arch is defined like a bent parabolic archd®i@chapter IV). The spatial configuration has
been considered with no simplifications for thenfea model analysis. When analysing the
results we will refer to in-plane and out-of-plaieeces, although the arch is not contained in a
plane, since, as concluded in chapter IV, non-plamahes can be approximated to inclined
planar arches. The plane considered for analyshey results of its behaviour is an
approximation plane given by three points: arclingjimgs and arch span center.
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1.3 Load cases and internal forces nomenclature

A linear analysis of frame 3D FE models for eacbecstudy has been performed and analysed
with SAP2000.

The following loading cases have been studied:

* A vertical uniform loading on the whole deck sp&i@kN/m (Figure 1-3a)
« Atemperature increment of 25°C on arch, deck antld g-igure 1-3b)

25°C

(@) (b)

Figure 1-3: Analysed load cases. (a) vertical unifm loading on the whole deck span of 10kN/m (b)
temperature increment of 25°C on both, arch and ddc

We will be referring to the bending moments M2-21 &h3-3 and the displacementg W, y Us,
which, according to the employed local axes, afemeé as the following:

« M2-2: bending moments with vertical axis in the kleand balcony-beam bending
moments in the arch (ie: out of plane bending mads)en

e M3-3: balcony-beam bending moments in the deckiarfmlane bending moments in
the arch.

e U, are the displacements which are tangential toddwk curve in plan, i the radial
ones and 4J the vertical deflections.

2.  STRUCTURAL BEHAVIOUR. ANALYSIS OF RESULTS

2.1  Structural response. Internal forces

In this section, figures of some of the diagramintdrnal forces for model (c) are shown with
the values for different deck boundary conditidinerq Figure 2-1 to Figure 2-9), as a summary
of the main results.

Next, comparative figures of the distribution ofaXorces and total bending moments for the
different bridge geometries and boundary conditiander the vertical uniform loading are
shown (Figure 2-10 and Figure 2-11). Please refexettion 1.2 or employ the bookmark for
the deck abutments boundary conditions nomenclam@oyed in the figures.
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In the annex N3 all the figures of the structurah&wviour of the models from (a) to (d) are
detailed.

An extensive analysis of the internal forces amditifluence of the struts is conducted in annex
N3. This analysis has helped to understand thevimhaf the different bridge geometries
studied in this chapter. The main conclusions amensarized in sectioB.

DECK:

ARCH: r.l.d., f.t.r. -943
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Figure 2-1: Axial forces (in kN, compressions N<0df model (c) for different boundary conditions,
under a vertical deck loading g=10kN/m. The diagramemployed to show the values is the r.l.d. and
f.t.r. case.
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Figure 2-2: M2-2 bending moments (in kN-m) of mode(c) for different boundary conditions of the

deck abutments, under a vertical deck loading q=10¥/m. The diagram employed to show the
values is plotted for the restrained longitudinal dsplacements (r.l.d.) and free twisting rotations
(f.t.r.) case.
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Figure 2-3: M2-2 bending moments (in kN-m) of mode(c) for different boundary conditions of the

deck abutments, under a vertical deck loading q=10¥/m. The diagram employed to show the
values is plotted for the free longitudinal displaements (f..d.) and free twisting rotations (f.t.r)

case.
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Figure 2-4: M3-3 bending moments (in kN-m) of mode(c) for different boundary conditions of the
deck abutments, under a vertical deck loading q=10¥/m. The diagram employed to show the
values is the r.l.d. and f.t.r. case.
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Figure 2-5: Axial forces (in kN, compressions N<0f model (a) for different boundary conditions
of the deck abutments, under aA\T=25°C at both arch and deck. The diagram employetb show the
values is the r.l.d. and f.t.r. case.
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Figure 2-6: Axial forces (in kN, compressions N<0df model (c) for different boundary conditions
of the deck abutments, under a\T=25°C at both arch and deck. The diagram employetb show the
values is the r.l.d. and f.t.r. case. (As a referee value the axial force in the deck ends for modéh)
with r.l.d. is -8927 kN)
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Figure 2-7: Arch axial forces comparison (in kN, copressions N<0) for the different models with
restrained longitudinal displacements at the deck lautments, under aAT=25°C at both arch and
deck. The abscissas are the arch length from 0 tg L
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Figure 2-8: Arch M2-2 bending moments comparison (i kN-m) for the different models with
restrained longitudinal displacements at the deck lautments, under aAT=25°C at both arch and
deck. The abscissas are the arch length from 0 tQ L
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Figure 2-9: M2-2 bending moments (in kN-m) of mode(c) for different boundary conditions of the
deck abutments, under aAT=25°C at both arch and deck. The diagram employedo show the
values is plotted for the restrained longitudinal dsplacements (r.l.d.) and free twisting rotations

(f.t.r.) case.
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Figure 2-10: Comparative diagram of the arch axialforces (in kN, compressions N<O0) of the
different geometries and the different boundary coditions at the deck abutments, under a vertical
deck loading g=10kN/m.The abscissas are the arch length from 0 tQ L
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Figure 2-11: Comparative diagram of arch total bending moments M =\/M2, +MZ, , in

kN-m) of the different bridge geometries and the dierent boundary conditions at the
deck abutments, under a vertical deck loading g=1@k/m. The abscissas are the arch length
from 0 to L
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Figure 2-12: Comparative diagram of the axial force (in kN, compressions N<0) of model (a) with
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Considering, on the one hand, the relevance ofitble and deck interaction when employing
struts fixed to both arch and deck, and, on therotand, the deck curvature, the structural
behaviour of the studied bridges is characterizethé following facts:

 When the deck is curved in plan the axial forcegsed by temperature increments
diminish drastically (from Figure 2-5 to Figure 2with respect to a conventional arch
bridge with a straight deck.

e Significant bending moments with vertical axis agpm the deck (Figure 2-2, Figure
2-3, Figure 2-8 and Figure 2-9)

e The arch helps the deck to resist the balcony bmanponents of the forces.

2.2  Efficiency of the system
The quantification of the contribution of the arehth the deck to resist M3-3 bending
moments, can be formulated as follows (Egs. 1o 4)

X :% Figure 2-13 (1)
ISOST
-M . +M
Total moment of the deekM ., = ( ”eg'eﬂz ey M s (2)
2
Isostatic momerg M ¢ o, = &;CK 3)
X'=1-X 4)

MDECK y | 0 N e s gy Y 5 s, B

Figure 2-13: Mpgck definition
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q LDECK M isost M neg M pos M syst
Model X X
kN/m m kKN-m  kN-m KkN-m KkN-m

@)

rld. 10 100 12500 -51 61 112 0,009 0,99
f(la()j 10 100 12500 -49 59 108 0,009 0,99
r(Ibé 10 110,4 15221 -3846 1817 5663 0.372 0,63
f(|b()j 10 110,4 15221 -4522 1963 6485 0,426 0,57
r(IC():i 10 110,4 15221 0 531 531 0,035 0,97
f(|c()j 10 110,4 15221 0 2933 2933 0,193 0,81
r(Idé 10 110,4 15221 0 636 636 0,042 0,96
f(|d()j 10 110,4 15221 -2133 1317 3449 0,227 0,77
r(Ieé 10 100 12500 0 948 948 0,076 0,92
f,(l,ec)j_ 10 100 12500 0 947 948 0,076 0,92

Table 2-1: System efficiency. Results for the verdal loading (q)

The coefficient X (Eq 1) relates the sum of the immat negative and maximal positive bending
moments in the deck (Eq 2) with the isostatic mantkat the same load would generate in a
simply supported deck with an equivalent span (Eq 3

The efficiency of the system is measured by X’ &qThis value varies for the different bridge
geometries and boundary conditions of the studpatial arch bridges (Table 1) from 0,57
(model (b) with the longitudinal displacements asled at the deck abutments.d.)) to 0,97
(model (c) with the longitudinal displacements raisied at the deck abutmentd.d.)).

The arch vertical efficiency index (X’) leads tetfollowing conclusions:

* The highest efficiency is obtained for decks wiistrained longitudinal displacements
at the deck abutments.

» The bridge geometries with a highest efficiency(ajeand (d).
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3. CONCLUSIONS

From the analyses of the results of the studieds;adke following conclusions can be inferred:

« The highest total M =\/MZ,+M?Z,) and out of plane (M2-2) bending moments in

L/4 of the arch and in the arch springings undeerdical uniform loading are obtained
for model (b). M3-3 bending moments are very higb (about fifty times larger than
for model (a) in the deck and a hundred times énaifth).

» The highest total and out of plane bending momientise mid-span of the arch under a
vertical uniform loading are obtained for model (e)

* Models (c) and (d) show the best structural behavio

* Models (c) and (d) show a good structural behaviouty if the longitudinal
displacements of the deck abutments are restréir@d Figure 2-1 to Figure 2-9).

* Model (b) is highly influenced by two parameterE} the arch/deck eccentricity in plan
view (e) and (2) the vertical distance betweenrattth crown and the deck mid-span (v).
A parametrical study of e and v has been done landetsults will be commented in the
following section V. B of the present chapter V.

e Spatial arch bridges have an improved structurdhatieur under temperature
increments with respect to conventional verticathabridges (model (a)) when
restraining the longitudinal displacements of tleekdabutments. Axial forces in the
deck decreases.g: for model (c) with r.l.d. the axial forces in tlieck are nearly a
hundred times smaller than those for model (a)uffei?-6). In exchange, significant
M2-2 bending moments appear in the deck, but theyesisted by the deck’s width,
which is its highest dimension.

» For models with a curved deck (models (b), (c) &hy, it is convenient to restrain
longitudinal displacements of the deck abutmentieurboth vertical loadings (Figure
2-10 and Figure 2-11) and temperature incremeis i§ a very important difference
with conventional vertical arch bridges.

* For models with a straight deck (models (a) and ifdis obviously better to release
longitudinal displacements of the deck abutmentieutemperature increments.

* In general, the restriction of the twisting rotagoat the support sections on the
abutments does not have a significant impact osttiuetural response

129



CHAPTER V. SECTION AGEOMETRY AND BEARING CONDITIONS STUDY OF SPATIAL ARH
BRIDGES WITH A SUPERIOR DECK

REFERENCES

BILLINGTON D. P., “The Role of Science in Engineggi” Robert Maillart's Bridges. The Art
of EngineeringPrinceton University Press. New Jersey, 197994¢105 and 111-112.

JORQUERA J. J.Study of the Structural Behaviour of Spatial Arclidges PhD Thesis.
Supervised by Prof. Manterola, Technical Universityvladrid (UPM), 2007 (in Spanish).

JORQUERA J. J., “Structural Behaviour of SpatiacABridges”, Proceedings of the IASS
Symposium 200%volution and Trends in Design, Analysis and Cartdion of Shell and
Spatial Structure¢Domingo, A., and Lazaro, C. (Eds)), Valencia, 200p. 2447-2457.

SARMIENTO-COMESIAS, M., RUIZ-TERAN, A. AND APARICIQA. C.. “Superior deck
spatial arch bridges.'Proceedings of the 35th Inernational. Symposium Bridge and
Structural Engineering, jointly organised by IABSESS': ‘Taller, Longer, Lighter'London,
UK, September 20-23, 2011

130



V. B) PARAMETRICAL STUDY OF

SPATIAL ARCH BRIDGES WITH A

CURVED SUPERIOR DECK AND A
PLANAR VERTICAL ARCH

131



V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

132



V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

INDEX
1. INTRODUCTION ...iitiiiieeiitiiee ettt smmmee e e esseeeaeeanteeaeeaassseeaesanseeeensnnneessnnseeeeeannnes 137
1.1  PREVIOUS STUDIES .....cciiiii ittt ettt e e e e e e e s e e e e e ennsnseeeeeas 137
1.2  STUDIED PARAMETERS.......coiiiitiiie ettt ettt nanee e 138
1.3 TYPES AND SELECTION OF EFFICIENCY CRITERIA...c.cooeeiiiiiiiiieeeeeen. 139
1.4 OBJIECTIVES ...ttt s ettt e e ettt e e e e beeenneea e e s nnnneeas 141
1.5 LOADING CASES AND COMBINATIONS .......ootttmmmmeeriieieieeeeeesaassnnineeeeaaaaaans 142
151 Loading casesfor analysing the structural behaviour ......................ooooe. 142
15.2 L oading casesfor stressesin ULSand displacementsin SLS..................... 142
153 L oading combinationsfor stressesin ULS and displacementsin SLS....... 142
1.6 RESEARCH PROCEDURE AND VALUES .........cccceeae et 143
2. PARAMETRICAL STUDY OF THE ARCH/DECK ECCENTRICITYN PLAN VIEW (€)
AND THE SYSTEM STIFFNESS DISTRIBUTION .......cummmmiiiiiiiiieeeeesiiiiiinieeeeeeeeaannees 146
2.1  DEFINITION AND EMPLOYED VALUES ......ooiii it 146
2.2 STRUCTURAL RESPONSE UNDER A UNIFORMLY DISTRIBED VERTICAL
LOAD 150
2.2.1  Structural responseof varying efor different gvalues...................ccooeee 150
222 Relationship between the value of e and the out-of-plane shape of the arch155
2.2.3  Structural responseof varying efor different f values........................oo 155
2.2.4 Relationship between the value of e and thedistribution of stiffnessin the
system 159
2.3 STRESS BEHAVIOUR AND COMPARISON IN ULTIMATE LINT STATE.... 162
2.4 EFFICIENCY CRITERIA. ...ttt emeemeee et eesanee e 165
2.5 PARAMETER DISCUSSION .....cottiiiieiiiiiimmmemsieiieiieae e e e e e ssssnsnneeeeeeeeeeesnnnnnes 177
3. VERTICAL DISTANCE BETWEEN THE ARCH CROWN AND THBECK MID-SPAN
(V) PARAMETRICAL STUDY ...otiiiieiiiiiiee ettt ettee e e e anntaee e e s sntaeeeesansseseessnneeessnssnnens 179
3.1 DEFINITION AND EMPLOYED VALUES .......coooiiieeeieiiiee e 179
3.2 STRUCTURAL RESPONSE UNDER A UNIFORM VERTICAL LAD (lu) ...... 179
3.3 STRESS BEHAVIOUR COMPARISON UNDER A UNIFORM L@NG q AND
DESIGN IN ULTIMATE LIMIT STATE ..oooiei ittt enae e 184
3.4 EFFICIENCY CRITERIA. ... .ottt eeemtee ettt eesnee e 187
3.5 PARAMETER DISCUSSION .....cottiiiiiiiiiiimmmemsiiiiiieeae e e e e e ssssseeeeeeeeeeeessnnnnnes 190
4. ARCH RISE {) PARAMETRICAL STUDY ...oottiiiiiiiiieeiiiies e esnteeeeeesnnseeeesanseeeeeans 190
4.1  DEFINITION AND EMPLOYED VALUES .......ooottimmeiiiiiiiie e e e e 190
4.2 STRUCTURAL RESPONSE UNDER A UNIFORM VERTICAL IAD (lu) ...... 191

133



V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

4.3 STRESS BEHAVIOUR UNDEI AND DESIGN AND COMPARISON IN

ULTIMATE LIMIT STATE ... ettt et e et esne e e e 202
4.4  EFFICIENCY CRITERIA .....ooiiiie e eeeme e rane e e 207
45 PARAMETER DISCUSSION .......cutiiiiiiiiiiieeeme e eiieee e eiiiee e siaeea e s eneeee e e naeeeas 212
5. INCLINATION OF STRUTS ) PARAMETRICAL STUDY .....cuvviiiiiieeeeaiiiet e 213
5.1 DEFINITION AND EMPLOYED VALUES .......coiiiiieeiiiiee e 213
511 EMPIOYEd VAIUES.......ooeieiiieie e 213
5.1.2  PreViOUS SIUAIES. .....uueiiiiieeiiiiiiiiiei et e et e e e e e e eeaeeeeas 214
5.2 STRUCTURAL RESPONSE UNDER A UNIFORM VERTICAL IAD (lu)....... 214
5.3 STRESS BEHAVIOUR UNDER AND DESIGN AND COMPARISON IN
ULTIMATE LIMIT STATE ..ottt a e e et a e e e e e e e e emnnnee e e e e ennnnes 219
5.4  EFFICIENCY CRITERIA ..ottt e e ntaeaenrene s 219
55 PARAMETER DISCUSSION ......ccoiiiiiiiiiiimmeniieee e seiiiee e siieee e aiieee e e snenee e 223
6. DECK HEIGHT @ PARAMETRICAL STUDY ....coiiiiiiiiiiieeee e e s s e e ensiennaneeeeeee e 223
6.1  DEFINITION AND EMPLOYED VALUES .......coiiiiieeiiieee et 223
6.2 STRUCTURAL RESPONSE UNDER A UNIFORM VERTICAL LAD (lu)....... 225
6.2.1  Archinternal forces (Figure6-3toFigure6-9) ........ccocevvvevvvveverevevennnnnnnnnnnnnns 225
6.2.2 Deck internal forces (Figure 6-10 to Figure 6-20) ..........eeueemmeiiiiiaiiaaeeeeeennn 226
6.2.3  Archdisplacements (Figure 6-14to Figure 6-16).............evvvvvevvvvvvvvrvennnnnnnnnns 226
6.2.4 Deck displacements (Figure6-17 to Figure 6-18) ........cccoeeeeieeeieeeeieeeeeeeeeee, 226
6.3 STRESS BEHAVIOUR UNDER AND DESIGN AND COMPARISON IN
ULTIMATE LIMIT STATE ..eiiieiii ettt ettt e e e e e e s e e e e e e snnnneeeeeaaeeeas 235
6.3.1  Stressesbehaviour under a uniform load q=10kKN/M ............ccccevvvvvvriirininnnnns 235
6.3.2  Critical loading combinationsin ULS............uuuiiiiiiiiiiiieees e 236
6.4  EFFICIENCY CRITERIA ...ooiiiiiiiiiitttt et e e e e e s e e e e eneneneeees 237
6.5 PARAMETER DISCUSSION ......ccoiiiiiiiiiiicmmeniieie e esiieee e eiieee e eiee e snneee e 239
7. NON-VERTICAL ARCHES. ARCH IN PLAN SAGd,) PARAMETRICAL STUDY .240
7.1  DEFINITION AND EMPLOYED VALUES .......coii et 240
7.2 STRUCTURAL RESPONSE UNDER A UNIFORM VERTICAL LAD (lu)....... 241
7.2.1  Archinternal forces (Figure 7-2toO Figure 7-6) ........ccceevvveeeeeeeervevvenninnnninnnnnns 241
7.2.2 Deck and strutsinternal forces (Figure 7-7to Figure 7-10) ............ccceeee.. 241
7.2.3  ArchdisplacementS (Figure 7-11) ..o 241
7.3 STRESS BEHAVIOUR UNDER AND DESIGN AND COMPARISON IN
ULTIMATE LIMIT STATE ...ttt ettt e et e s e e e 247
7.3.1  Stressesbehaviour under a uniform load q=10kN/M ...........ccccevvviviviirininnnnn. 247
7.3.2  Critical loading combinationSin ULS..........cccoiiiiiiiiiiiieeeee e 247
7.4 EFFICIENCY CRITERIA ..ottt eeasneee s 250



V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

7.5 PARAMETER DISCUSSION ....ouiiiiiiiiiiii et eees 252
8. CONGCLUSIONS ...ttt ettt emmmr ettt ettt b et e et e b e anaeennneen 253
8.1 Parameter CONCIUSIONS ........ociiiiiiiimmeeemr e e e 253
8.2 Efficiency criteria CONCIUSIONS .........ccccciiiiiiieiiieeeeeeeeeee e 255
8.3  Critical loading combinations CONCIUSIONS ... ..ceviiiiiiiiiiiiiiiiiiieiieeeieeeeeieeeeeee 256
9. FUTURE LINES OF STUDY ...eiiiiiiiiiii ettt 257
REFERENGCES ... .o st b bbb 258

135



V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

136



V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

1 INTRODUCTION

A summary of the study presented in this chapteniprocess of publication in Sarmiento-
Comesias et al (2014) and a summary of the resesitmly of one of the parameters was
published in Sarmiento-Comesias et al (2013).

The thesis includes a bookmark which has the abgetd help to read the present chapter by
summarizing the different parameters and efficiecraigria employed in the present research and
detailed in section@ and 1.6.

1.1 PREVIOUSSTUDIES

According to the previous chapter V.A and the mh#d paper Sarmiento-Comesias et al
(2011) models with an arch curved in plan showlhbst structural behaviour to support a
superior curved deck. However, it is suggestedudysthe improvement of this bridge type

for the following reasons:

» The geometry is intermediate to the models thae l=nown the best behaviour, since the
vertical plane is the symmetry plane for opposigs survatures arches. This leads to
think that

* by studying how it is influenced by arch/deck eddeity the behaviour could be greatly
improved.

* The arch is vertical and planar. This simplifiesjpct geometry and construction.
Previous studies:

» Laffranchi and Marti (1997) describe four projeofsRobert Maillart which are spatial
arch bridges with a curved superior deck (SABWCSDYJ explain the relation with
Ritter’s theory of deck-stiffened arch and suspemdiridges. Maillart's concepts are
extended and equivalent frame bridges are analizezlsimilarity of a frame bridge to an
equivalent arch bridge is proved in their study.

» Jorquera (2007) and Andrade (2010) prove that thestsral behaviour of spatial arch
bridges with a inferior curved deck (SABWCID) arghily dependent on the arch/deck
eccentricity in plan view (e, Figure 1-1). This himfluence has been explained by the
proximity of the arch to the center of graviiggf of the deck (Andrade 2010). Another
way to explain the efficiency o is to place the arch so that there are no regultin
torsional moments due to permanent loads abouhtaesection line of the planes of arch
and deck, as Laffranchi and Marti (1997, p1283)gssy in order to choose tleevalue
for the case of spatial arch bridges with a supe&tioved deck (SABWCSD).

» Jorquera (2007) suggests that increasing the akdistance between the arch crown and
the deck will also improve the behaviour of SABWCSD

» The rigidity of the hanger-deck system has prowecde a key parameter for inferior-deck
arch bridges with imposed curvature (IDABWIC) (Santo-Comesias et al, 2011).
Therefore its influence is measured for differemlues and combinations of the
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previously mentioned variables.

» The inclination of the struts planar vertical atmidges with an inferior straight deck is
studied by Bogaert (2010 and 2011).

» De Zotti et al (2007) compare network, fan and igattarrangements of hangers for
inferior straight deck vertical planar arch bridgé&sey conclude that vertical and fan
arrangements lead to minimum values of hanger $otwat higher values of arch and and
lower chord bending moments.

Values employed in the aforementioned studies:

* In their studies, Jorquera (2007) and Andrade (R@b@duct a parametrical study of e,
but only for specific cases with the same deck planvature and specific cross-sections
and hanger distributions of SABWCID. Whereas foiBS¥CID this parameter is highly
conditioned by the clearance, in SABWCSD it doesinterfere with it. The fact of the
struts being fixed and the different distributiohtlee struts’ length and thus the struts’
stiffness compared to hangers’, prevent the dieglication of previous results of
SABWCID for SABWCSD. Furthermore, a broader study different deck plan
curvatures and cross-sections is required and aisexplanation of how the structure
works and the reasons of the given e values asitist efficient parameters.

* The indicators employed by Jorquera (2007) for SABW/aim to obtain antifunicularity
and are the sum and quadratic sum of out-of-pladeatal bending moments in the arch.

* In Jorquera’s study oé for planar vertical arches with an inferior curvddck with
pinned hangers, the reduction of out-of-plane bmpdnoments has been considered a
good indicator of the improvement of the structdrahaviour. This can be understood as
a reduction of the balcony-beam behaviour, enhanitia arch to actually behave like an
arch.

* In Bogaert’s 2010 study it is concluded that ariropin arrangement of sloping hangers
with radial distribution (from the deck central zoand sloping radially to the arch) can
be found. This is obtained by distributing the hemgodes in an even manner and
concentrating the nodes on the lower chord ne#ingaenter. This has also a stabilising
effect for buckling in opposition to vertical hamge(Bogaert, 2010). A triangular
arrangement of hangers requires less steel than arfangement of hangers concurring
at a centre above the arch top (Bogaert, 2011)fdmuarrangement can be justified for
aesthetical reasons.

1.2 STUDIED PARAMETERS

The high influence oé might also be thought to be highly related toitteination and length

of the struts, and thus their stiffness, for supredieck spatial arch bridges with a curved deck
(SABWCSD) with fixed rigid struts and a planar vweat arch, as the ones concerning us in
this section. Therefore, other parameters whicluénfce the inclination of the struts are
worth studying. A parametrical study of such vaesbhas been conducted. These variables
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are defined as follows (Figure 1-1):

» the arch/deck eccentricity in plan vieg) (section 2)

e cross-section rigidity of deck, struts and archh(BJ}, Els, Gk, Ela, GJ) (section 2)
» the vertical distance between the arch crown aedlétk mid-spanvj (section 3)

» the rise of the arcH)((section 4)

» the inclination of the struts in longitudinal vidf) (section 5)

» deck heightZ) (section 6)

» curvature of the arch in plan measured by its gag($ection 7)

Layout: Geometry of variation for
L=100m,g=f=L/5=20me=g/1,2=16,67my=0

Figure 1-1: Nomenclatur e of variables

1.3 TYPESAND SELECTION OF EFFICIENCY CRITERIA

The minimisation of the total bending moments isradicator of the spatial arch tending to
the antifunicular form of the load. However, it Haeen observed that a decrease of bending
moments is often linked to a very high increasexdél forces (Sarmiento-Comesias et al,
2012). Moreover, tending to the antifunicular afraformly distributed loading on the whole
deck, is a priori no guarantee of an improvemertdahaviour under asymmetric loadings on
half the deck. Furthermore, the considered matésiathe present study is steel, which has a
high tension bearing capacity in comparison witheotmaterials and may suffer buckling
under compression. Not only improving the behavigfuthe arch is important, improvement
should be regarded as minimisation of the matesfalthe bridge system as a whole.
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Therefore, in the present study it is considered ahdesign improvement is a minimisation of
material and one of the aims of the study is tal fam indicator as simple and quick to
calculate as possible, which is equivalent to mesthe total material of the bridge. This will

be useful in order to make preliminary decisiornstiie initial geometry.

Firstly, improvements will be measured as a stredsiction of the whole bridge system for
the stress envelope. However, this cannot be dirassured as a mass reduction, since the
length of the structure might change with differ@atrameters and, thus, stress reduction
could mean a mass increase if the length is ineteageatly. Therefore, this must be
controlled and a parameter such as the stresspiiedtby the length will be considered.

In order to be able to make quicker decisions Emgriteria have been employed, regarding
simpler loading cases or controlling only one eletn@he arch is expected to be key to
control the whole mass of the bridge. Finally, mpde criteria such as the maximal arch
displacement, which has proved to be key on thetttural behaviour of SABs (Sarmiento-
Comesias et al, 2011 and 2013a) is expected tsimepde and good enough criteria.

Therefore, in the present study we have compared:

» the sum of stresses in all the cross-sections efattth (in all the output stations),
considering the envelope of the absolute valugbefstresses in the arch for the worse
loading case, considering self-weight, dead losaaperature variations and/or live loads
on the whole deck (uniform) or on half the deckrsfmsymmetrical) (A)

» the sum of stresses in all the cross-sectionsenbtlilge, considering the envelope of the
absolute values of the stresses in the arch fomttrse loading case, considering self-
weight, dead loads, temperature variations and/erlbads on the whole deck (uniform)
or on half the deck span (asymmetrical)'(B)

* the sum of the total bending moments in all thessigections of the arch under self-
weight and permanent loads (C)

» the sum of the stresses in all the cross-sectibtiearch under a uniform loading on the
deck (D)

» the sum of the stresses in all the cross-sectibrtheowhole bridge under a uniform
loading on the deck (E)

» the maximal stress in the arch for the worse laadiaise, considering self-weight, dead
loads, temperature variations and/or uniform onasgtrical live loads on the deck (F)

» the maximal stress in the arch under a uniformitaadn the deck (G)

» maximal arch displacement under permanent loads (H)

! It depends on the number pf elements of the mad¢he analysed models, it has always been emgloye
the same number of elements.
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* the maximal sum of the absolute values of the stieen the whole system (arch, deck
and struts) for the worse loading case, considesgifyweight, dead loads, temperature
variations and/or uniform or asymmetrical live Isash the deck and multiplied by the

length of the structural elements (both caé(—:‘%ﬂ- *.l; and % have been

considered, where is the number of output stations anéndl; are the stress and length
of each output station respectively)

» total mass of the dimensioned bridge (the bridg#ingensioned for a first iteration of the
linear analysis of the frame model).

The value of the maximal arch displacement willateo obtained as a control criteria. This
will give an idea of the influence of second orediects, which is important in order to
control the validity of the other criteria, sinasults are obtained with a linear analysis. If the
the geometry that shows a most efficient behaviouthe total mass indicator also gives the
lowest displacements, the comparison employingeali analysis is considered valid. If these
indicators are not coincident, it means that a limear geometrical analysis (NLGA) study
needs to be conducted in order to establish the eficcent geometry.

14 OBJECTIVES
The purpose of our study is to:

» understand the changes of the structural behawabtinis bridge type due to changes the
different parameterse( f, v,, El, GJ, z, g which have been previously described for
different deck curvatureg) (Figure 1-1)

» establish a range of the best combination of thdistl parameters in order to minimise
the material employed for different spatial arciges

» study which will be the best indicator in ordemaimise material

» assure whether the minimisation of bending momisrggjuivalent to the minimisation of
stresses and if the latter corresponds to minimitie total mass of the bridge

A linear analysis is conducted for the differentdels. A geometrically non-linear analysis is
conducted in Chapter VI. C and structural behavisaompared with the linear analyses.
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1.5 LOADING CASESAND COMBINATIONS

1.5.1 L oading casesfor analysing the structural behaviour

The global structural behaviour of all the modeatsler a uniformly distributed load on the
length of the whole deck of 10kN/rg)(and on half the deck spam &sym has been studied.

1.5.2L oading casesfor stressesin UL S and displacementsin SLS

To obtain the different stress values consideréd, following loading cases have been
employed:

« Self-weight (v), with a steel weght of 76,97kN/m
« Permanent load() of 2,5kN/nf. Considering 4m widthpl=10kN/m

« Live loads () of 5kN/nf according to the spanish standards 1AP2011Emmcode 1.
Part 2: Traffic loads on bridgeSonsidering 3m of usage width, employing the ofst
the width for the railingsl=15kN/m. Two hypothesis have been considered:

o Auniform loading on the whole length of the delik Figure 1-2a) and
o An asymmetrical loading on half the length of tleekl(a, Figure 1-2b)
o Auniform loading on the central third of the ddt®
» Temperature variation of 25° on arch, struts aruk ¢&T)
1.5.3Loading combinationsfor stressesin ULS and displacementsin SLS
The following load cases combinations have beesidened for ULS:

¢ Combination Al: 1,35w+pl)+1,51u
¢ Combination A2: 1,35w+pl)+1,51a
« Combination A3: 1,35w+pl)+1,51c
e Combination B: 1,35wW+pl)+1,5AT
e Combination C1: 1,35n+pl)+1,5-(0,4lu+0,6 AT)
* Combination C2: 1,35w+pl)+1,5-(0,4ta+0,6AT)
¢ Combination C3: 1,35w#+pl)+1,5-(0,4lc+0,6 AT)

and the service limit state response:

e Combination D1: 1,0w+pl)+1,04u
¢ Combination D2: 1,0w+pl)+1,01a
e Combination E: 1,0wW+pl)+1,0AT
e Combination F1: 1,0wpl)+1,0-(0,4lu+0,6AT)
e Combination F2: 1,0w&pl)+1,0-(0,4la+0,6 AT)
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@) (b)

Figure 1-2: Loading (a) on the whole length of the deck (lu) and (b) on half the length of the deck
(la)

The stresses are obtained for the envelope offtreraentioned ULS combinations employing
the reference cross-section values specified iticset.6, Table 1-1. Hence, the stress values are
very low in some cases. Afterwards they are redesidor the material resistance.

16 RESEARCH PROCEDURE AND VALUES

In order to understand the behaviour of these aratifferent frame 3D models have been
developed and analyzed with commercial softwarepaas of a set of thorough parametric
analyses (parameters described in section 1.2eAd analysis has been employed.

The arch and deck plan curvature are measuredrastial sag @, andgp respectively), the
arch rise is calledl , the arch/deck eccentricity in plan vieweis the distance between arch
and deck at span centervigind the arch and deck spans laggandLsp respectively and are
considered equal (L) in all models (Figure 1-1).

In all the models a vertical planar arch has beepleyed (Figure 1-1).
For all the studies presented, the following dinnems have been employed (Figure 1-1):
. Lss=Lsp=L=100m;

* g=20m when considered a fixed value and varying ffbt®o 20m when expressed so
specifically

» evarying fromg/2 tog. When considered a fixed valeeg/1,2

» =20 when considered a fixed value and varying frbfh0=10 to L/2=50m when
expressed so specifically and

* v=0 and varying from 0 to 6m when expressed so Bpaity

* 0ais the sag of the arch in plan view and it is aisv8, since it is a planar vertical arch,
except for the case study gf

» z=fexcept for the case study of

The shape of the arch is always a parabola. 16dtave been employed in all the models.
The inclination of the struts is determined by timform division of the deck and the arch for
all the models, except those in which the inclimatof the struts in longitudinal vievy is
studied.
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The chosen arch risé=(/5) is a usual value for arch bridges contained iredical plane.
Usual values range from 0,16*L (C. O’'Connor 19719 8,25*L.

Other fixed values for the other parameters of garlmetrical study are adopted according
to the results of the previous parametrical studies

The material employed is steel S355 with a 2,94U/m? modulus of elasticity (E) and
resistance fy=355MPa.

The studied arches in each of the considered madeléxed at the springings. The deck is
pinned at abutments and tangential longitudingbldieements might be restrained for SABs
and free for g=0, as recommended in Chapter V.A&.rHdial displacements are restrained.

The struts are completely fixed to both, arch agckd

In the figures the whole arch length will be nanhgdand the deck’s onley, these values are
different from the span so-calléd

For stresses and axial forces values>0 are tenaimhs0, compressions.
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Reference model

Stiff strut-deck system (SSDS)

taotially stiff arch (HZSA)

O

Arch plan view

T/, \
Q// \ “

7/, \
7/, \

A= 0,2328mM

CHS D=1m; t=30mm J=0.0722rh
A= 0,0914M 12= 0,5603rf

ARCH J= 0,0215rh 3= 0,0365r

|I32::006011(§)§rﬁrﬁ J calculated according to Kollbrunne
’ and Basler (1969)
BOX GIRDER 4000x800mm; BOX GIRDER 7000x800mm: t=15mm BOX GIRDER 4000x800mm;

t=15mm A= 0.2331m4 t=15mm
DECK A=0,1431mM J= 0.1161rh A=0,1431mM
J=0,0615rh 12= 1 13931 J=0,0615rh
2= 0,2517rf 13= 00335 2= 0,2517rf

I3= 0,0196r ' I3= 0,0196r

CHS D=451mm;t=22,6mm CHS D=1m; t=30mm CHS D=451mm;t=22,6mm

A= 0,0304m A= 0,0914m A= 0,0304mM
STRUTS J=0,0014rh J=0,0215rh J=0,0014rh
12= 0,0007r 12= 0,0108m 12= 0,0007r

13= 0,0007r 13= 0,0108r 13= 0,0007r

Table 1-1: Cross-sectionsfor different models

The cross-sections of arch and deck employed ferrédference model are a circular hollow
section (CHS), with D=1000mm and t=30mm, for thehara box girder 4000x800mm and
t=15mm for the deck and CHSs with D=451mm and 6@ for the struts (Table 1-1). These
have equivalent area and stiffness to the HSSsoseqlin the previous studies in Chapters IV
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and V.A. It is better to employ a CHS to avoid thés orientation invloved in square sections to
influence the study.

The cross-sections employed by Jorquera for the @nd deck are equal to the reference ones of
the present study in order to be able to compareadhults. Other cross-sections have also been
employed to ensure that the most efficient pararset® not depend on the stiffness of the
elements (Table 1-1).

For the stiff strut/deck system (SSDS) modelsgairio torsion deck according to the study for
IDABWIC (Sarmiento-Comesias et al 2011) has beepleyad. For the struts a very rigid
circular cross section has been employed (Table 1-1

For the mass calculation each structure has beeengioned with the stresses corresponding to
the analysis of the reference model.

In each case study of the different parameterssthectural behaviour of the different models
under g has been analysed and compared and tleredifes have been highlighted and
explained. In most cases it is also explained vidhaaxpected before the structural analysis is
carried out and why the studied parameter has bbesen. Then it is controlled whether the
response is the expected one. There are so maaplegrinvolved that it is demonstrated that the
response is not obvious a priori.

The same has been done for the stresses undeiiffifirerd ULS combinations described in
section0. When necessary according the efficiency critdréaenvelope of stresses has also been
obtained and the cross-sections of the differenehts have been dimensioned in order to obtain
the total mass of the bridge criteria. The differefficiency criteria described in 1.3 have been
obtained for the studied models and compared. fiddslead us to determine the most efficient
parameters and to evaluate the validity of theedifit criteria which have been employed.
Therefore, for each case study the following sestiare provided:

e Structural response under a uniform vertical load
e Stress control and comparison in ultimate limitesta
« Efficiency criteria
2. PARAMETRICAL STUDY OF THE ARCH/DECK

ECCENTRICITY IN PLAN VIEW (e) AND THE SYSTEM
STIFFNESS DISTRIBUTION

Part of the study presented in this section wasighdd in Sarmiento-Comesias et al (2013).

21 DEFINITIONAND EMPLOYED VALUES

The values for the parametrical study of gheariable have been chosen on the basis oéthe
relationship (Figure 1-1). The proportion aroundalihve expect to find good results and around
which we have chosen the range of values to stidhased on the value obtained as the most
efficient one in the study of Jorquera (2007) f&BSVCID with flexible hangers for L=100 and
g=10. The value of the most efficiemin Jorquera’s study for antifunicular arches witferior-
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deck with g=10m and pinned hangers is around 7,8%mquera 2007, p382) and for planar
vertical arch bridges with inferior-deck with g=10amd pinned hangers 8,32 (Jorquera 2007,
p159). According to the relationship in which wesbaur range of values for the present study
the values obtained by Jorquera erg/1,36 ande=g/1,2 respectively. In our case, the in-plane
bending moments and axial forces will change wjtkince the struts are fixed. Results should
also be different in comparison with SABWCID beaauke length of the struts changes and,
therefore, the stiffness.

The Ripshorst bridge is a SABWSCD with an antifutac arch and L=76,97m (Schlaich and
Moschner, 1999). The dimensions we are studying Haen approximately measured in the
published figures. The arch has a double curvauas; low and with opposite sign to the deck
near its springings and of the same sign as thlke alespan center. Ripshorst bridge has a curved
deck withg approximatelyg=14,5m. Theg, of the arch measured from the span center to its
springings isga=1,66m,e measured from abutments to springingssisl1,28,e measured from
the abutments to the point where the arch crodsegléck in plan view ie=11,21m=g/1,29.
Around this value the struts which are employethis footbridge are stiffer than in the rest of the
length, since here V struts have been employedresisein the rest of length individual struts
have been employed. This fact remarks the neceskitye structure of a larger stiffness in this
length and, therefore, the most efficient e shdngddn the range of values which would intersect
these stiffened struts. This built example confithes proportion around which we expect to find
the most efficient e valuef) for SABWCSD. However, our study will be with aapkr vertical
arch and differeng andf values and different system stiffness distributiororder to lead to
more general conclusions for this bridge type, esitiis value could change. Therefore, we have
chosen a broader range of values. Moreover, inortant to understand why arvalue will be
more efficient than another one and in which cases.

The efficiency criteria in the present study aslwslthe studied bridge types (SABWCSD with
rigid struts) are different than for previous stgjias explained in sectian

Parameter influence and values:

The values employed in the present study are:

e L=100m;v=0
e g=5,10and 20m
e efromOtog.

The proportions employed aesequal to: 0g/2, ¢/1,6,09/1,36,9/1,3,9/1,2 andg/1 (Figure 2-1,
Table 2-1).g/1,1 has also been added in some cases in ordeetd a more accurate value was
needed.

The study varying has been conducted with the reference model sexst#ns in Table 1-1 for
the different g values and f=L/5=20m.

For the reference model cross-sections in Tablefdlg=20m, the study oé variation has been
carried out for each of the followirfgraluesf=10, 15, 20, 25 and 50m.
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 fvaryingfromL/10toL/2

If fincreases the arch is expected to work betteddanepand horizontal forces at springings
would decrease, however the behaviour as balcoay lie also expected to increase. Geometrical
changes in plan due to thkevaritation do not affect the longitudinal view tife bridge and

viceversa, varying does not affect the plan view. Therefore, georoelsi the efficiency of and

e values is not expected to be coupled. Howeverlgtingth and inclination of the hangers changes
with e and f and hence its stiffness. Therefore ditierentf values, it might be more interesting
obtaining the largest rigidity in a point or anathe the arch/deck connection by means of

changinge. Thus the influence of this parameter must beistlud

*« Stiffnessdistribution variation: different cross-section values

For g=20m and both case&20m andf=25m, the study has been conducted for all theseros
sections in Table 1-1 in order to study the infeemf different system stiffness distributions,

which might lead to differerg* values.

The parametrical study a for the otherg values described in Table 2-1 have been done

employing the reference values of the cross-sesti@scribed in Table 1-1.

100

3,13
3,68
3,85

(@)

100

8,33

10

(b)

100

16,67

18,2

20

(©)

20

100 ‘
)

Figure2-1 Variation of e (a) Plan view for g=5. (b) Plan view for g=10. (c) Plan view for g=20. (d)
Longitudinal view for g=20. (d) Side view for g=20.
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i |e=g/i| Cgd* D** gl i |e=gi| Cgd* D** gl i |esdli| Cgd* D**
2,00| 2.50 2,00| 5.00 2,00{ 10.00
1,60( 3.13 1,60 6.25 1,60 12.50
1,36| 3.68 1,36 7.35 1,36 14.71
1o as| 3345 | 39045 Lol 1d 70 8055 111928, Lol v 1ss) 5727 | 14204047
1,20| 4.17 1,20 8.33 1,20 16.67
1,10{ 18,20
1,00{ 5.00 1,00 10.00 1,00( 20.00

*Cqg of the deck **Interval of values of e with the same number of struts on each side: from D1 to D2 (see Figure 2-2)

Table 2-1: Studied values. Relationship between g and e. Measured in meters

s

Figure 2-2: Plan view of a general bridge case study with e=0. Valuesfor Table 2-1

De

It is worth highlighting that whatever the value gothe cg of the deck and the maximalfor
having the same number of struts on both sideshefdrch keeps approximately the same
proportion (Table 2-1).
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2.2 STRUCTURAL RESPONSE UNDER A UNIFORMLY DISTRIBUTED

VERTICAL LOAD

The structural behaviour has been studied for iffierent g, fand cross-section values described
above under a uniformly distributed load of 10kNdmthe whole deck and on half the degk (
and q asymrespectively) for the described valuesedh each case (Table 2-1 and Figure 2-1)
and their structural response has been compared.

2.2.1 Structural response of varying efor different g values

For g=5 and 10, the most uniform axial forces i@ #inch (Figure 2-3 (a) and Figure 2-4
(a)) are obtained for @#l,6, not far from theg of the deck (Table 2-1). However, for
g=20 most uniform axial forces in the arch are ioleta for eg/1,2 (Figure 2-5 (a)), far
from thecg of the deck (Table 2-1). Total bending momentthm arch (Figure 2-5 (b))
and torsional moments (Figure 2-5 (e)) are alsamaharound this value and g&,1.
Torsional moments are minimal for @%,2 whatever the value @ (Figure 2-3 (e),
Figure 2-4 (e) and Figure 2-5 (e)). Fgr20, this value also minimises the axial forces
and the torsional moments of the deck. The totaldbgy moments of the deck are
minimal for e between/1,30 andy/1,36 (Figure 2-5).

For g=5 and 10 under or g asym bending moments do not have clear minimal values,
but results are in the range @fl,36<e<1,2, approximately in the range in which there is
the same number of hangers at each side of the arch

For g=5 out-of-plane bending moments in the arch areimiged at springings for
e=0/1,36, at l./3 for ex/1,3 and at the crown fa=g/1,2 (Figure 2-3 (c)).

The variation of in-plane bending moments in th@letarch (Figure 2-3 (d)) and of axial
forces at springings (Figure 2-3 (a)) with e deb is very low.

under tasym for g=20,e=g/1,1 in comparison with &#l,2 works better at the crown of
the arch and worse at springings, as far as optawfe bending moments are concerned.
Regarding in-plane bending moments, the lowest doesg=20m, underd.s,m are
obtained fore=g.

Until e=g/1,36 the out-of-plane bending moments in the arehsa important that the
variation of the in-plane bending moments of th&hawill not have a high impact on the
variation of the total bending moments. However,ewhout-of-plane and in-plane
bending moments in the arch are the same ordeaghitude, it is interesting to decrease
both.
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Figure 2-3: Internal forcesunder q comparison for g=5 and f=20 for the parametrical study of e
(a) Arch axial forces; (b) Arch total bending moments; (c) Arch out of plane bending moments (M 2-

2); (d) Arch in-plane bending moments (M 3-3) The abscissas are the arch length from 0 to L, (or from
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Figure 2-4: Internal forcesunder q comparison for g=10 and f=20 for the parametrical study of e: (a)

Arch axial forces; (b) Arch total bending moments. The abcisses are the arch length from 0 to L, (or
from 0 to Lo/2in cases a, the symmetry dashed line marks L »/2)
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Figure 2-5: Internal forcesunder g comparison for g=20 and f=20 tor tne parametrical study of e,
employing the refer ence cross-sectional values shown in Table 1-1: (a) Arch axial forces; (b) Arch
total bending moments; (c) Arch out of plane bending moments (M 2-2); (d) Arch in-plane bending
moments (M 3-3); (€) Arch torsional moments; (f) Deck axial forces; (g) Deck torsional moments. The
abcisses from (a) to (€) are the arch length from 0 to L, and (f) and (g) are the length of the deck from 0
toLp
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» For conventional vertical arch bridges (g=0), thaximal arch shear forces, bending
moments and deflections are significantly higheewlhe loading is applied on half the
deck span (q asym=10kN/m, Figure 1-2) than on tielevdeck span (q=10kN/m).
However, the higher axial forces are obtained wihenwhole deck span is fully loaded
(q=10kN/m). It can be observed on the arch stragsgsasymmetrical loading is the most
unfavourable loading for most of the arch crosgises (Figure 2-6a).

» On the contrary, for SABs with a superior curvedldehe critical load case, for both
internal forces and displacements, is obtained whenuniform distributed loading is
applied on the whole deck span. This had also bbeserved for other SABs types such
as inferior-deck arch bridges with imposed cunai{@armiento-Comesias et al, 2012). It
can be observed on the arch stresses that loadiripeowhole deck-span is the most
unfavourable loading for most of the arch crossiges in SABs (Figure 2-6b, ¢ and d).
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== « HIPB: Comb uniform temp variation
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Figure 2-6: Stresses in the arch caused by different loading cases combination when employing the
reference model cross-sections (Table 1-1). The abscissas are the arch length from 0 to La, (a) for
g=e=0 and f=20m e=16,67m; (b) for g=5m, f=20m and e=g/1,2=4,17m; (c) for g=10m, f=20m and
€=8,33m; (d) for g=20m, f=20m and e=16,67m
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For all g values, the deck is always completely tensioneadf0 (Figure 2-3 (f), Figure
2-4 (f) and Figure 2-5 (f)).

As g increases, tensions in the deck increase.

A planar vertical arch with a straight deck aywe=0 transmits compressions to a slightly
tensioned deck, which is therefore compressedeatfthn center (Figure 2-7).

For a curved deck, whatever tgevalues, the deck is always completely compressed fo
e=g (Figure 2-3 (f), Figure 2-4 (f) and Figure 2-5(f)

For g=20, the deck is not under compression @y/1,6, whereas for g=5 or 10 the
deck is already under compressiondog/1,6.

Forg=5 or 10, the deck is alreadgmpletely under compression fe>g/1,3, whereas for
0g=20 the deck is not completely under compressidih erg/1,1.

When e=0 the deck is held back by the arch arehsdned.

Whene=g the deck is stopped by the arch and it is compress

The higher the value df for e=0, the higher the tensions in the deck, especdlithe
abutments.

The difference of the axial forces at span centel springings increases with g. This
effect is due to the curved shape of the deck hedricrease of the distance from the
arch.

For e=g the compressions at the abutments also incredbegywiowever, at span center
it is more difficult to transmit the arch horizohfarces which compress the deck @as
increases.

...................... 1 | e
............. DECK
g=0,f=20,v=0_rIm
— - sesees DECK
1 | g=0,f=20,v=0_flm
‘ H
-
' 1 ARCH
; ‘ g=0,f=20,v=0_rIm
| 1
- =
| \
| " — =+ ARCH
— .,- | W— g=0,f=20,v=0_flm
R >0 tensions | - ]
J . — | S— —‘
| <0 compressions —\
— ——
As stated in section 1.6

Figure 2-7- Axial forcesin the arch and deck of a planar vertical arch bridge with straight deck
under g. The abcisses are the arch length from Oto L, and thelength of the deck from Oto Lp
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Displacements

» Largest displacements of the arch and deck takeeplm®tween L5 and 4*L,/15
respectively.

* The largest out-of-plane displacements in the takk place betweennl6 and 2* L./5
and in-plane betweenl6 and Ls/2.

» The value of the maximal out-of-plane behavioulaiger in most cases but for e=g/1,2
the out-of-plane displacement maximal value is \ement to the in-plane displacement
maximal value.

— 0 =10;f=20;8=5

...... g=10;f=20;e=6,25

= p=10;f=20;e=7,35
g=10;f=20;e=7,69
«  g=10;f=20;e=8,33

= £=10;f=20;0=10

U2 (mm)

(a) (b)
Figure 2-8: Displacements under q comparison for g=20 and f=20 for the parametrical study of e,
employing the reference cross-sectional values shown in Table 1-1: (a) Arch in-plane displacements;
(b) Arch out-of-plane displacements. The abcisses are the arch length from 0to L

2.2.2 Relationship between the value of e and the out-of-plane shape of the arch

Regarding the out-of-plane shape of the arch, éov & values it is expected to be more
convenient to tend to a geometry with the archdetk with opposite curvature in plan view and
for high e values, to one with the curvature in plan viewha same direction (section A of the
present chapter). This is coincident with the rssfalr inferior-deck arch bridges (Jorquera 2007).

2.2.3Structural response of varying efor different f values

The response when studying the effects of the wami@f e for differentf values (for g=20, =10,
15, 20, 25 and 50), is summarized in the followpagagraphs. Results are shown for the extreme
values f=10m and f=50m as examples (Figure 2-9Famule 2-10).

- For lowf values, the variation af has a higher influence on the axial forces indaek
(Figure 2-9f compared to Figure 2-10f).

- Given e=0, when increasing the differences between the axial forces in thehar
springings and crown increase (Figure 2-9a andr&igel0a).

- On increasingf, the total bending moments in the arch increask the value ofe
acquires more influence (Figure 2-9b compared goifei 2-10b)
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- On increasind, the in-plane bending moments in the arch crownei@se and in the arch
springings they decrease. The valueeddcquires more relative influence on in-plane
bending moments in the arch (Figure 2-9d compardtdgure 2-10d)

- On decreasingvalues, the variation @ has a higher influence on the torsional moments
in the arch (Figure 2-9e compared to Figure 2-10e).
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Figure 2-9: Internal forcesunder g comparison for g=20 and f=10 for the parametrical study of e,

employing the refer ence cross-sectional values shown in Table 1-1: (a) Arch axial forces; (b) Arch
total bending moments; (c) Arch out of plane bending moments (M 2-2); (d) Arch in-plane bending
moments (M 3-3); (€) Arch torsional moments; (f) Deck axial forces; (g) Deck torsional moments. The
abcisses from (a) to () are the arch length from 0 to L, and (f) and (g) are the length of the deck from 0O
tolLp
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Figure 2-10: Internal forces under g comparison for g=20 and f=50 for the parametrical study of e,
employing the reference cross-sectional values shown in Table 1-1: (a) Arch axial forces; (b) Arch
total bending moments; (¢) Arch out of plane bending moments (M2-2); (d) Arch in-plane bending
moments (M 3-3); (e) Arch torsional moments; (f) Deck axial forces; (g) Deck torsional moments. The
abscissas for (a) to () are the arch length from 0 to L, and for (f) and (g), the abscissas are the length of

thedeck fromOto Lp
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2.2.4Relationship between the value of e and the distribution of stiffnessin the

system
When employing &tiff Strut-Deck System (SSDS):

The variation ofe has a lower influence in the global behaviourhef arch (Figure 2-5
compared with Figure 2-11).

A SSDS diminishes greatly the axial forces in th@am of the arch and increases the
difference between the axial forces in the archingprgs and the arch crown (Figure
2-11a). It also diminishes greatly the total begdimoments in the springings of the arch
(Figure 2-11b). However, axial forces and bendirapmants in the arch follow the same
evolution withe whatever thé or cross-sectional values.

For g=20 and a SSDS, compressions in the deck startefgf2 and the deck is
completely compressed ferg/1,2 (Figure 2-11c), which are a lower values diantfor
the reference model (Figure 2-5f).

When the deck is completely compressebas a low influence on the axial forces in the
arch (Figure 2-11c).

The difference between the axial forces in the deguk abutments and span center
increase for a SSDS (Figure 2-11c) in comparisdh thie reference model (Figure 2-5f).
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Figure 2-11: Internal forces under g comparison for g=20 for the parametrical study of e, employing
a stiff struts-deck system (cross-sectional values shown in Table 1-1): (a) Arch axial forces; (b) Arch
total bending moments; (c) Deck axial. The abscissas of (a) and (b) are the arch length fromOto L, and
for (c) the abscissas are the length of the deck from O to Lp
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When employing &loriZontally Stiff Arch (HZSA):
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Figure 2-12: Internal forces under g comparison for g=20 for the parametrical study of e, employing
a horizontally stiff arch (cross-sectional values shown in Table 1-1): (a) Arch axial forces; (b) Arch
total bending moments; (c) Deck axial forces. The abscissas for (a) to (c) are the arch length from 0 to
Laand for (d), the abscissas are the length of the deck from 0to Lp

The axial forces in the arch become more homogenedang the arch than for the
reference model (Figure 2-5a).

The variation ofe does not influence the axial forces in the archmagh as in the
reference model, especially at the arch spring{Rggire 2-12a).

The axial forces in the deck increase greatly (fégR-12c) in comparison with the
reference model (Figure 2-5a).

The total bending moments in the arch increasetl@mgunctual influence of the struts is

lower (Figure 2-12b).

The deck axial forces become more homogeneous landalue ofe gains influence

(Figure 2-12c).
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2.3 STRESSBEHAVIOUR AND COMPARISON IN ULTIMATE LIMIT
STATE

In Figure 2-13 the comparison of the arch strebséswvior only undeg=10kN/m for differente
values, forg=20m, f=20m and the reference model cross-sections (Thfileis shown and in
Figure 2-14, for SSDS (Table 1-1). The main aspeftthe results for different models are
analysed in this section.
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Figure 2-13: Arch stresses comparison under q for g=20 and f=20m for the parametrical study of e,
employing the refer ence cross-sections (Table 1-1). The abscissas are the arch length from 0 to L,
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Figure 2-14: Arch stresses comparison under q for g=20 and f=20m for the parametrical study of e,
employing a stiff struts-deck system (cross-sectional values shown in Table 1-1). The abscissas are the
arch length from Oto L,
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* Employing a SSDS lowers the stresses in the aigui@ 2-13 and Figure 2-14).
* Whatever theg andf values, stresses in the arch é&eg/1,36 are lower than for smaller
values (Figure 2-13 and Figure 2-14).

In Figure 2-15 the comparison between differentding cases and combination of the arch
stresses is represented for the specific &dé5,67m;g=20 andf=20m. The worst loading
combinations for the different models are commeimetie following lines:

* For g=20m, f=10 to 25m and==16,67m when employing the reference model cross-
sections (Table 1-1), the worst hypothesis for &@neh is combination Al except at
springing and k/4 where A2 is worse, determined by the loading da@-igure 2-15).

* The importance of asymmetrical loading for stresseshe arch diminishes when
increasing the value dfor the stiffness of the strut-deck system.

e The worst loading cases combination fge20m, f=50m, e=g/1,2=16,67m for the
reference model cross-sections and ge20m, f=20m, e=16,67m for the SSDS model
(Table 1-1) cross-sections is Al.

* When the structural behaviour of the arch is nadeuncontrol é=0) Al is the most
critical loading combination for the arch, ie: is the worst live load for arch stresses,
since the out-of-plane behaviour is predominantr dlie arch behaviour, whatever the
cross-section.

» For the reference model cross-sections (Tablednd in the range of valugg1l,36<e<
g/1,2 A2 increases its influence on arch maximadssies from the springings ta/&, in
the rest of the arch length Al is the worst loadiombination.

» Forg/l,X<e<g stresses caused by A2 are maximal at springind4.&8 but get closer to
Al, la loses influence in front dé.

*  When employing a HZSA foe> ¢g/1,6 ,A2 increases its influence on arch maximal
stresses from the springings tg/8.

When employing a SSDS amdn the range of valueg/1,6<e< ¢/1,1 A2 and Al cause
similar values of stresses at springings. Therefweecan conclude that it is not necessary
to considefa whatever the value &when employing a SSDS.

* When employing a HZSA and a SSDS (Table 1-1), nflaence of temperature variation
on the arch stresses increases.

* When employing a HZSA andin the range of valueg/1,36<e< g/1,1, B is the worst
loading combination at approximately from/R5 to L./6 and fore= g/1,1 also at the arch
crown.

* For e>g/1,1 the difference of the stresses caused by Ba#® Al decreases, but Al is
not as predominant as for the reference modelS8BS.

* When employing a SSDS aedn the range of valuag2<e<g/1,1, B is the worst loading
combination at the arch crown.
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For e> g/1,1 worst arch stresses at the arch crown areedaagain by Al and at
springings fog/1,X<e< g stresses caused by Al, A2 and B are very close.
Fore= g Al causes the largest arch stresses in the wéiodgH of the arch.

HIPA: COMB uniform live load

------ HIPA2: COMB asym live load
e == H|PA3: COMB central third live load

== + *H|PB: Comb uniform temp variation

HIPC: COMB live load+temp

== == H|PC2: COMB asym live load+temp
= == HIPC3: COMB central live load+temp

Figure 2-15: Stressesin the arch caused by different loading cases combination for g=20m, f=20m
and e=16,67m when employing the reference model cross-sections (Table 1-1). The abscissas are the

arch length from Oto L

For g=20m,f=20m and e=16,67m, the models with different sti§® distribution have been
dimensioned. The following cross—sections for S 8&®&| have been obtained employing a linear
analysis:

The arches are CHS of 750mm diameter and thickiaeggng from 10mm at span center
to 30mm at springings for the reference model, f@mm at span center to 22mm at
springings for the SSDS model and 2 steel tubethoarch cross-section of dimensions:
1000x1000mm and 6mm thickness joint by K bracimggtie HZSA model.

The struts are CHS of 300mm diameter and thickreesging from 15mm at extremes to
35mm at span center for the reference model amd & mm at extremes to 45mm at span
center for the HZSA model. For the SSDS model, G#S750mm diameter were
employed, with thickness ranging from 6mm at exeeno 12mm at L/3 approximately.

The deck is a 4000x7@Q0mm steel box girder for the reference model adtlie
HZSA model and 7000x76¢Q0mm for the SSDS model. It would be enough withmBm
to resist the stresses considering a compact sexgsn. However, 10mm are considered
for local bending moments, local instability of gomessed plates and durability.

These design cross-sections are employed in theegeocally non-linear analysis in chapter VI.
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24 EFFICIENCY CRITERIA

The results of the chosen criteria are shown ferdifferent models which have been studied in
tables from Table 2-2 to Table 2-11. In these wtihe nomenclature already given in section 1.3
is employed. Please use the bookmark to comfortiaidypret the tables, and note whether the
length is considered or not, since the nomenclaamek units of the criteria are modified. The

following values are specifically employed for tiadles in this section:

* €* is the value oé which minimizes each criteria and is measuredetens.
* =% of difference of B (bookmark and section 1.8)nf the most efficien¢ value for B
(")
A differente* is obtained for each criteria. The results oféffeciency criteria are commented in
the following lines:

» For highg values, ie: when spatial behaviour increases, iflaeince ofe is larger (i
values in Table 2-2, Table 2-4 and Table 2-5).

* Forg=5 the relative difference between stresses whenngae in the range o/1,36 and
g values is negligible (i value in Table 2-2). However g=20, the value oé has a high
influence (i value in tables from Table 2-2 to TaBl5).

« Whatever the value aj, minimising the value of the sum of the stressethe whole
system is equivalent to minimising the sum of stessin the arch (Table 2-2, Table 2-4
and Table 2-5). However, for g=20 when employirggifh strut-deck system, the value of
e which minimises the value of the sum of the stess the whole system and the one
which minimises the sum of stresses in the archthadending moments are different
(B, A and C respectively in Table 2-6). Neverthsake relative differences fervalues
in the range ofy/1,36 andg are negligible. Therefore, in order to determine thost
efficient e value, the criteria referring to minimising theestses along the arch or in the
whole bridge can be considered equivalent.

Criteria

M odel A B C D E F G H i
g=5;f=20;e=0 20154 38140 99521 3441 5597 198 35 5053,2
g=5;f=20;e=2,5 13992 28521 41985 2267 3145 108 16 1 2145
g=5;f=20;e=3,13 12642 26547 30459 1988 2705 94 18 6 1 6,6
g=5;f=20;e=3,68 11815 25323 23387, 1808, 2469 91 1P 2 1 1,7
g=5;f=20;e=3,85 11692 25108 22128 1780 2441 95 1P 1 1 08
g=5;f=20;e=4,17 11613 24902 21307, 1771 2457 101 14 11 0,0
g=5;f=20;e=5 12211 25619 28011 1960 2806 120 20 1429

e e=4,17 e=4,17 e=4,17 e=4,17 e=3,85 e=3]68 e=3,68 4,1é=

Table 2-2: Efficiency indicatorsfor the case study employing g=5 and f=20
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Criteria
M odel A B C D E F G H

e=0 6786157 12842146 33509784 1158468 1884508 6680911735 | 16668
e=2,5 4422557 9014566 13270264 71652 994017 339795199 6783
e=3,13 3947664 8289779 9511342 620696 844677 29277 4209 4913
e=3,68 3658895 7841646 7242205 559966 764448 281853591 3751
e=3,85 3612591 7757648 6837005, 550108 754118 29226 3653 3524
e=4,17 3576376 7669104 6561994 54545]1 756536 312584311 3268
e=5 3754652 7877122 8612656 602606 862845 36849 8 613 4422

e e=4,17 e=4,17 e=4,17 e=4,17 e=3,85 e=3,68 e=3|68 4,1é=

Table 2-3: Efficiency indicatorsfor the case study employing g=5 and f=20 considering the
length of the elements of the bridge

Criteria

Model A B C D E F G H i
0=10;f=20;e=0 31047 57970 208408 5430 10280 390 70 105 |159,7
0=10;f=20;e=5 18637 31205 86062| 3181 4929 151 26 43 39,8
g=10;f=20;e=6,25 15578 26272 57055 2586 3807 114 20 27 17,7
0=10;f=20;e=7,35 13482 23068 37610 2167 3054 102 16 17 3,3
0=10;f=20;e=7,69 13124 22548 34260 2105 2047 106 15 14 1,0
0=10;f=20;e=8,33 12899 22325 32396 2085 2070 120 19 12 0,0
0=10;f=20;e=10 14817 25892 49663 2501 3887 184 33 26 16,0

e €=8,33 e=8,33 e=8,33 €=8,33 e=7,69 e=7,35 €=7,698,38%

Table 2-4: Efficiency indicatorsfor the case study employing g=10 and f=20

Criteria
Models A (MPa)| B (MPa)| C (kN-m)| D (MPa)| E (MPa)| F (MPa)| G (mm)| i
e=0 60977 122328 497073 10636 21620 1123 283 |307
e=10=g/2 34197 57339 225001 6047 10140 325 ay 91
e=12,59/1,6 26565 42638 150783 4615 7262 220 6D 42
e=14,7/1,36 | 20751 33170 95021 3487 5156 174 3R 10
e=15,381/1,3 | 19462 31485 82797 3247 4786 173 26 5
e=16,679/1,2 | 17958 30026 69354 2999 4502 188 19 0
e=18,2/1,1 17919 31323 70866 3043 4801 22y 29 4
e=20=y/1 19754 35904 90248 3463 586% 292 45 20
e e=18,2 | e=16,67 | e=16,67 | e=16,67 | e=16,67 | e=15,38| e=16,67

Table 2-5: Efficiency indicatorsfor the case study employing g=20 and f=20
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* For g=5 and g=10 the sum of stresses under a umifoad and the sum of maximal
stresses in the arch show different most efficienvalues, but again the relative
differences for e values in the rangegdf,36 andg are negligible (Table 2-2 and Table

2-4).

« Whatever the value ofj, f and the cross-sections employed, the values afhich

minimises the maximal stress in the arch is lowantthe one which minimises the sum
of stresses in the whole length of the arch (Take Table 2-4 and Table 2-5).

e The value ofe which minimizes the sum of the maximal stressethénwhole bridge is

independent of the stiffness of the strut-deckesystr that of the arch and of the value of
fand is equal tg/1,20 (from Table 2-8 to Table 2-11, Table 2-6 diatble 2-7).

Criteria
M odel A B C D E F G H i
g=20;f=20;e=0_ssds 4669(Q 79430 413586 5814 10154 0 9L 122 178 242,1
g=20;f=20;e=10_ssds 26511 40498 165089 3528 5469 0 30 41 76 74,4
g=20;f=20;e=12,5_ssds 21824 31581 1084%4 28Y9 41145 201 29 49 36,0
g=20;f=20;e=14,7_ssds 1796( 25726 6861P 2319 3149 52 1 21 29 10,8
g=20;f=20;e=15,38_ssds 16971 24536 59250 2185 2937 150 19 23 5,7
g=20;f=20;e=16,67_ssds 15559 23216 47511 2043 2746 167 20 17 0,0
g=20;f=20;e=18,2_ssds 14984 23253 45960 2078 2864 94 1 27 16 0,2
g=20;f=20;e=20_ssds 15972 25329 60811 2329 3348 286 34 24 9,1
e* e=18,2 e=16,67 e=18,2 e=16,67 e=16/67 e=15,38 8815,e=18,2
Table 2-6: Efficiency criteriafor g=20, f=20 and different e values employing the SSDS cr oss-sections
defined in Table 1-1
Criteria
M odel A B C D E F G H i
g=20;f=20;e=0_hzsa 26875 83942 1691104 4536 14927 21 3 56 46 364,1
g=20;f=20;e=10_hzsa 15109 36942, 757311 2471 6485 8 13 20 18 104,2
g=20;f=20;e=12,5_hzsa 12366 27096 514620 1989 4568 106 14 13 49,8
g=20;f=20;e=14,7_hzsa 10291 20984 302923 1477 3136 82 10 11 16,0
g=20;f=20;e=15,38_hzss 9763 19454 243948 1340 2785 76 10 7,6
0=20;f=20;e=16,67_hzss 8973 18088 162000 1160 2381 74 10 0,0
g=20;f=20;e=18,2_hzsa 8819 18508 150274 1090 2378 3 8§ 11 10 2,3
g=20;f=20;e=20_hzsa 9968 21790 323507 1319 31p0 9B 14 11 20,5
e* e=18,2 e=16,67 e=18,2 e=18,p e=18}2 e=16,67 e=1p,6%16,67

Table 2-7: Efficiency criteriafor g=20, f=20 and different e values employing the HZSA cross-sections

defined in Table 1-1
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In tables Table 2-8 to Table 2-11 the efficiencyecia when varying for differentf values are
shown. The length of the different struts for thedfed e values foi=20m is displayed in Table
2-12. The main conclusions of the analysis of #sailts of these tables are the following:

« For the reference model, the stress indicator isvatgnt to the total mass indicator since
the total length of the structures is lowest fa thost efficiente value (Table 2-12). The
results for the linear elastic analysis will notinlge with the consideration of geometrical
non-linearities since displacements are lowestHermost efficiente value (Table 2-2,
Table 2-4, Table 2-5, Table 2-6, Table 2-7 and fiicable 2-8 to Table 2-11). Therefore,

given ag valuee=g/1,20 is always recommendable, whatever the vatug 6éand the
cross-section values.

e The higher the value, the higher the importance of choosing aeqadtee value (i
values in Table 2-5 and from Table 2-8 to Tablel2-Dbtaining a higher stiffness in the
key pointsg/1,2 becomes more critical because: (i) the stamslonger and hence less
stiff and (ii) the out-of-plane behaviour of theclarincreases at approximately/8,
which is the key point range of values (secddn

* For allg andf values and for all cross-sections, the valuee é6r which the sum of
maximal total bending moments along the arch isimmahis the same as the one for
which the sum of maximal stresses along the archimémal, ie:e=g/1,20 (Table 2-6).
For allg andf values and for all cross-sections, the relatiffedinces foie values in the
range ofg/1,3 andg/l,1are negligible (Table 2-2, Table 2-4, Table 2-5h[€a2-6, Table
2-7 and from Table 2-8 to Table 2-11). Thereforapkying the antifunicularity criteria
for fixing an efficient e value for SABWCSD is aliehdesign procedure.

Criteria
M odel A B C D E F G H i
g=20;f=10;e=0;v=0 57202 128288 401278 9757 22487 1336 239 151 216,0
0=20;f=10;e=10;v=0 36180 63925 171735 @282 11199 389 66 72 57,5
g=20;f=10;e=12,5;v=0 30624 50524 115031 5244 8638 288 42 53 24,5
0=20;f=10;e=14,7;v=0 26491 41948 75572 4431 6798 243 34 42 3,3
g=20;f=10;e=15,38;v=0 25588 40810 67838 4255 6500 239 33 40 0,5
0=20;f=10;e=16,67;v=0 24666 40594 61499 4067 6317 244 39 38 0,0
g=20;f=10;e=18,2;v=0 24866 43041 68809 4145 6765 270 48 41 6,0
0=20;f=10;e=20;v=0 26913 47643 87079 4582 7800 332 60 48 17,4
e* e=16,67 e=16,67 e=16,67 e=16,67 e=16|67 e=15,38 5,881 e=16,67

Table 2-8: Efficiency indicatorsfor the case study employing g=20 and f=10 and r eference
cross-section values
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Criteria
M odel A B C D E F G H i
g=20;f=15;e=0;v=0 59132 124675 459789 10252 21999 2051 216 192 271,13
g=20;f=15;e=10;v=0 34515 59234 203578 607B 10442 6 34 59 82 76,4
g=20;f=15;e=12,5;v=0 27633 44998 135364 4787 7667 42 2 39 54 34,0
g=20;f=15;e=14,7;v=0 22505 35976 85783 37883 5666 7 19 28 33 7,1
g=20;f=15;e=15,38;v=0 21401 34563 75513 3573 5319 96 1 27 28 2,9
g=20;f=15;e=16,67;v=0 20112 33580 65009 3356 5086 09 2 34 23 0,0
g=20;f=15;e=18,2;v=0 20101 35307 68360 3401 5451 6 24 44 26 51
g=20;f=15;e=20;v=0 22052 40084 88181 38338 6562 311 56 38 19,4
e* e=18,2 e=16,67 e=16,67 e=16,67 e=16(67 e=15%,38 ,8815e=16,67
Table 2-9: Efficiency indicatorsfor the case study employing g=20 and f=15, for reference
cross-section values
Criteria
M odel A B C D E F G H i
g=20;e=0;f=25;v=0 157284 209853 1401235 27918 37466 1856 335 70 652,4
0=20;e=10;f=25;v=0 34235 56196 240291 6044 9937 311 52 113 101,5
g=20;e=12,5;f=25;v=0 26140 41277 162504 4529 7025 207 37 69 48,0
0=20;e=14,7,f=25;v=0 19859 31466 102769 3322 4883 160 27 35 12,8
g=20;e=15,38;f=25;v=0 18422 29650 89100 3059 4485 159 24 26 6,3
0=20;e=16,67;f=25;v=0 16724 27892 73114 92784 4148 174 28 21 0,0
g=20;e=18,2;f=25;v=0 16635 28824 72939 92825 4402 213 38 34 3,3
0=20;e=20;f=25;v=0 18477 33295 91957, 3239 5419 276 50 53 19,4
e* e=18,2 e=16,67 e=18,2 e=16,67 e=16/67 e=15,38 8815,e=16,67
Table 2-10: Efficiency indicatorsfor the case study employing g=20 and =25, for reference
cross-section values
Criteria
M odel A B C D E F G H i
g=20;f=50;e=0;v=0 66346 115741 588436 11393 20211 42 9 163 556 370,74
g=20;f=50;e=10;v=0 35115 53551 282091 5960 9297 280 48 215 117,5
g=20;f=50;e=12,5;v=0 26205 38719 19791p 4321 64%1 02 2 36 129 57,3
g=20;f=50;e=14,7;v=0 19049 29064 130741 2998 4307 36 1 24 60 18,1
g=20;f=50;e=15,38;v=0 17272 26998 11358p 2700 3884 135 21 41 9,7
0=20;f=50;e=16,67;v=0 14962 24616 89478 2367 3486 49 1 22 34 0,0
g=20;f=50;e=18,2;v=0 14462 24939 80704 237b 3658 3 18 31 63 1,3
g=20;f=50;e=20;v=0 16221 29006 96496 2778 4588 236 41 102 17,8
e* e=18,2 e=16,67 e=18,2 e=16,67 e=16|67 e=15,38 8815,e=16,67

Table 2-11: Efficiency indicatorsfor the case study employing g=20 and f=50, for reference
Cross-section values
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Strut number e=0 e=10 e=125 e=14,7 e=16,69 e=18,2 e=20
yreerestosman 117 1662 | 1764 | 1878 | 1093 | 2092 | 2216
2 14.29 11.96 12.61 13.55 14.61 15.56 16.79
3 14.26 8.70I 8.66. 9.21 10.08 10.96 12.17
4 15.39 7.27 6.17 5.96. 6.43 7.16 8.30
5 16.91 7.51 5.51 421 3.82. 4.19 5.20
6 18.33 8.49 6.11 4.13 2.69 2.21. 2.86
7 19.38 9.41 6.93 4.77 2.89 1.58 1.27
g (nearestiospancent | 19 93 9.93 7.43 5.23 3.28 1.76 0.32[
- nearest strut to arch deck intersection in plawyie: most vertical struts
shortest strut of the model
strut that is shortest in this model compared éorést of models

Table 2-12. Length of struts comparison between modelswith L=100, g=20 and f=20

The value of €* concluded as the mogt efficient is proportional to g and has a constant
relationship with L and f. This is shown in Figure 2-16 and Figure 2-17:

» It can be appreciated that the relationship betwierntersection point deck/arch in plan
and of the projection of this point on the archeris layout has the same value:
approximately an 80% of their value, &79=0,8 andfierseciiodf=0,8 (Figure 2-16).

* The deck of the studied cases has a circular awnevaind the arch a parabolic one. Since
the aforementioned relationships have the sameyiloan be stated that the variation of
the key points to control their behavior dependghmir sag or rise, but hardly depends
on the shape.

» The value of* is independent of thievalue, as suspected a priori, because the varifatio
does not affect the plan view geometry of the widdhen employing a planar vertical
arch, ie: the key points where it is most favoueabl increase the stiffness of the system
do not change with Not only do these points have a constant relakignwithg (which
can still be considered constant with L), but aléd f (Figure 2-17).
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Figure 2-17: Relationships of the most efficient ewith L and f for different f values

Comparison of the different stiffness distributions

A comparison of the different stiffness distribusohas been done for various criteria and is
shown in tables from Table 2-13 to Table 2-21.

For g=20 the following conclusions regarding th#rstss distribution can be drawn:

« Whatever thee value, employing a SSDS diminishes all the stegs¢he arch, deck and
struts, and also for the total bending momentshenarch (Table 2-13, Table 2-14 and
Table 2-15), as it was the case for IDABWIC (SamtieComeias et al 2012).

* Regarding the stresses in the arch, employingu&d#rck system with a large transverse
stiffness highly reduces the maximal stress iratfol, and has even more influence when
considering the stresses along the whole arch T2413). The influence of employing a
stiff strut-deck system is lower for values ebetweeng/1,30 andg/1,20, ie: for those
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values ofe which give lower stresses in the arch, the staakdstiffness has a lower
influence (Table 2-13 and Table 2-15). Neverthelgwsstiffness of the strut-deck system
has still a high influence. Therefore, whatever treue of e, it is always worth
controlling the stiffness strut-deck system.

* However, depending on the stiffness of the strakdgystem it might be worth or not
adjusting the value oé. When employing the reference cross-sectionss ihighly
convenient to adjust the valueain order to diminish the stresses along the whaldge
length ([able 2-2, Table 2-4, Table 2-5, from Table 2-8 to Table 2-11, ®aBl6 and
Table 2-7).

» Employing a HZSA (Table 1-1) diminishes the archl d@he total bridge stresses with
respect to the reference model (Table 2-16 andeT24l7) or with SSDS model (Table
2-18 and Table 2-19), especially the stresses énatich are largely diminished when
compared with the reference model (Table 2-16). éi@w, the sum of bending moments
in the arch increases greatly (Table 2-17 and Tz{118).

Maximal arch Relfitive difference Sum of arch Relfitive difference
stress (MPa)* with respect to stresses (MPal with respect to
SSDS (%) SSDS (%)
0=20;f=20;e=0_ssds 910.2 2336 46690.0 30.60
g=20;f=20;e=0 1122.9 60976.5
0=20;f=20;e=10_ssds 299.8 835 26510.6 28.99
g=20;f=20;e=10 324.9 34197.1
g=20;f=20;e=12,5_ssds 201.1 .46 21823.5 2172
g=20;f=20;e=12,5 220.2 26564.5
g=20;f=20;e=14,7_ssds 152.0 1444 17960.0 1554
g=20;f=20;e=14,7 174.0 20751.2
g=20;f=20;e=15,38_ssds 150.0 1547 16970.6 1468
g=20;f=20;e=15,38 173.1 19462.4
0=20;f=20;e=16,67_ssds 167.2 1231 15559.5 1542
0=20;f=20;e=16,67 187.8 17958.0
g=20;f=20;e=18,2_ssds 194. 3 1675 14987.7 19.56
g=20;f=20;e=18,2 226.8 17919.5
g=20;f=20;e=20_ssds 235.9 15972.2
g=20:f=20:e=20 291.6 23.63 19753.6 23.67

Table 2-13: Arch stresses comparison for the cross-sections of the reference model and SSDS model
in Table 1-1, for g=20m, f=20m and different e values

172



V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

Maximal Relative Sum of deck Relative Maximal Relative Sum of strut Relative
deck stress difference  stresses difference| strut stress difference  stresses difference]
(MPay (%) (Mpa) %) | (MPay (%) (MPa) (%)
g=20;f=20;e=0_ssds 257.254561 25545.45564 365.5994193 7194.42132"
| -b5.16 | -70.27 -86.66 -148.17
g=20;f=20;e=0 399.1538378 43497.1754 682.424154 17854.58018
g=20;f=20;e=10_ssds| 101.685032 10715.0609¢ 153.7690157% 3272.492244
-4.29 -16.07 -179.80 -227.10
g=20;f=20;e=10 106.0514189 12437.31597 430.2468884 10704.36534
g=20;f=20;e=12,5_ssds 68.7159539 7257.031534 114.6038807 2500.914504
-10.91 -8.10 -221.10 -229.01
g=20;f=20;e=12,5 76.214501 7845.006215 367.9891763 8228.286574
g=20;f=20;e=14,7_ssds 46.39222784 5731.559054 82.45936174 2034.816284
-28.93 -8.05 -247.46 -205.98
g=20;f=20;e=14,7 59.81215962 6193.103427 286.512653% 6226.06358
g=20;f=20;e=15,38_ssd<2.33094027 5631.886904 73.5775011¢ 1933.296464
-33.52 -12.05 -246.95 -195.44
g=20;f=20;e=15,38 56.52194114 6310.544533 255.2760451 5711.762286
g=20;f=20;e=16,67_ssd<1.3202030¢4 5809.903001 72.37950884 1846.260917
-58.56 -21.96 -174.41 -169.85
g=20;f=20;e=16,67 65.51631¢ 7085.575567 198.6148464 4982.13221§
g=20;f=20;e=18,2_ssds 47.69462606 6319.953007 86.1182328¢ 1945.323107
-77.45 -35.82 -148.38 -147.77
g=20;f=20;e=18,2 84.63339386 8583.820337 213.9047494 4819.90554
g=20;f=20;e=20_ssds| 56.10743357 7024.152004 104.3603744 2332.373064
-84.86 -49.65 -152.66 -141.74
g=20;f=20;e=20 103.7177725 10511.75534 263.673189¢ 5638.29037

Table 2-14: Deck stresses comparison for the cross-sections of the reference model and SSDS model
in Table 1-1, for g=20m, f=20m and different e values

Sum of total Relative difference beﬁgir:go:ntc?r:?énts Relative
0, i 0,
stresses (Mpa) (%) in the arch (kN-m) difference (%)
g=20;f=20;e=0_ssds 79430 413586
-54.01 -20.19
g=20;f=20;e=0 122328 497072
g=20;f=20;e=10_ssds 40498 165059
-41.58 -36.32
g=20;f=20;e=10 57339 225001
g=20;f=20;e=12,5_ssds 31581 108454
-35.01 -39.03
g=20;f=20;e=12,5 42638 150783
g=20;f=20;e=14,7_ssds 25726 68619
-28.94 -38.48
g=20;f=20;e=14,7 33170 95021
g=20;f=20;e=15,38_ssds 24536 59250
-28.32 -39.74
g=20;f=20;e=15,38 31485 82797
g=20;f=20;e=16,67_ssds 23216 47511
-29.33 -45.98
g=20;f=20;e=16,67 30026 69354
g=20;f=20;e=18,2_ssds 23253 45969
-34.71 -54.16
g=20;f=20;e=18,2 31323 70866
g=20;f=20;e=20_ssds 25329 60811
-41.75 -48.41
g=20;f=20;e=20 35904 90248

Table 2-15: Total bridge stresses comparison for the cross-sections of the reference model and SSDS
model in Table 1-1, for g=20m, f=20m and different e values
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Maximal arch
stress (MPa)*

Relative difference
with respect to

Sum of arch stresses
(MPa)

Relative difference
with respect to

HZSA (%) HZSA (%)
9=20;f=20;e=0_hzsa 320,5255562 26875,37847
-250,32 -126,89
g=20;f=20;e=0 1122,865996 60976,53743
g=20;f=20;e=10_hzsa 137,922457 15109,30511
-135,56 -126,33
9=20;=20;e=10 324,8883673 34197,12571
g=20;=20;e=12,5_hzsa 106,134813 12365,54911
-107,45 -114,83
9=20;=20;e=12,5 220,1730602 26564,50849
g=20;=20;e=14,7_hzsa 82,30941764 10291,48298
-111,35 -101,63
9=20;=20;e=14,7 173,9573784 20751,2053
9=20;=20;e=15,38_hzsa 75,67933824 9763,311221
-128,76 -99,34
g=20;f=20;e=15,38 173,1245698 19462,41819
9=20;=20;e=16,67_hzsa 73,83371797 8973,49481
-154,38 -100,12
9=20;f=20;e=16,67 187,8189355 17957,98939
g=20;=20;e=18,2_hzsa 82,69372649 8819,097361
-174,26 -103,19
9=20;f=20;e=18,2 226,7923692 17919,49945
g=20;f=20;e=20_hzsa 95,24298 9968,458443
-206,17 -98,16

9=20:f=20;e=20

291,6088625

19753,56572

Table 2-16: Arch stresses comparison for the cross-sections of the reference model and HZSA model
in Table 1-1, for g=20m, f=20m and different e values

Sum of total

stresses (Mpa)

Relative difference
with respect to

Sum of total bending
moments in the arch

Relative difference
with respect to

HZSA (%) (KN-m) HZSA (%)
g=20;f=20;e=0_hzsa 83942 1691104
-45,73 70,61
g=20;f=20;e=0 122328 497072
0=20;f=20;e=10_hzsa 36942 757311
-55,21 70,29
g=20;f=20;e=10 57339 225001
g=20;f=20;e=12,5_hzsa 27096 514620
-57,36 70,70
g=20;f=20;e=12,5 42638 150783
g=20;f=20;e=14,7_hzsa 20984 302923
-58,07 68,63
g=20;f=20;e=14,7 33170 95021
g=20;f=20;e=15,38_hzsa 19456 243948
-61,83 66,06
g=20;f=20;e=15,38 31485 82797
g=20;f=20;e=16,67_hzsa 18088 162000
-65,99 57,19
g=20;f=20;e=16,67 30026 69354
g=20;f=20;e=18,2_hzsa 18508 150274
-69,24 52,84
g=20;f=20;e=18,2 31323 70866
0=20;f=20;e=20_hzsa 21790 323507
-64,77 72,10
g=20;f=20;e=20 35904 90248

Table 2-17: Total bridge stressesand arch bending moments comparison for the cr oss-sections of the

reference model and HZSA model in Table 1-1, for g=20m, f=20m and different e values
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Maximal arch | Relative difference with| Sum of arch | Relative difference with
stress (MPa)* respect to SSDS (%) | stresses (Mpa)| respect to SSDS (%)

g=20;f=20;e=0_ssds 910,2 46690,0

64,8 42,4
g=20;f=20;e=0_hzsa 320,5 26875,4
g=20;f=20;e=10_ssds 299,8 26510,6

54,0 43,0
g=20;f=20;e=10_hzsa 137,9 15109,3
g=20;f=20;e=12,5_ssds 201,1 218235

47,2 43,3
g=20;f=20;e=12,5_hzsg 106,1 12365,5
g=20;f=20;e=14,7_ssds 152,0 17960,0

45,9 42,7
g=20;f=20;e=14,7_hzsg 82,3 10291,5
g=20;f=20;e=15,38_ssds 149,9 16970,6

49,5 42,5
g=20;f=20;e=15,38_hzga 75,7 9763,3
g=20;f=20;e=16,67_ssds 167,2 15559,5

55,9 42,3
g=20;f=20;e=16,67_hzga 73,8 8973,5
g=20;f=20;e=18,2_ssds 194,3 14987,7

57,4 41,2
g=20;f=20;e=18,2_hzsg 82,7 8819,1
g=20;f=20;e=20_ssds 235,9 15972,2

59,6 37,6
g=20;f=20;e=20_hzsa 95,2 9968,5

Table 2-18: Arch stresses comparison for the cross-sections of the SSDS model and HZSA model in
Table 1-1, for g=20m, f=20m and different e values

Sum of total Relative differef Sum of total bending Relative difference
stresses with respect t{ moments in the arclh  with respect to
(MPa) SSDS (%) (kN-m) SSDS (%)

g=20;f=20;e=0_ssds 79429,9 413585,7

-5,7 -308,9
g=20;f=20;e=0_hzsa 83942,0 1691103,9
g=20;f=20;e=10_ssds 40498,2 165058,7

8,8 -358,8
g=20;f=20;e=10_hzsa 36941,7 757310,7
g=20;f=20;e=12,5_ssds 31581, 108453,5

14,2 -374,5
g=20;f=20;e=12,5_hzsa 27095,9 514620,4
g=20;f=20;e=14,7_ssds 25726,4 68618,9

18,4 -341,5
0=20;f=20;e=14,7_hzsa 20984 4 302923,4
g=20;f=20;e=15,38_ssds 245357 59249,6

20,7 -311,7
g=20;f=20;e=15,38_hzsa 19455,6 243948,5
g=20;f=20;e=16,67_ssds 23215,6 47510,7

22,1 -241,0
0=20;f=20;e=16,67_hzsa 18088,5 161999,6
g=20;f=20;e=18,2_ssds 23253, 45969,2

20,4 -226,9
g=20;f=20;e=18,2_hzsa 18508,2 150274,1
0=20;f=20;e=20_ssds 25328,7 60811,0

14,0 -432,0
0=20;f=20;e=20_hzsa 21790,2 323507,0

Table 2-19: Total bridge stresses and ar ch bending moments comparison for the cross-sections of

SSDS model and HZSA model in Table 1-1, for g=20m, f=20m and different e values

175




V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

In order to judge which stiffness distribution werketter, the total mass of the bridge should be
considered. As expected the antifunicularity cideelies on the system stiffness distribution and
to judge its validity or the stress criteria valjdit is essential to calculate the mass. The teil

the mass criteria and the stress criteria caladliat¢he different ways explained in section 1.8 ar
detailed in Table 2-20 and Table 2-21. The maimlights are commented in the following lines:

» The reference model is the stiffness distributidniclv needs the lower mass of steel for
the total bridge (Table 2-20) when we dimensioacitording to the stress results of the
first iteration (section 2.3).

» The HZSA model requires the same mass for the denoke the stresses are widely
resisted in all models but a minimal thicknesseiguired in order to stand local bending
moments, local instability of compressed plates dmdhbility. A lower mass is needed
for the struts, but a much larger one for the §feble 2-21).

* The SSDS model requires a slightly lower massHerarch but much larger mass for the
struts and deck (Table 2-21).

* When considering the stiffness distribution of ateyn, the only valid criteria to choose
the most efficient distribution is calculating tte#al mass of the dimensioned system, a
simpler criteria cannot be adopted.

0 o
% of mfass of CriteriaO: Cme”.a.l' Criteria2: Sum of the
the bridge Stress efficiency . .
M ass of variation Stress average of the stress efficiency in each
M odel thebridge . efficiency ; a output station*Length
with respect bridge*total .
(kg) aver age of of each output station
tothelowest | o pridge | 'SN9thof the of the bridge (m)
one g bridge (m) g
g=20;e=16,67;f=20;v=0 130543,5 0,0 0,2 20,9 70,8
g=20;e=16,67;f=20;v=0
SSDS 182550,4 39,8 0,1 16,2 49,7
g=20;e=16,67;f=20;v=0
HZSA 134278,5 2,9 0,1 13,6 46,4
Minimal Mass (kg) 130543,5 0,1 13,6 46,4

Table 2-20: Mass and stress cirteria comparison for different system stiffnessdistribution values
based on Table 1-1

Modd Massof the | Massof the | Massof the
arch (kg) deck (kg) struts (kg)
0=20;e=16,67;f=20;v=0 29065,9 81076,6 20401,¢
g=20;e=16,67;f=20;v=0 SSDS 25490,4 133048, 240113
0=20;e=16,67;f=20;v=0 HZSA 41133,6 81076,6 12068,3
Minimal Mass (kg) 25490,4 81076,6 12068,3

Table 2-21: Mass distribution of the different elements of the bridge for different system stiffness
distribution values based on Table 1-1
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25 PARAMETER DISCUSSION

Whatever the deck curvature, the valud,ahe stiffness of the strut-deck system or thathef
arch:

* Results for all the different indicators are lowoagh in the range of/1,3<e<g/1,1,
approximately in the range in which there is thmesaumber of hangers at each side of
the arch. This is not far from the range of valDedescribed in Table 2-1 and Figure 2-2,
in which there is the same number of struts at bmtls of the deck, but the range of the
most efficiente tends to be nearer to the outside of the deckature in plan, ie: nearer
to the deck span center.

» Given ag value, in the rangg/1,36<e< g/1,2 the internal forces in the whole bridge are
reasonable.

* Whatever the value aj, minimising the value of the sum of the stressethe whole
system is equivalent to minimising the sum of stessn the arch.

* In order to choose the most efficietalue, employing an indicator to minimise the total
bending moments in the arch under permanent load=juivalent to minimizing the
stresses in the bridge for the worst loading cask ta minimizing the total material
employed for the bridge. A simpler indicator sushtlze maximal arch displacement can
also be employed.

» Given a g value, the valuee=g/1,2=0,8% is the most efficient value for the
arch/eccentricity in plan view according to alltbé studied efficiency indicators. For this
value internal torsional moments in the arch amddéck under a uniform deck load are
also minimal.

* For highgvalues, ie: when spatial behaviour increases nthgeince ofeis larger,

* The higher thé value, the higher the importance of choosing @&vyadtes value.

» Regarding the stresses in the arch, the influeheenploying a stiff strut-deck system is
lower for values o€ betweerg/1,30 andy/1,20.

* When considering the stiffness distribution of ateyn, the only valid criteria to choose

the most efficient distribution is calculating tteal mass of the dimensioned system, a
simpler criterion cannot be adopted.

Proportions of the key point e=g/1,2 with the rest of parameters:

The valuee=g/1,2=0,83 is equivalent approximately to 1,25 times thdattise of thecgd from

the abutments. It is also the limit value in whibere is the same number of struts on both sides
of the arch, ie: for the 16 struts in the studieatlei there are 6 short and nearly vertical strats o
one side of the arch in central area of the spantémed in the inner part of the deck curve), 2
vertical struts and 4+4 struts on the other sidat@ned in the outside part of the deck curve) at
each of the ends of the span. Compared to the ethalues it is the one which gives the shortest
length for the 5ths struts from the springings (€ab-12), ie: it obtains the stiffest struts at a
distance of approximately 0,28L of the springinfishe arch (Figure 2-1), whatever thevalue.

The relationship witt of the height of this point in the arch is alsms@ant and has a value of
0,81*. This is a key point to control the arch behavidtiincreases the stiffness of the struts
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around this key point, since it decreases theigtlenand also increases their verticality where
controlling the out-of-plane behaviour is mosticat. It is also significant that for this value,
maximal in-plane and maximal out-of-plane displaerta acquire the same value (section 2.2),
which means that it is the value that best contatsof-plane behaviour.

Comparison with previous studies and evaluation of the results:

» It can be appreciated that the value obtaine@&fdor SABWCSD with a planar vertical
arch is different than for SABWCID with a planarrtieal arch with pinned hangers
according to Jorquera’s study (2007) ¢sr.0m which according to other indicators gave
a value for which we found the equivalencyeteg/1,36.

 The most efficiente for the present study is nearer to the value obthiby Jorquera
(2007) for SABWCID with an antifunicular arch oretimange of values where stiffened
double struts are employed for the Ripshorsterbiodge, which is a SABWCSD with an
antifunicular arch.

SABWCID with a planar vertical arch work better i largere value than SABWCSD
with a planar vertical arch.

» This difference is due to:

= The difference of the length of the struts distiidu
= In the study of SABWCID the hangers are pinned anthe present
study for SABWCSD with a planar vertical arch theits are fixed.

0 Since hangers are pinned it is more efficient wrdéase of the longest central
hangers, for which a largewvalue is needed.

o For fixed struts, it is more efficient to increabeir stiffness by reducing their
length. Longest struts are nearer to the springdlingrefore, a lowee value is
needed.

o Antifunicularity allows for obtaining verticalityfdhe struts with a lowee value,
ie: an antifunicular arch has a lower value than a planar vertical one because
the struts tend to be more vertical.
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3. VERTICAL DISTANCE BETWEEN THE ARCH CROWN AND
THE DECK MID-SPAN (v) PARAMETRICAL STUDY

31 DEFINITIONAND EMPLOYED VALUES

The vertical distance between the arch crown aadidtk mid-spanvf is a parameter which has
still not been studied for SABs. The values for plaeametrical study of thevariable have been
chosen in order to increase the verticality of $heits. The studied models have the following
values: L=100mg=20m andf=20m. For each of the cases with different e vats€s 14,7 and
16,67m, four different values sfthave been employed0, 2, 4 and 6m.

Layout

Plan view

Figure 3-1: Geometry of v variation (v=0, 2, 4 and 6m) for L=100m, g=20m, f=20m, e=0

3.2 STRUCTURAL RESPONSE UNDER A UNIFORM VERTICAL LOAD (lu)

The structural behaviour has been studied only madeniform load of 10kN/m on the whole
deck (Figure 1-2) for the described model with the efifint values of/ and their structural
response has been compared. The results are shokigure 3-3 and Figure 3-4 and they are
commented in the following lines:

« A priori, we would have expected that increasingproved the structural behaviour of
this bridge type, since it increased the strutdicadity. Struts at the central area of the
bridge tend to be very horizontal for the choserakeies, so increasing their verticality
would be expected to be more favourable (Jorqué&@s)2in order to decrease the
bending moments in the struts, increase the arigles and decrease the out-of-plane
forces introduced on the arch. The arch would flether help to support the deck and
deflections would be expected to diminish.

2 Without self-weight or permanent loads
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e For e=0 the struts remain nearly horizontal in spiteérareasingv. So, whatever thg
value, there is a large difference of the archldgi@es at springings and in the rest of the
arch’s length (Figure 3-2a).

« However, fore=16,67, the axial forces in the arch are much lostespan center for=0
than for othew values which increase the verticality of the str{iigure 3-3a). The axial
forces at central struts increase witas expected (Figure 3-4a).

e Forv=0 central struts do no transmit axial compressiorihe arch (Figure 3-4a) but they
are under large total bending moments (Figure 3-fibdse introduce bending moments
and torques on the arch.

e The lower thev value, the larger the stiffness of the struts, tedefore they are under
larger bending moments.

» Torsional moments in the arch decrease witFigure 3-3b), so do balcony-beam
bending moments at approximately L/3, which is ¢agjisince these internal forces are
coupled. However, balcony-beam bending momentease withy at span center (Figure
3-3c).

» Total bending moments decrease at span centerré~833d), highly influenced by out-
of-plane bending moments.

e These effects are less important for e=0 (Figugb 3e and d)e is a key parameter, ie:
most important is to contrad. For a goode value, v has a non-negligible influence.
However for values of e in which the structural débur of the bridge is not good, it is
better to control the behaviour changatipanv.

» The out-of-plane behaviour of the arch is contbly the deck, hence the deck tensions
at the span centre for0 (Figure 3-3e). However, far0 the struts are more vertical and
less stiff and the deck does not control the oyttahe behavior of the arch as efficiently
as for the case of=0, with stiffer struts. The center of the spamisre sensitive to this
effect, since the relative variation of the lenfdhd thus the stiffness) of the struts with
is greater.

e This s clearly observed with the horizontal digelaents of the arch (Figure 3-3f).

* The deck vertical (Figure 3-3g) and horizontal Bispments are also lower at span center
for v=0, hence the arch-deck higher interaction dugiffershangers.

* The lowest total displacements for the arch arainbd forv=0, and forv=2 for the deck
(Table 3-1).
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Figure 3-2: Internal forces comparison for different v values and e=0. (a)Arch axial forces (b) Arch
out-of-plane bending moments (c) Arch in-plane bending moments (d) Arch total bending moments.
The abscissas are the arch length from 0to L
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Figure 3-3: Structural behaviour comparison for different v values and e=16,67 (a) Arch axial forces
(b) Arch torsional bending moments (c) Arch out-of-plane bending moments comparison (d) Arch
total bending moments (e) Deck axial forces (f) Arch horizontal (out-of-plane) displacements (g) Deck
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Deck vertical I:_)eck De_ck Arch vertical Arch Arch
. horizontal maximal . horizontal .
maximal . maximal . maximal total
. maximal total . maximal -
M odel displacement . . displacement . displacement
displacement | displacement displacement
under g10 d d under 10 d under q10
(mm) under q10 under q10 (mm) under g10 (mm)
(mm) (mm) (mm)
g=20;f=20;e=16,67;v=0 -8.6 -0.6 8.6 -6.6 -6.4 7.1
g=20;f=20;e=16,67;v=2 -8.4 -0.4 8.4 -6.4 -6.8 7.4
g=20;f=20;e=16,67;v=4 9.1 -0.5 9.1 -6.2 8.9 9.0
g=20;f=20;e=16,67;v=6 -9.4 -0.6 9.4 -6.0 13.3 13.3
g=20;f=20;e=16,67;v=10 9.1 -0.7 9.1 5.7 19.7 19.8
Minimal values -8.4 for v=2 -0.4 for v=2 8.4 for®=| -5.7 forv=10 -6.4 for v=0 7.1 for v=0

Table 3-1: Maximal displacements comparison for different v valuesand e=16,67

3.3 STRESSBEHAVIOUR COMPARISON UNDER A UNIFORM LOADING

gAND DESIGN INULTIMATE LIMIT STATE

The stresses distributions in the struts, deckaanl only under g=10kN/m are shown in Figure
3-5, Figure 3-6 and Figure 3-7 for the referenassisections.

The stresses distribution under ULS is shown iufE@-8 as an example.

Afterwards, the different elements cross-sectiorsdasigned according to the ULS in EC1 Part2.

The results are explained in the following lines:

The higher thev value, the lower the stresses in the struts (Eigd6) and the deck
(Figure 3-6), but higher in the arch at span cefiigure 3-7).

e The envelope of the stresses has been employedién t obtain obtain the necessary
cross-sections. This envelope is given mainly foe A1 hypothesis (with uniform

loading) and A2 in the arch and struts and A2 aridrBhe deck
Increasingy, increases the influence Ia, ie.: the difference between Al and A2, in the

cross-sections where A2 is more critical, incregsegure 3-8 compared to Figure 2-15).

e The different elements in the bridge have been dgiemed resulting in:

(0]

(0]

Whatever thes value the deck should be a 4000xZD0mm steel box girder. It

would be enough with 3mm to resist the stressesidenng a compact cross-
section. However, 10mm are considered for localdlmn moments, local

instability of compressed plates and durability.

The models withv=0, 2, and 4m have been dimensioned. The followeigs—
sections for S 355 steel have been obtained enmg@yiinear analysis.

The arches are CHS of 750mm diameter and thickreegging from 30mm at
springings to 10mm at span center 810 and forv=2m, and from 35mm at
extremes to 15mm at span centenfedm.

The struts are CHS of 300mm diameter and thickmasging from 15mm at
extremes to 35mm at span center o0, from 15mm at extremes to 30mm at
L/3 for v=2m and from 20mm at extremes to 45mm at span icimte=4m.

184




V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

45.0

—e—p=70;f=20;e=16,67;v=0

—0=20,f=20;e=16,67;v=2

35.0

A eeeees 0=70;f=20;e=16,67;v=4

w
o
o

|~
: "-..::_

e 0=20;f=20;€=16,67;v=6

r\ A A — =2 (,f=20;e=16,67;v=10

20.0

5.0

Maximal struts stresses (N/mmz2)

o~
—
p—

-
[l
=}

0.0

Figure 3-5: Struts stresses comparison under q10 for different v values, L=100m, f=20, g=20 and
€=16,67. The abscissas are the output stations of the different struts (at the bottom, center and the top of
their length).
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Figure 3-6: Deck stresses comparison under gql10 for different v values, L=100m, f=20, g=20 and
€=16,67. The abscissas are the deck length from O to L
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Figure 3-8: Stressesin the arch caused by different loading cases combination for g=20m, f=20m,
e=16,67m and v=10m when employing the reference model cross-sections (Table 1-1). The abscissas

arethearch length fromOto L,
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34 EFFICIENCY CRITERIA

The results of the chosen criteria are shown ferdifferent models which have been studied in
tables from Table 3-2 to Table 3-9. In these tatllesnomenclature already given in section 1.3 is
employed. Please use the bookmark to comfortalibrpret the tables, and note whether the
length is considered or not, since the nomenclaamek units of the criteria are modified. The

following values are specifically employed for tladles in this section:

e Vv*is the value of which minimizes each criteria (m)
« =% of difference of B from the most efficiemtvalue for B ¢*)

A differentv* is obtained for each criteria. The results of éfigciency criteria are commented in
the following lines:

* It is convenient to employ the lowest possible icaftdistance between the arch and the
deck in order to reduce the total material empldgedhe bridge.

e Whatever thee value, the maximal displacement under permanedslias the simplest
criteria to employ (Table 3-2 and Table 3-4), eaient to consider the lowest mass of
the bridge depending an(Table 3-8), the lowest stresses consideringehgth of all the
elements (Table 3-3 and Table 3-5) and the lowast af the total bending moments in
the arch under permanent loads and arch stressesdering the total length of the
bridge or not (Table 3-2, Table 3-3 and Table 3¥4)s is so because, although the total
stresses in the deck and struts decrease, thénlehgite struts increases (Table 3-6 and
Table 3-7), causing the total mass to be largebléra-8 and Table 3-9). The stresses in
the arch and its mass increase when increasing€B-6 Table 3-7 and Table 3-9).

* The way in which the stress criteria is calcula(€dterias 1 and 2, Table 3-8) is not
relevant, since they all lead to the same result.

< If the total length of the bridge is not consideretiatever the value of the sum of the
total stresses of the bridge undeor the maximal arch stress undgeare not valid criteria
(Table 3-2 and Table 3-4).

* Varyingv has a negligible influence f@=0 (i value in Table 3-3), but for an adequate
value according to the study in sectipnvarying thev value has a larger influence (i
value Table 3-5 and Table 3-8), as expected framrtternal forces in section 3.2.

e The fact that the displacement criteria gives timaesresults as the mass criteria confirms
that a linear analysis is enough in order to datemhichv value is the most efficient.
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Criteria
M odel A B C D E F G H
v=0 60977 122328 497072 10636 21620 11p3 201 233
v=2 62229 120708 509617 10820 21284 11p0 200 285
v=4 63633 119300 523593 11020 20965 11p9 197 344
v=6 65227 118182 539225 11246 20681 10P8 194 413
v* v=0 v=6 v=0 v=0 v=6 v=6 v=6 v=0

Table 3-2: Efficiency criteria not considering the length of the elements for g=20m, f=20m, e=0 and v variable

Criteria
M odel A B (o D E F G H
v=0 29841917 59867467 243266960 5205368 10581038 95F4| 98441 114029 0
v=2 31301248 60715898, 256337600 5442842 10705662 3296 | 100581| 143442 1
v=4 33025469 61916715 271744978 5719386 10880976 56427 | 102362| 178676 3
v=6 35040160 63487218, 28967165p 6041276 11109957 00FO| 104419| 222049 g
Vv* v=0 v=0 v=0 v=0 v=0 v=0 v=0 v=0

Table 3-3: Efficiency criteria considering the length of the elementsfor g=20m, f=20m, e=0 and v variable

Criteria
Model A B c D E F G H
v=0 17958 30026 69354 2999 4502 188 30 19
v=2 18718 29750 70415 | 3071 4347 201 30 20
v=4 19181 29427 71092 3093 4228 216 29 20
v=6 19626 28947 72695 | 3115 4147 229 28 31
v=10 20161 28101 74316 | 3105 3955 239 26 47
v* v=0 v=10 v=0 v=0 v=10 v=0 v=10 v=0

Table 3-4: Efficiency criteria not considering the length of the elementsfor g=20m, f=20m, e=16,67m and v

variable
Criteria
Mode A B c D E F G | H| i
9=20:20¢=1l 6241658 10436037 24105290 1042528 1564703 65280 021DH753| O
0=201°201671) 6045346 1103888 26127478 1130500 1612074 74462 951097390 6
0202207671\ 7643374| 11726045 28328684 1232663 1684728 86167 721148066 12
v* v=0 v=0 v=0 v=0 v=0 v=0 v=0 v=0

Table 3-5: Efficiency criteria considering the length of the elementsfor g=20m, f=20m, e=16,67m and v variable
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Sum of maximal deck Sum of maximal Sum of maximal strut
stresses (M Pa) arch stresses (M Pa) stresses (M Pa)
g=20;f=20;e=0;v=0 43497.2 60976.5 17854.6
g=20;f=20;e=0;v=2 41014.2 62229.1 17464.2
g=20;f=20;e=0;v=4 38709.6 63632.9 16957.5
g:20;f:20;e:0;v:6 36598.1 65227.4 16356.2
v* V=6 v=0 v=6

Table 3-6: Stressesin the different elements comparison for g=20m, f=20m, e=0 and v variable

Sum of maximal Sum of maximal arch Sum of maximal
deck stresses (M Pa) stresses (M Pa) strut stresses (M Pa)
g=20;f=20;e=16,67;v=0m 7085.6 17958.0 4982.1
g=20;f=20;e=16,67;v=2m 6635.9 18718.1 4396.4
g=20;f=20;e=16,67;v=4m 6152.7 19181.3 4092.9
0=20;f=20;e=16,67;v=6m 5639.5 19626.0 3681.6
g=20;f=20;e=16,67;v=10m 5025.6 20160.6 2914.9
v* v=10 v=0 v=10

Table 3-7: Stressesin the different elements comparison for g=20m, f=20m, e=16,67m and v variable

Criterial: Stress | Criteria2: Sum of the
% of mass of the . - .
Massof the | bridge variation eff|C|enc_y average | stress efflqency in each
M odel . - of the bridge*total | output station*Length of
bridge (kg) with respect to | h of th h . f
the lowest one ength of the each output station o
bridge (m) the bridge (m)
0=20;e=16,67;f=20;v=0 130543 0.00 20.9 70.8
g=20;e=16,67;f=20;v=2 135712 3.96 21.3 735
0=20;e=16,67;f=20;v=4 140711 7.79 21.7 77.8
Minimal Mass (kg) 130543 20.9 70.8

Table 3-8: Efficiency criteria considering the length and the mass of the elementsfor g=20m, f=20m,
e=16,67m and v variable

Modd Massof the | Massof the | Massof the
arch (kg) deck (kg) struts (kg)
g=20;e=16,67;f=20;v=0 29065.9 81076.6 20401.G
g=20;e=16,67;f=20;v=2 31345.6 81076.6 23289.7
g=20;e=16,67;f=20;v=4 32906.8 81076.6 26727.4
Minimal Mass (kg) 29065.9 81076.6 20401.0

Table 3-9: Comparison of the mass of the different elementsfor g=20m, f=20m, e=16,67m and v variable
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3.5 PARAMETER DISCUSSION

* Increasing the verticality of the struts by inciagghe vertical distance between the arch
crown and the deck mid-spav),(decreases the efficiency of the system, sinteiease
the length of the struts and thus decreases ttiféness.

« For an effcient value,v has a significant influence in the internal forcssesses and
mass of the bridge. However for values of e in Whilbe structural behaviour of the
bridge is not good, it is better to control the &dbur changinge thanv. e is a key
parameter, ie: most important is to contol

* In order to choose the most efficiantalue, employing an indicator to minimise the total
bending moments in the arch under permanent loadsjuivalent to minimizing the
{stresses in the bridge}*{total length of the bralgunder a uniform load and to
minimizing the total material employed for the loyéd (see indicators definition in
bookmark or section 1.3). A simpler indicator sashthe maximal arch displacement can
also be employed.

4.  ARCH RISE (f) PARAMETRICAL STUDY

41 DEFINITIONAND EMPLOYED VALUES

The rise of the arch)(is a parameter which has still not been studedSIABs. The values for
the parametrical study of thevariable will influence on the verticality and fth, hence the
stiffness, of the struts and on the shape of tble. &or planar arch bridges with a superior stitaigh
deck values from 0,16*L (O’Connor 1971) to 0,25%edhe most usual ones for road bridges, but
this range of values need not be the most efficieres for pedestrian SABs with a curved
superior deck. It might even change for differealues of other parameters. However, we have
studied the variation dfchoosing the previously studied parameters anerd@ied as the most
efficient. The studied models have the followinglues: f=L/10=10m; f=L/6,67=15m;
f=L/5=20m;f=L/4=25m and=L/2=50m forL=100m,g=20m,e=16,67m and/=0 (Figure 4-1).

S50
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Plan view

28,28 43,44 28,28

100

Figure 4-1: Geometry of f variation (f=10, 15, 20, 25 and 50m) for L=100m, g=20m, e=L/1,2=16,67m,
v=0. Measuresin meters

An equivalent study has been conducted for a planer with straight deckL€100m, g=0m,
e=0m andv=0) in order to compare the results.

For conventional arch bridges edchalue has an antifunicular arch for a given loayd,fer this
case study, the sum of bending moments might ndeemauch sense as an efficiency criteria.
None the less it is considered interesting to aseatiie value.

4.2 STRUCTURAL RESPONSE UNDER A UNIFORM VERTICAL LOAD (lu)

The structural behaviour has been studied for antyer a uniform load of 10kN/m on the whole
deck (Figure 1-2) for the described model with the efiéint values off (f=L/10=10m;
f=L/6,67=15m;f=L/5=20m;f=L/4=25m andf=L/2=50m forL=100m,g=20m, e=g/1,2m=16,67m
andv=0, Figure 4-1, and= 10, 20 and 50m fot=100m,g=e =0 andv=0) and their structural
response has been compared.

A priori, it is expected that the following valuelsange witH:

1) the length, hence the stiffness, of the struts. [Emgth increases with and thus the
stiffness decreases when employing the same cecsisis

2) the verticality of the struts increases wihtle: the inclination of the struts in longitudinal
view (Figure 4-1) decreases within plan view their position does not change, fout
SABs they also become more vertical since theyosger.

3) the out-of-plane sag of the arch increases tvith

4) in-plane horizontal forces at abutments and inglhanding moments are expected to
decrease witlfilike it happens in planar arch bridges with a gtresuperior deck.

According to 3, it is expected that the out-of-@dehavior increases withHowever, according

to the increase of out-of-plane verticality withpkained in 2, the out-of-plane forces introduced
by the struts on the arch should decrease, buaxiad forces will change due the increase of the
out-of-plane sag (3) and also because the stratfxad and their stiffness changes according to

(1).

% Without self-weight or permanent loads
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Due to the high influence of out-of-plane forcesthis bridge type (Sarmiento-Comesias et al
2012) and that stiffer struts are needed for SABaThiento-Comesias et al 2012), a priori, lower
values off are expected to be more favourable for this brigge. With thev case study (section
0), it has been observed that the struts verticaditiess important than their length. Probably
lower values than for planar arch bridges withraight superior deck.

The results are displayed in figures from Figur2 té-Figure 4-19 and the following observations
should be highlighted:

Whatever thd value, the arch and deck total bending and torsimmanents at around
the key pointsg/1,2 hardly change (Figure 4-16 and Figure 4-17)cesithey are
controlled with an efficien¢ value.

Total bending moments in the arch slightly decreask f at the extremes (Figure 4-8),

except at the span center (L/3-2L/3). The samedmppwith in plane bending moments at
span center (3L/8-5L/8; Figure 4-9), contrary toawhvas expected and happens for
planar arch bridges (g=0, Figure 4-4). This is akm@d by the difference in the evolution

of axial forces in struts with the variation foin SABs and planar arch bridges, which is
explained on the following paragraphs.

Out-of-plane bending moments approximately at Li8réase withf. As previously
explained out-of-plane bending moments were expetieincrease, since the out-of-
plane sag of the arch increases withlowever this effect only takes place in a certain
length of the arch, where the axial forces in tingts increase (Figure 4-19).

When increasind, struts become longer and more vertical (Figu®,4especially the
ones at the extremes. Therefore, the stiffnessufsat extremes decreases more with the
increase of than the stiffness of central struts. Axial fordes different struts become
more similar, since extreme struts take a lowed Ifiéigure 4-6). For low values, the
axial forces in struts are larger for longer stmgsr to the abutments®(&truts in our
model) than for those at span centéf §8rut in our model). This difference decreases
with f (Figure 4-6 and Figure 4-19).

For SABs with a vertical planar arch and a superioved deck, the difference with the
contiguous struts is highly increasing. Asncreases the difference between the axial
forces in extreme and central struts decreasebdiuteen the central struts (8th strut in
our model) and their contiguous strut& éhd &' in our model), the difference increases.
For f=50m the axial forces in central struts diminishilithey are even tensioned (Figure
4-19). This happens because fo50m, the arch and deck displacements at spanrcente
have opposite sign (upwards and inwards for thh-gfigure 4-12 and Figure 4-13- and
downwards and outwards for the deck), whereas dovet f values {<25m) the
displacements at span center are downwards anchaigvior both, arch and deck, and
the central struts are compressed (Figure 4-19).

The deck is tensioned f&#20 forg=20 (Figure 4-15) at span center, whereas the deck
always under compression for g=0 (Figure 4-3). EABs with f<25m at L/3 there is a
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large variation in the axial forces of the decktdthat the deck internal forces of g=20m
and g=0 are not really comparable because longaldisplacements are free in g=0 and
they are restrained for g=20m, according to theipus section recommendations.

« Allin all, the initial intuition that smallef values are more adequate for this type of SABs
in comparison with conventional planar arch bridgeserms of the structural response is
confirmed, on seeing the increase of the arch ngrmulioments.

» For SABs with a vertical planar arch and a curuggesior deck, there are large variations
of total arch displacements at span center (Figutd), which decrease with At L/8,
they increase witl. The lowest displacements are obtainedf@0m=L/5. Forg=0 the
lowest displacements are obtainedffds0m=L/2

¢ Forf=10m in-plane displacements are very high (Figul€y but out-of-plane ones are
controlled (Figure 4-13). The opposite happens w8Om.

e For 10m<4<50m in- and out-of-plane arch maximal displacemdatve approximately the
same value (Figure 4-12 and Figure 4-13).
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-1200.000 _,_,_I —\_\_\_ g=0;f=50;e=0;v=0
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Figure 4-2: Arch axial forces comparison for different f valuesand g=0. The abscissas are the arch
length from 0 to L
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Figure 4-3: Deck axial forces comparison for different f values and g=0. The abscissas are the deck
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Figure 4-5: Deck bending moments comparison for different f values and g=0. The abscissas are the
deck length fromOto Lp
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Figure 4-6: Strutsaxial forces comparison for different f values and g=0. The abscissas are the output
stations of the different struts (at the bottom, center and the top of their length).
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Figure 4-10: Arch out-of-plane bending moments comparison for different f values and g=20. The
abscissas arethe arch length from0to L

197



V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

250.0 g=20;e=16,67;f<10

200.0 . scccee g=20;e=16,67;f=15

150.0 ’-::'ﬂ

"""" - s 0=20;€=16,67;f=20
. J )
100.0 =7 > _
7 — . =20;e=16,67;f=25 ,
- 500 — ] -
E * —
2 T bf';
N ey == o =g=20;e=16,67;f=50 frrm= -
! ~ 3
g o =) - -
? e ,‘L‘
2 500 ket =
. . ,
o N
-100.0 7
. r

-150.0

-200.0

-250.0

Figure 4-11: Arch torsional moments comparison for different f valuesand g=20. The abscissas are
thearch length from0to L
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Figure 4-15: Deck axial for ces comparison for different f valuesand g=20. The abscissas are the deck
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Figure 4-16: Deck total bending moments comparison for different f values and g=20. The abscissas
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Figure 4-17: Deck torsional moments comparison for different f values and g=20. The abscissas are
the deck length fromOto Lp
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Figure 4-18: Deck total displacements comparison for different f valuesand g=20. The abscissas are
the deck length from O to L, Displacementsin meters.
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Figure 4-19: Strutsaxial forces comparison for different f valuesand g=20. The abscissas are the
output stations of the different struts (at the bottom, center and the top of their length).

4.3 STRESSBEHAVIOUR UNDER gAND DESIGN AND COMPARISON IN
ULTIMATE LIMIT STATE

Firstly, in Figure 4-20 the comparison of the asttesses only undeF10kN/m for differentf
values, forg=Om and the reference model cross-sections (Talileid shown. Fog=20m and
e=16,67m, an equivalent comparison is displayed igude 4-21. Stresses in the deck are
displayed in Figure 4-22 and Figure 4-23 and iantstforg=20m ande=16,67m in Figure 4-24.

Secondly, the different loading combinations déxtdiin section 1.5.2 and 1.5.3 have also been
analysed, obtaining the worst loading cases for difeerent models. According to these
determinant loading cases, the cross-sectionsedifferent models have been designed.

Finally, the main aspects of the results for défermodels are analysed in this section.

e For conventional vertical arch bridges (g=0), wkatdahef value, the maximal stresses in
the arch and deck are significantly higher for corabon A2, when the loading is
applied on half the deck span (section 1.5.2).fEd® and 50m the stresses in the struts
are also maximal for A2. However, for f=20 the nmaal stresses in the central struts take
place under Al, but in the rest of the struts &ds@\2.

» For SABs with a superior curved deck, the critioald case, for stresses in the arch is A2
for the springing and around L/4 and combination fAd the rest of the arch. For the
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aforementioned cross-sections A2 differs only dligho Al, whereas for g=0 the
difference was very large.

« The maximal stresses in the deck are significaitjher for A2, except at span center
where maximal stresses are obtained for A1.fEBOm the stresses in the struts are all
maximal for A2 except the four struts in the spamter. Similarly, for f>20m the
maximal stresses in the two central struts takeeplander Al, but in the rest of the struts
also for A2.

* For g=20m, f=10 to 25m ande=16,67m when employing the reference model cross-
sections (Table 1-1), the worst hypothesis foratah is A1 except at springing ang/4
where A2 is worse, determined by the loading ca@edure 2-15).

e« The importance of asymmetrical loading for stresseghe arch diminishes when
increasing the value of. The worst loading cases combination fB¥20m, f=50m,
e=g/1,2=16,67m for the reference model cross-sectimkforg=20m,f=20m,e=16,67m
for the SSDS model (Table 1-1) cross-sections is Al
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Figure 4-20: Arch stresses comparison only under g for different f valuesand g=0. The abscissas are
thearch length fromOto L,
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Figure 4-21: Arch stresses comparison only under g for different f valuesand g=20. The abscissas are
thearch length fromO0to L
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Figure 4-22: Deck stresses comparison only under g for different f valuesand g=0. The abscissas are
the deck length from Oto Lp
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Figure 4-23: Deck stresses comparison only under g for different f valuesand g=20. The abscissas are
the deck length from O to Lp
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Figure 4-24: Struts stresses comparison for different f values and g=20. The abscissas are the output
stations of the different struts (at the bottom, center and the top of their length).

« Asf increases, stresses in the arch under a unifoadiig g=10kN/m decrease (Figure
4-20 and Figure 4-21) and stresses in the decledsergreatly (Figure 4-22 and Figure
4-23). Stresses in struts also decrease with fpgxoe central struts (Figure 4-24), as also
observed for axial forces (Figure 4-19). Howevee, length of the arch and the struts also
increase, so more material will be necessary.

The different elements in the bridge have been dgioged for the envelope of stresses resulting
in:

e Whatever thd value the deck should be a 4000xZD0mm steel box girder. It would be
enough with 3mm to resist the stresses considexriegmpact cross-section. However,
10mm are considered for local bending moments|| liostiability of compressed plates
and durability.

For g=20, the models with=10, 15, 20, 25 and 50m have been dimensioned.fdllmving
cross—sections for S 355 steel have been obtamptbging a linear analysis.

e The arches are CHS of 750mm diameter and thickreggng from 10mm to 20mm for
f=50, from 10mm at springings to 25mm at span cefuerf= 25m, from 10mm at

springings to 30mm at span center fol5 and 20m, and from 20mm at extremes to
40mm at springings fdr=10m.

e The struts are CHS of 300mm diameter and thickreasging from 15mm at extremes to
45mm at span center fx50, from 15mm at extremes to 35mm at span cente=20
and 25m, and from 20mm at extremes to 55mm at pf8aximately forf=15m. For
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f=10m, CHS of 300mm struts were not possible and GHB50mm struts were
employed, with thickness ranging from 15mm at er&re to 50mm at L/3 approximately.

For g=0, the models witk=10, 20 and 50m have been dimensioned. The folpwinss—sections
for S 355 steel have been obtained employing aliapalysis.

e The arches are CHS of 750mm diameter and thickra@ggng from 10mm to 20mm for
f=50, from 6mm to 25mm at springings center ffor20m, and from 8mm to 32mm at
springings forf=10m.

e The struts are CHS of 300mm diameter and thickreasging from 6mm at extremes to
12mm at span center f&£50, from 5mm to 25mm fd=20, and from 16mm at extremes
to 50mm at L/3 approximately fde10m.

44 EFFICIENCY CRITERIA

The results of the chosen criteria are shown ferdifferent models which have been studied in
tables from Table 4-1 to Table 4-9. In these tatllemnomenclature already given in section 1.3 is
employed. Please use the bookmark to comfortalibrpret the tables, and note whether the
length is considered or not, since the nomenclaaumek units of the criteria are modified. The

following values are specifically employed for tladles in this section:

e f* is the value of which minimizes each criteria (m)
* =% of difference of B from the most efficiehtalue for B {*)

A differentf* is obtained for each criteria. The results of #fféciency criteria are commented in
the following lines:

e The total mass of the struts for g=20 and f=10 dumsseem to correspond to a logical
evolution withf of the other g=20 models of theomparison case study (Table 4-7). This
is due to the fact that a larger diameter had terbployed in comparison with the rest of
models. The same diameter is needed in order sordbbable comparison. Therefore, new
mass values have obtained employing the same diafieetall the models.

* Values off between L/6,67-L/4 (15-25m) give a negligible dréince of the total mass of
the bridge (Table 4-2 and Table 4-8), so they cancbnsidered with an equivalent
efficiency. Employing a vertical rise f>L/4 for therch is not recommendable. This is
valid whatever the deck curvature. Planar vertarah bridges with a superior straight
deck can use lowef values with a negligible mass increase (Table.4H2a larger
diameter is employed instead of increasing thektt@ss this is also valid for SABs
(Table 4-6), since, as proved for other SABs in [@halV and also reflected in the
present study, what needs to be highly increase®lAiBs is the flexural rigidity of the
cross-section of the struts.

* It must be highlighted that the mass of the bridge be a misleading criteria in order to
choose the most efficient parameters if it is raotectly employed. In order to employ it
correctly, the cross-sections of the different edata should be carefully chosen in order
to minimise the mass of each specific studied mdé@ each combination of variables
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different design cross-sections can be obtainedrélill be a combination of diameter
and thickness which gives a minimal mass. Concépiuzan only then be the masses
compared, regardless of employing or not the sammeaters for the different elements.
However, a certain diameter might be fixed alsodesthetical reasons. In the present
study we consider a constant diameter as a validtsvaompare the efficiency criteria of
the different models when varyin§ in correspondence with the internal forces
comparison.

« The maximal displacement under permanent loadfi@sstmplest criteria to employ
(Table 4-1, Table 4-4 and Table 4-5), equivalerddosider the lowest mass of the bridge
depending off, since the total mass f&6t20 or 25m is approximately the same (Table 4-2
and Table 4-6), the lowest maximal stress or tme glistresses (in the arch or the whole
bridge and whatever the load) considering the fegtall the elements (Table 4-1 and
Table 4-4). The lowest sum of the total bending mot® in the arch under permanent
loads (Table 4-4 C) cannot be considered a validra for SABs, but, for planar vertical
arch bridges with a superior straight deck, it i&bd criteria (Table 4-1C).

« The way in which the stress criteria is calculat€diterias 0, 1 and 2, Table 4-2 and
Table 4-6) is not relevant, since they all leathtosame result.

e The fact that the displacement criteria gives Iyetiié same results as the mass criteria
confirms that a linear analysis is enough in otdedetermine whicli value is the most

efficient.
Criteria
M odel A B C D E F G H
0=0;f=10;e=0;v=0| 4320384 664545¢ 5563495 667131 0931 53969 5278 10193
0=0;f=20;e=0;v=0| 3583052 5484528 4268285 466714 5637 52463 3268 3080
g=0;f=50;e=0;v=0| 4841903 7922334 15692357 442889  745% 79747 3410 7885
fx f=20 f=20 f=20 f=50 f=50 f=20 f=20 f=20

Table 4-1: Efficiency criteria for the value of f for g=0 considering the length of the elements
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Criteria
% of mgssof CriteriaO: Stress Criterial: Sum of stress Criteria2: Sum of the
thebridge effici s - .
M ass of the variation iciency averageof | efficiency averageofthe str&sefflqency in each
M odel bridge (kg) | with respect the bridge*total element (arch, bridgeand | output station*Length of
ge kg ¢ &p length of the bridge | deck)*length of the element | each output station of the
othelowest h
(m) (m) bridge (m)
one
g=0;e=0;f=10;v=0 116767.3 3.3 14573.4 155 44.2
g=0;e=0;f=20;v=0 113001.6 0.0 12027.5 12.0 37.9
0=0;e=0;f=50;v=0 122862.9 8.7 17373.5 15.0 55.8
Minimal Value 113001.6 12027.5 12.0 37.9
f* =20 =20 =20 =20
Table 4-2: Efficiency criteriafor the value of f for g=0 considering the length and the mass of the
elements
Criteria
% of mass of
% of mas_softhe the struts Massof | Massof | Massof | Massof
Mass of the arch variation Mass of the o .
M odel arch (kg) | with respect tothe | struts (kg) variation with | thedeck | thearch | thestruts | the deck
lowest one respect tothe (ko) (kg/m) (kg/m) (kg/m)
lowest one
9=0;e=0;f=10;v=0 26798.4 24.2 8966.8 0.0 8100R.0 1.26 170.9 734.8
g=0;e=0;f=20;v=0 21569.3 0.0 10430.3 16.3 8100R.0 96.4 110.8 734.8
9=0;e=0;f=50;v=0 26860.9 24.5 15000.0 67.3 81002.0181.6 63.7 734.8
Minimal Mass (kg) 21569.3 8966.8
Table 4-3: Mass of the different elements, according to f valuesfor g=0
Criteria
M odel A B C D E F G H
0=20;e=16,67;f=10 7582440 12478661 18904808 12500841941837 75088 11914 11631
0=20;e=16,67;f=15 6548326 10933656 21166890 10928241655958 67918 10996 7465
0=20;e=16,67;f=20 6242197 10436932 24107370 1042618564838 65286 10503 6754
0=20;e=16,67;f=25 6222403 10377686 27203488 1035907543181 64893 10315 7671
0=20;e=16,67;f=50 7675480 12628244 45902020 12144941788309 76580 11303 17638
fx f=25 f=25 f=10 f=25 f=25 f=25 f=25 f=20

Table 4-4: Efficiency criteriafor the value of f for g=20 considering the length of the elements
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Criteria
M odél A B C D E F G H
g=20;e=16,67;f=10 24666 40594 61499 4067 6317 244 39 38
0g=20;e=16,67;f=15 20112 33580 65009 3356 5086 209 34 23
g=20;e=16,67;f=20 17958 30026 69354 2999 4502 188 30 19
0=20;e=16,67;f=25 16724 27892 73114 2784 4148 174 28 21
g=20;e=16,67;f=50 14962 24616 89478 2367 3486 149 22 34
f* f=50 f=50 f=10 f=50 f=50 f=50 f=50 f=20

Table 4-5: Efficiency criteriafor the value of f for g=20 not considering the length of the elements

Criterial: Sum of . Criteria2: Sum of the
% of mass of - Criteria0: Stress e .
. stress efficiency S stress efficiency in
thebridge efficiency average
Mass of the - . average of the ? each output
M odel ; variation with ; of the bridge*total -
bridge (kg) element (arch, bridge . station*Length of
respect tothe d deck)*| h of length of the bridge h - f
lowest one and deck)*length of m) each output station o
the element (m) the bridge (m)
9=20,e=16,67:=10;v=0 | 1338914 3.1 771 25,8 83,3
9=20,e=16,67;f=15,v=0 |  132236,0 1.9 67,6 22,3 73,8
9=20,e=16,67;f=20;v=0 | 130543,5 0.6 64,5 20,9 70,8
9=20,e=16,67;f=25,v=0 | 1298227 0.0 64,1 20,5 69,3
9=20,e=16,67;f=50;,v=0 | 141610,3 9.1 78,0 23,2 81,1
Minimal value 129822,7 64,1 20,5 69,3
Minimal value f=25 f=25 f=25 f=25
Table 4-6: Efficiency criteria considering the length and the mass of the elements
% of mass of % of mass of
M ass of the thearch M ass of the the struts Massof | Massof M ass of M ass of
M odel arch (kg) variation with struts (kg) variation with | thedeck | thearch | thestruts | thedeck
9 | respect tothe 9 | respecttothe | (kg) | (kglm) | (kglm) | (kg/im)
lowest one lowest one
g=20;e=16,67;f=10;v=0 33707.7 17.0 19107.1 0.0 81076|6 3285 202.8 734.8
g=20;e=16,67;f=15;v=0 29136.9 1.1 22022.6 15.3 810766 2756 200.p 734.8
g=20;e=16,67;f=20;v=0 29065.9 0.9 20401.0 6.8 81076(6 2647 160.0 734.8
g=20;e=16,67;f=25;v=0 28808.2 0.0 19937.9 4.3 81076(6 251.0 135.¥ 734.8
g=20;e=16,67;f=50;v=0 34749.1 20.6 25784.6 34.9 81076.6 235)0 101p 734.8
Minimal Mass (kg) 28808.2 19107.1

Table 4-7: Mass of the different elements, according to f values for g=20
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Criteria 1l: Sum of CriteriaO: Stress | Criteria 2: Sum of the
% of mass of L o S .
; stress efficiency efficiency average | stressefficiency in
the bridge
Modd Mgssof the variation with | 2verage of t.he eement .of the gach output
bridge (kg) respect to the (arch, bridge and bridge*total station*L ength of
el?/veﬂ one deck)*length of the length of the each output station of
element (m) bridge (m) the bridge (m)
0=20;e=16,67;=10;v=0 | 139293.4 7.3 771 25,8 83,3
g=20;e=16,67;f=15,v=0 132236,0 1.9 67,6 22,3 73,8
0=20;e=16,67;f=20;v=0 | 1305435 0.6 64,5 20,9 70,8
9=20;e=16,67;f=25,v=0 | 1298227 0.0 64,1 20,5 69,3
9=20;e=16,67;f=50,v=0 | 1416103 9.1 78,0 23,2 81,1
Minimal value 129822,7 64,1 20,5 69,3
Minimal value f=25 f=25 f=25 f=25

Table 4-8: Efficiency criteria considering the length and the mass of the elements employing the same
diameter for all struts

% of mass of % of mass of

M ass of the thearch M ass of the the struts Massof | Massof M ass of M ass of

M odel arch (kg) variation with struts (kg) variation with | thedeck | thearch | thestruts | thedeck

9 | respect tothe 9 | respecttothe | (kg) | (kg/m) | (kglm) | (kg/im)

lowest one lowest one
g=20;e=16,67;f=10;v=0 33707.7 17.0 24509.2 22.9 81076.6 3285 202.8
g=20;e=16,67;f=15;v=0 29136.9 1.1 22022.6 10.5 810766 275.6 200.p
g=20;e=16,67;f=20;v=0 29065.9 0.9 20401.0 2.3 81076\6 264./7 160.0
g=20;e=16,67;f=25;v=0 28808.2 0.0 19937.9 0.0 81076|6 251.0 135.7
g=20;e=16,67;f=50;v=0 34749.1 20.6 25784.6 29.3 81076.6 2350 101.p
Minimal Mass (kg) 28808.2 19937.9

Table 4-9: Mass of the different elements, according to f valuesfor g=20 employing the same
diameter for all struts
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45 PARAMETER DISCUSSION

The parameter discussion has been already expodbe iprevious sections. In this section the
main conclusions and explanations are exposed:

« Displacements give a clear idea of how the behafidthe arch changes withfor low f
values the out-of-plane behavior is under contrat, not in-plane behavior. Vice versa
for large f values.

o For f=10m in-plane displacements are higher, but oyitafie ones are
controlled. The opposite happens wits0m.

o For 10m<4<50m in- and out-of-plane arch maximal displacemetiave
approximately the same value.

* When increasind, the length increases, and thus the stiffnessedses, and the out-of-
plane sag of the arch increases, hence incredsengut-of-plane behavior of the arch
Moreover, a longer length is related to higher reasBue to the high influence of out-of-
plane forces in this bridge type and that stiffeuts are needed for SABs, larbealues
are not convenient.

* However, the verticality of the struts increaseshvi Low f values are related to very
horizontal struts which do not work as efficientlgyd lowf values also have a worse in-
plane behaviour.

* Therefore, it is logical that the structural beloavof internal forces and stresses and the
efficiency criteria lead to the following conclusm

0 Therange of adequate values of f for SABsissmaller than for g=0.
o Efficient valuesof f for SABsarein therangeL/6,67 and L/4.
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5. INCLINATION OF STRUTS (#) PARAMETRICAL STUDY
51 DEFINITIONAND EMPLOYED VALUES

5.1.1 Employed values

The reference model employed for the strut distiaouis the one obtained from equal divisions
of arch and deck. This strut distribution is calkedadial system of struts in the present study.
Each strut axis elongation converges below the déttkits symmetrical (Figure 5-1). These are
taken as the reference orientation, considgsif@ for each strut. A more vertical orientatigh)(

of the struts and a distribution of struts in whadich strut axis elongation converges above the
deck with its symmetrical3(, opposite inclination to the original system) halso been studied
(Figure 5-1). The latter distribution is called @ngergent system of struts in the present study.
For the other parameters the chosen values arefalf@ving: L=100m, g=0 and 20m,
e=L/1,2=16,67m,for each caskL/5=20m and f=L/4=25m, which are both valfdvalues
according to the previous case study (section 4.5).

Planview

Figure5-1: Geometry of g variation for L=100m, g=f=L/5=20m e=g/1,2=16,67m, v=0

We have observed in the previous sections thadssigeat the arch springings are higher, due to
the large axial and out-of-plane bending momentichviare maximal also at springings. Total
arch displacements for a uniformly distributed l@ae maximal at approximatelya4. Arch out-
of-plane displacements are maximal at approximdiglg and in-plane ones at approximately
LA/3. Therefore, the struts distribution should hetp lower stresses at springings and
displacements at the aforementioned points. Acogrth this, convergent struts seem the most
convenient distribution. However, changing the miia¢ion of the struts also means changing their
length and thus their stiffness. Increasihgncreases the length of struts, diminishing their
stiffness. Therefore, it is not clear a priori whall have more influence, whether to increase the
stiffness of the struts or the orientation with gfhthe loads are introduced on the arch.

We must note that for differemf values the orientation of the reference struts gearalready
(Figure 5-2). We will be studying the models withn2

213



V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

Layout

v

Plan view

MWM
N T 71 | ]

i~ 7]

——T T T T

Figure5-2: Geometry of g variation for L=100m, f=L/5=20m e=¢/1,2, v=0

5.1.2 Previous studies

Several studies have been conducted for planaatidbridges (Bogaert, 2010 and 2011, and De
Zotti et al, 2007).). But the author still does kobw any study focused on superior straight deck
arch bridges nor SABs.

The inclination of the struts planar vertical abrldges with an inferior straight deck is studigd b
Bogaert (2010 and 2011). In the 2010 study it ischaded that an optimum arrangement of
sloping hangers with radial distribution (from ttleck central zone and sloping radially to the
arch) can be found. This is obtained by distribmitihe hanger nodes in an even manner and
concentrating the nodes on the lower chord netivea@enter. This has also a stabilising effect for
buckling in opposition to vertical hangers (Boga@@10). A triangular arrangement of hangers
requires less steel than a fan arrangement of hswogacurring at a centre above the arch top
(Bogaert, 2011), but fan arrangement can be jadtiior aesthetical reasons.

De Zotti et al (2007) compare network, fan and igattarrangements of hangers for inferior
straight deck vertical planar arch bridges. Theychade that vertical and fan arrangements lead
to minimum values of hanger forces, but higher &alaf arch and lower chord bending moments.

52 STRUCTURAL RESPONSE UNDER A UNIFORM VERTICAL LOAD (lu)

The structural behaviour has been studied for tideua uniform load of 10kN/m only on the
whole deck (Figure 5-1) fdt=100m,g=20m,f=L/5=20m and=L/4=25m,e=L/1,2=16,67my=0,
with the different values ¢f and their structural response has been compared.

A distribution of convergent strutf,( Figure 5-1) is the most efficient distributiorr forces and
displacements in the arch for SABWCSD, since theg the minimal values (from Figure 5-3 to
Figure 5-9).

The effect of the struts’ inclination is most pretsiam the in-plane behaviour of the arch.
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Figure5-3: Arch axial forces comparison for different g values and g=20m. The abscissas are the arch
length from 0to L
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Figure5-4: Arch total bending moments comparison for different g values and g=20m. The abscissas
arethe arch length from 0to L,
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Figure 5-5: Arch out-of-plane bending moments comparison for different g valuesand g=20m. The
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Figure5-6: Arch in-plane bending moments comparison for different g valuesand g=20m. The

abscissasarethe arch length fromOto L
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Figure5-7: Arch torsional bending moments comparison for different g valuesand g=20m. The
abscissasarethe arch length fromOto L,
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Figure5-8: Arch in-plane displacements comparison for different g values and g=20m. The abscissas
arethearch length fromOto L,
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Figure 5-9: Arch out-of-plane displacements comparison for different g valuesand g=20m. The
abscissasarethe arch length fromOto L,
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5.3 STRESSBEHAVIOUR UNDER qAND DESIGN AND COMPARISON IN
ULTIMATE LIMIT STATE

Employing convergent struts also reduces the stsegsthe arch, as a result of the previously
observed reduction of internal forces (Figure 5-10)

Whatever the value g8, the most unfavourable load combination is theesame as the one
displayed in Figure 2-15. The combination Al shdwddemployed to dimension the arch except
at springing and approximately aroungd3.

30.0

[oo— g=20;e=16,67;f=25;v=0_convergent struts

=0 _ eeeeee 0-70;e=16,67;f=25;v=0_radial struts (reference model)

g=20;e=16,67;f=25;v=0_vertical struts

Maximal arch stresses (N/mm2)

0.0

Figure5-10: Arch stresses comparison for different g values and g=20m under g=10kN/m. The
abscissasarethe arch length fromOto L,

For g=20m,f=20m and e=16,67m, the models with differ@ntalues have been dimensioned.
The cross—sections for S 355 steel have been ebtamploying a linear analysis and are
displayed in Table 5-1with the values of the maxitheckness.

g=20m,f=25m
B: Radial struts B: Vertical struts B: Convergent struts

CHS D=750mm; t=25mn1 CHS D=750mm; t=25mn] CHS D=750mm; t=20mm
ARCH A= 0,0569mM A= 0,0569m A= 0,0459m
I= 0,0037nt I= 0,0037nt I= 0,0031nt

CHS D=300mm;t=35mm| CHS D=300mm;t=45mm| CHS D=300mm;t=35mm
STRUTS A= 0,0291r4 A= 0,0456mM A= 0,0291M
I= 0,0003n I= 0,0010M I= 0,0003n

Table 5-1: Design cross-section values of the arch and strutsfor g=20m and f=25m with different
values. Note: the values of the thickness are the maximal ones.

54 EFFICIENCY CRITERIA

The results of the chosen criteria are shown ferdifferent models which have been studied in
tables from Table 5-2 to Table 5-7. In these tatllesnomenclature already given in section 1.3 is
employed. Please use the bookmark to comfortalibrpret the tables, and note whether the
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length is considered or not, since the nomenclaaumek units of the criteria are modified. The
following values are specifically employed for tladles in this section:

e f* is the value off which minimizes each criteria (m)
* =% of difference of B from the most efficiefitvalue for B *)

Given the length values shown Table 5-5 it is necessary to calculate the total mass galae
the different models. The design cross-sectionainéd in section 5.3 are employed.

A different* is obtained for each criteria. The results of éfiéciency criteria are commented in
the following lines:

It is convenient to employ a convergent distribataf struts §;, Figure 5-1) in order to reduce
the total material employed for the bridge, in st being the longest onekaple 5-3.

The maximal displacement under permanent loadgisitmplest criteria to employ, equivalent to

consider the lowest mass of the bridge depending ¢hable 5-3 and Table 5-7), the lowest

stresses considering the length of all the elementsot (from Table 5-2 to Table 5-7) and the

lowest sum of the total bending moments in the arafer permanent loads (Table 5-2, Table 5-3,
Table 5-4 and Table 5-6). The differences are egtigible (Table 5-3 and Table 5-7).

The fact that the displacement criteria gives #imes results as the mass criteria confirms that a
linear analysis is enough in order to determinectvfiivalue is the most efficient.

A small B variation leads to an important mass variatioreréfore,p is a key parameter for the
efficiency of SABWCSD.

This conclusion for superior deck arch bridges ®alesthetically different than the one for

inferior straight deck planar vertical arch bridgstsidied by Bogaert (2010). However, in

Bogaert’s study the separation of hangers in tlo& garied and in our study it is constant. Just as
we varied the distance between struts in the aveh¢ould try and change also in the deck and
make them less uniform maybe concentrating thessinukey points. A future research of struts

is worth doing since they can influence so muchdite mass.

Criteria

M odel
0=20;e=16,67; A B C D E F G H
f=20;v=0

radial struts

(reference 17958 30026 69354 2999 4502 188 30 19

model)
vertical struts 16575 27945 61659 2743 4211 181 29 16
Cogl’rirtgem 14679 25540 48932 2425 3937 169 26 15
. convergent| convergent| convergent| convergent| convergent| convergent| convergent| convergent
Minimal values

struts struts struts struts struts struts struts struts

Table5-2: Efficiency criteriafor L=100m, g=20m; e=16,67m;f=20m;v=0 and different g values, not
considering the length of the elements
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M odél

Criterial: Stress

Criteria2: Sum of the stress

Relative Mass

=20:e=16.67 Mass of the | efficiency aver age of efficiency in each output Variation (%) in
9 f:éO'v=d ' bridge (kg) | thebridge*total length | station*L ength of each output | comparison with the
' of the bridge (m) station of the bridge (m) Minimal Mass Model
radial struts (reference model) 73862,7 20,9 70,8 38,8
vertical struts 60433,7 16,4 37,6 13,6
convergent struts 53204,0 15,0 33,9 0,0
Minimal Mass (kg) 53204.0

Criteria 1=Criteria 2 if calculated separately for eln deck and struts and then added

Table 5-3: Efficiency criteria and relative differencer L=100m, g=20m; e=16,67m;f=20m;v=0 and
different p values, considering the length of the elements

Criteria
M odél
g=20;e=16,67; A B C D E F G H
f=25;v=0
radial struts
(reference 16724 27892 73114 2784 4148 174 28 21
model)
vertical struts 15049 25408 62119 2489 3764 175 27 16
convergent 13414 23328 51370 2213 3551 157 24 13
struts
. convergent| convergent| convergent| convergent| convergent| convergent| convergent| convergent
Minimal values
struts struts struts struts struts struts struts struts

Table 5-4: Efficiency criteriafor L=100m, g=20m;e=16,67m;f=25m;v=0 and different g values, not
considering the length of the elements
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M odel
0=20;e=16,67; Total structurelength (m) L struts(m)
f=25;v=0
radial struts (reference model) 3721 147,0
vertical struts 379,0 153, 9
convergent struts 393,1 168,0

Table 5-5: Total length of the structure and the strutsfor different g values

Criteria

M odel
0=20;e=16,67; A B c D E F G H
f=25;v=0

radial struts

(reference | 6222402,7| 10377685,627203488,1] 1035906,5| 1543181,2 648933 103153 76707
model)
vertical struts | 5702948,3| 9628491,1 23540143,7943273,6 | 1426239,9 66190, 10122,6 61613
Cors‘;’rirtgem 52730915 9170013,7 20193268,3869854,6 | 1396016,0  61615,0 9402,9 52648
o convergent convergent convergent convergent convergent convergent convergent convergent
Minimal values

struts struts struts struts struts struts struts struts

Table5-6: Efficiency criteriafor L=100m, g=20m; e=16,67m;f=25m;v=0 and different g values,
considering the length of the elements

Criteria 1: Stress Criteria2: Sum of the
M odel M ass of the efficiency average stress efficiency in each Relative Mass Variatior
g=20;e=16,67; bridge (kg) of thebridge*total | output station*Length of (%) in comparison with
f=25;v=0 ge (kg length of the each output station of the | the Minimal Mass Mode]|
bridge (m) bridge (m)

radial struts 73141,9 20,5 69,3 9,6

vertical struts 84025,2 26,0 86,7 25,9

convergent struts 66722,3 17,5 59,1 0,0

Minimal Mass (kg) 66722,3

Criteria 1=Criteria 2 if calculated separately for arch deck and struts and then added

Table5-7: Efficiency criteria and relative differencesfor L=100m, g=20m;e=16,67m;f=25m; v=0 and
different g values, considering the length of the elements
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55 PARAMETER DISCUSSION

The parameter discussion has been already expodbe iprevious sections. In this section the
main conclusions and explanations are exposed:

e It is convenient to employ a convergent distribataf struts f§,, Figure 5-1) in order to
reduce the total material employed for the bridgespite of being the longest ones.
Controlling key points proves to be more efficighain verticality or stiffness small
variations.

* A smallp variation leads to an important mass variatioreréfore, is a key parameter
for the efficiency of SABWCSD.

6. DECK HEIGHT (2 PARAMETRICAL STUDY
6.1 DEFINITIONAND EMPLOYED VALUES

The conclusions of sectioh drew attention to the key points at a distanced @BL of the
springings of the arch, where it is recommendatlelitain the stiffest struts. This conclusion is
valid for a superior-deck SAB and close to the obtined for an inferior-deck SAB specific
study with other efficiency criteria (Jorquera 20€3 g=10m). Changing the distance from the
deck to the arch, which changes with the valuez,ofhese points can also be made stiffer.
Therefore, the present study analyses the effdctsvariation for differentf values,f=10m and
f=20m and folg=20m ande=16,67m (most efficierg value according to secti@).

The studied cases are the following: Superior deith f=z=10m and 20m, inferior deck with
f=20m andz=0, middle deck witi=20m andz=16,22m and=10m (Figure 6-1 and Figure 6-2).

The valuez=16,22m is chosen because it is the point wheraritieis fixed to the deck gf1,2 in
plan which had been observed as the most effitiemcrease the stiffness of the struts at these
points.

Models withz=f=10m andz=f=20m are both analysed to be compared with the hvaite f=20m
andz=10m. The rest of values are all considered fl#20m arches. The rest pfvalues are all
considered fof=20m arches.
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\
\
/

/

(@

100

(c)

Figure 6-1: Variation of z(a) Layout. (b) Side view. (c) Plan view (d) Per spective

(b)

(©) (d)
Figure 6-2: Bridge per spectivesfor different z values. (a) f=z=20m; (b) f=20m, z=16,22m; (c) f=20m,
z=10m; (d) f=20m, z=0
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6.2 STRUCTURAL RESPONSE UNDER A UNIFORM VERTICAL LOAD (lu)

The structural behaviour has been studied undenifarm load of 10kN/m on the whole déck
(Figure 1-2) for the described models with theadight values of. Their structural response has
been compared. Internal forces are shown from Eige8 to Figure 6-16.

6.2.1 Arch internal forces (Figure 6-3 to Figure 6-9)

Models with f=20m employing a superior and inferitack show similar values of axial
forces in the arch. The lowest axial forces araioked when employing a middle deck
with z=16,22m (Figure 6-3).

When employing a superior deck the total bendingnemts withf=10m in the arch are
minimal at span center in comparison with the oéshodels. This is due to tHevalue as
observed in sectiof

When employing=20m at span, center and at 224 approximately, the total bending
moments are minimal f@=16,22m, and for=10 and 20m, at springings (Figure 6-4).

Whatever the f value, when employing a superiokdke out-of-plane bending moments
in the arch are minimal at span center (Figure.8Af)en employing a middle deck with
z=10 and inferior deck they increase considerabbabise the axial forces transmitted by
the struts increase (Figure 6-6), since they aremertical (Figure 6-1a) and transmit a
greater part of the vertical load also with a highgt-of-plane component.

At springings, for z=0 (inferior deck), the outjolane bending moments decrease to less
than half their value for the other models (Figbig&) because the axial forces transmitted
by the struts are much lower (Figure 6-6). Thiglige to the orientation of the struts
(Figure 6-1a). Moreover, they should be expectedbéo tensioned but they are
compressed. In a real model they would be tensisimex® we would be prestressing the
hangers.

When employing a superior deck the in-plane bendiognents withf=20m in the arch
are maximal at span center, forlO they are maximal at L/4 approximately and when
employing an inferior deck, at springings (Figur8)6

In general in-plane bending moments are minimal #006,22m. This improved
behaviour in comparison with the rest of models taedmoderate out-of-plane behaviour
makes this model more efficient than the superieckdin relation to total bending
moments as previously observed (Figure 6-4), itesgihaving much higher out-of-plane
bending moments. In-plane bending moments improwsns achieved by the increase
of the struts verticality.

Arch torsional moments are minimal when employimg iaferior deck (Figure 6-9),
since, in comparison with the rest of models, hesmbave lower axial forces (Figure 6-6)
and much lower bending moments (Figure 6-7) whiehcle transmit smaller torsional
moments to the arch and deck.

The same effect occurs with deck torsional momgtitgire 6-12).

* Without self-weight or permanent loads
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6.2.2 Deck internal forces (Figure 6-10 to Figure 6-20)

Deck axial forces are minimal when employing areiigr deck, since hangers are more
vertical. The deck is compressed at span centertemgioned at its extremes (Figure
6-10).

Axial forces and total bending moments in the dack maximal at abutments and span
center when employing a superior deck instead ofidgdle deck for the samevalue
(f=z=10 compared t6=20,z=10, Figure 6-10 and Figure 6-11).

For a fixf value, varying the value afcauses important changes in the deck axial forces,
compressions at its center and tensions at L/&ligcrease when employing a middle
deck (compare=0; z=16,22m;z=10m andz=20m forf=20m, Figure 6-10), whereas deck
total bending moments can increase or decreasadiegeon the z value (Figure 6-11).
The solutiore=16,22m would be expected to be neare=20m tharz=10m, but it is not
for axial forces and total bending moments. It dodlsw an expected gradual change for
torsional moments (Figure 6-12), justified by tleewkase of struts internal forces (Figure
6-6 and Figure 6-7) as explained in the previooti@e6.2.1.

Deck balcony-beam bending moments are lower wheasiogtimg a superior deck (Figure
6-13).

6.2.3 Arch displacements (Figure 6-14 to Figure 6-16)

Employing a superior deck diminishes the out-ofaplaisplacements of the arch (Figure
6-14).

A superior deck controls better the out-of-planbawéour at span center, as observed for
out-of-plane bending moments (section 6.2.1, Figi8. A middle deck controls better
the arch out-of-plane behaviour at approximatef/6L Employing an inferior deck
controls better than a middle deck out-of-plangldisements at span center, due to the
lower torsional moments (section 6.2.1, Figure @8} much worse than a superior deck.
However, arch out-of-plane displacements at3Lare really high when employing an
inferior deck (Figure 6-14).

Maximal in-plane displacements hardly change witbr the samé value (Figure 6-15).
At span center they are best controlled by a sapeléck, but this bridge type has a
worse control at ,/3, which is improved when diminishirey

The higher influence of out-of-plane displacemetghe total displacements is reflected
in Figure 6-16.

6.2.4 Deck displacements (Figure 6-17 to Figure 6-18)

Apparently the deck displacements do not followead withz as torsional moments do
(Figure 6-17 and Figure 6-18). But they follow g@me trend as deck bending moments.
The explanation is in the struts structural behaykgure 6-6 and Figure 6-7). It is
logical that the models employing an inferior orpertior deck have the lowest
displacements at span center (Figure 6-17 and &@W8). Struts supporting the superior
deck are very short (Figure 6-2a) and thereforg géff (proportional to El/Lstrdt ie:

the length has a high influence) in spite of balearly horizontal. When employing an
inferior deck (Figure 6-2d), struts are long butyeertical and work mainly with axial
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forces which control the deck displacement (thiéngtss is proportional to EA/Lstrut, ie:

the length is not as important as for bending mds)en

* For a middle deck witfi=20m andz=16,22m (Figure 6-2b), both vertical and horizontal
deck displacements at span center (Figure 6-1Fauite 6-18) are higher since hangers
at span center are not vertical enough to havdfameat axial stiffness, but are too long
to have enough bending moment stiffness to contrel displacements (Figure 6-2b).
With f=20m andz=10m deck vertical displacements (Figure 6-17) tated displacements
at span center are also high, but horizontal digpleents have the lowest values in the

whole deck (Figure 6-18), because central hangersnare vertical than faz=16,22m

and vertical axial stiffness increases, whereaszbiotal axial stiffness and bending
stiffness diminish at span center (Figure 6-2c)réire struts are shorter (Figure 6-2c),
so bending stiffness increases at extremes. The aarfor deck horizontal displacements

happens with vertical axis bending moments in thekdie: they are minimal fd=20m
andz=10m.

0

-200

Axial Force (kN)

-1000

* -1200

-1400

' -1600

Superior deck with
g=20;f=z=10;e=16,67;v=0

Superior deck with
g=20;f=z=20;e=16,67;v=0

Inferior deck with
g=20;f=20;z=0;e=16,67;v=0

Middle deck with
g=20;f=20;z=16,22;e=16,67;v=0

Middle deck with
g=20;f=20;z=10;e=16,67;v=0

Figure 6-3: Arch axial forces comparison for different zvalues when employing the r efer ence model
cross-sections (Table 1-1).. The abscissas are the arch length fromOto L
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600.0
Superior deck with g=20;f=z2=10;e=16,67;v=0
5000 F———
e Superior deck with g=20;f=2=20;e=16,67;v=0
Inferior deck with g=20;f=20;2=0;e=16,67;v=0
4000 i —-—-- Middle deck with g=20;f=20;z=16,22;e=16,67;v=0 J
I
| Middle deck with g=20;f=20;2=10;e=16,67;v=0 !
T
ano.o E
s
200.0
100.0
0.0

Figure 6-4: Arch total bending moments comparison for different zvalues when employing the
reference model cross-sections (Table 1-1).. The abscissas are the arch length from 0to L s

Superior deck with g=20;f=2=10;e=16,67;v=0

6000 ———
----------------- Superior deck with g=20;f=2=20;e=16,67;v=0
5000 y— Inferior deck with g=20;f=20;z=0;e=16,67;v=0
—-—- Middle deck with g=20;f=20;z=16,22;e=16,67,v=0
s Middle deck with g=20;f=20;z=10;e=16,67;v=0
300.0

200.0

M2-2 (kN-m)

100.0

0.0

-100.0

-2000 —

-300.0

Figure 6-5: Arch out-of-plane bending moments comparison for different z values when employing
the reference model cross-sections (Table 1-1).. The abscissas are the arch length from 0 to L
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| | | g=20;f=2=20;e=16,67;v=0
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! = l I‘l ] — % -— Middle deck with

g=20;f=20;2=16,22;e=16,67,v=0

- -¥--- Middle deck with
g=20;f=20;2=10;e=16,67;,v=0

Figure 6-6: Strutsaxial forces comparison for different zvalues when employing the r eference model
cross-sections (Table 1-1).. The abscissas are the output stations of the different struts (at the bottom,
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center and the top of their length).

l e Superior deck with g=20;f=z=10;e=16,67;v=0

eee°Mee* Superiordeckwith g=20;f=2=20;e=16,67;v=0

\d v L4
| l e==fe * Inferior deck with g=20;f=20;2=0;e=16,67;v=0

* Middle deck with g=20;f=20;z=16,22;e=16,67;v=0

== X * Middle deck with g=20;f=20;z=10;e=16,67;v=0

Figure 6-7: Struts bending moments comparison for different z values when employing thereference
model cross-sections (Table 1-1).. The abscissas are the output stations of the different struts (at the
bottom, center and the top of their length).
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Superior deck with g=20;f=2=10;e=16,67;v=0

----------------- Superior deck with g=20;f=2=20;e=16,67;v=0

400

Inferior deck with g=20;f=20;2=0;e=16,67;v=0

—— - Middle deck with g=20;f=20;z=16,22;e=16,67;v=0

300 f——m

--------- Middle deck with g=20;f=20;z=10;e=16,67;,v=0
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=
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Figure 6-8: Arch in-plane bending moments comparison for different zvalues when employing the
reference model cross-sections (Table 1-1).. The abscissas are the arch length from 0to L s

Superior deck with
g=20;f=2=10;e=16,67;v=0

S Superior deck with

g=20;f=2=20;e=16,67;v=0
——— e ]

Inferior deck with
..... : g=20;f=20;z=0;e=16,67;v=0

i e ’;J — - — -~ Middle deck with
N pe g=20;f=20;z=16,22;e=16,67;v=0
= P
~ SREETE Middle deck with

J.J g=20;f=20;z=10;e=16,67;v=0

]

Figure 6-9: Arch torsional moments comparison for different zvalueswhen employing the reference
model cross-sections (Table 1-1).. The abscissas are the arch length from 0 to L

230



V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

100.000
- —_—
50.000 I : i
N | - Superior deck with
h I . ] ..... . : 1 g=20;f=z=10;e=16,67;v=0
0.000 e o
""" ! - : s Guperior deck with
""" | g=20;f=z=20;e=16,67;v=0

= -50.000 L
=3 =
3 Pttt R - Inferior deck with
£ g=20;f=20;z=0;e=16,67;v=0
% 1100.000 . I

| | —-— - Middle deck with

i g=20;f=20;2=16,22;e=16,67;v=0

-150.000 +
==
------ Middle deck with
g=20;f=20;2=10;e=16,67;v=0

-200.000
-250.000

Figure 6-10: Deck axial forces comparison for different zvalues when employing the refer ence model
cross-sections (Table 1-1).. The abscissas are the deck length fromOto Lp
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Figure 6-11: Deck total bending moments comparison for different z values when employing the
reference model cross-sections (Table 1-1).. The abscissas are the deck length from Oto L
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Figure 6-12: Deck torsional moments comparison for different zvalueswhen employing the reference
model cross-sections (Table 1-1).. The abscissas are the deck length from O0to Lp
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Figure 6-13: Deck out-of-plane bending moments comparison for different zvalueswhen employing
thereference model cross-sections (Table 1-1).. The abscissas are the deck length fromOto Lp
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Figure 6-14: Arch out-of-plane displacements comparison for different zvalueswhen employing the
reference model cross-sections (Table 1-1).. The abscissas are the arch length from 0to L5
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Figure 6-15: Arch in-plane displacements comparison for different zvalues when employing the
reference model cross-sections (Table 1-1).. The abscissas are the arch length from 0 to L5
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Figure 6-16: Arch total displacementscomparison for different zvalues when employing the
reference model cross-sections (Table 1-1).. The abscissas are the arch length from 0to L5
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Figure 6-17: Deck vertical displacementsfor different zvalues when employing the reference model
cross-sections (Table 1-1).. The abscissas are the deck length fromOto Lp
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Figure 6-18: Deck horizontal displacementsfor different z values when employing the reference
model cross-sections (Table 1-1).. The abscissas are the deck length from 0to Lp

6.3 STRESSBEHAVIOUR UNDER qAND DESIGN AND COMPARISON IN
ULTIMATE LIMIT STATE
6.3.1 Stresses behaviour under a uniform load g=10kN/m

Stresses in the arch and deck only under a unifoadg can be observed in Figure 6-19 and
Figure 6-20 for the reference cross-sections (Tadlg

e Stresses in the arch are minimal #8i.6,22m (Figure 6-19)
» For the deck the stress distribution is more véeiaind it is more difficult to determine a
priori for whichz value the deck will need less material (Figured$-2
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Figure 6-19: Arch stresses comparison for different zvalues under g=10kN/m when employing the
reference model cross-sections (Table 1-1).. The abscissas are the arch length from 0 to L5
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Figure 6-20: Deck stresses comparison for different zvalues under g=10kN/m when employing the
reference model cross-sections (Table 1-1).. The abscissas are the deck length from 0to Lp

6.3.2Critical loading combinationsin ULS

* For SABs with asuperior curved deck and a planar vertical arch atg¥,2, the critical
load case, for stresses in the arch is combinaibrior the springings and around L/3
and combination Al for the rest of the arch wherpleging a superior deck (Figure
2-15).

* When employing amferior deck, the critical load case for stresses in the aschAd at
around L/3 and A1l for the rest of the arch.
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* When employing aniddle deck the difference of the arch stresses caused bynd1A2
are very low at L/3 and springings, Al could besidared the most unfavourable load
case for the whole arch. At springings the diffeeerbetween these load cases and
combination C (considering both live loads and terapure variation) is also very low,

whereas for superior and inferior decks the steesaased by temperature in the arch are
much lower.

180

160
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"""""" HIPA2: COMB asym live load
----- HIPA3: COMB central third live load

= + = HIPB: Comb uniform temp variation
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Figure 6-21: Stresses in the arch caused by different loading cases combination for g=20m, f=20m

and e=16,67m when employing the reference model cross-sections (Table 1-1). The abscissas are the
arch length fromOtoLa

6.4 EFFICIENCY CRITERIA

Results of the different efficiency criteria (debed in section 1.3, see also bookmark) not
considering the length of the elements are displayerable 6-1 and considering the total length
of all the elements of the bridge (Table 6-2) displayed in Table 6-3. Please use the bookmark
to comfortably interpret the tables, and note wietihe length is considered or not, since the
nomenclature and units of the criteria are modifigthe following values are specifically
employed for the tables in this section:

* z*is the value ok which minimizes each criteria (m)

* =% of difference of B criteria (section 1.3 andbkmark) from the most efficietvalue
for B (z*)

A different z* is obtained for each criteria. The results of &fficiency criteria are commented in
the following lines:
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» If the arch is fixed to the deck at the poigt$,2 in plan where it had been observed that
it was efficient to increase the stiffness of theits (sectiorD) the total stresses in the
bridge, considering the length or not, decreasi (Bable 6-1 and Table 6-3).

* Minimal total stresses in the bridge are coincideitih the shortest total bridge length in
comparison with the other models with the sadmalue (Table 6-2). Therefore, it is
already possible to assure that the mass critellibevequivalent to B criteria.

» Also, the lowest sum of the total bending momentshie arch under permanent loads
decreases (C criteria in Table 6-1 and Tabl¢. 6-3

* Varying z has non-negligible effects in the sum of total meat stresses of the bridge (i
in Table 6-3.

* The arch maximal displacement, considering thgtlemf the structure or not, is not
minimal for this same value, but for the model watisuperior deck witfFz=20m (H in
Table 6-1land Table 6-3). The fact that the displacemen¢rigitdoes not give the same
results as the stress criteria confirms that aatirenalysis is not enough in order to
determine whichz value is the most efficient. Therefore the conids of thisz
parametrical study are not definitive. They musll &te verified with a non-linear

analysis.
Criteria
M odel A B C D E F G H
Superior deck with
9=20:=2=10:e=16,67:v=0 24666 40594 61499 4067 631) 244 39 38
Superior deck with
9=20;f=2=20:6=16,67:v=0 17958 30026 69354 2999 450p 188 3 19
Inferior deck with _
9=20:f=20;7=0:€=16,67:v=0 21300 30199 87796 3341 4479 181 27 33
Middle deck with
9=20:f=20:7=16,22:6=16,67:v=0 15660 28240 52776 2685 4531 166 3 23
Middle deck with
9=20;f=20;7=10:€=16,67:v=0 18745 29752 74080 3162 4670 162 29 40
Middle Middle Middle Middle Inferior Middle Inferior Superior
Minimal values deck with| deck with| deck with| deck with deck deck with deck deck with
7z=16,22 | z=16,22 | z=16,22 | z=16,22 z=10 f=z=20

Table6-1: Efficiency criteriafor zvalues, not considering the length of the elements

Total structure length (m)
Superior deck with g=20;f=z=10;e=16,67;v=(Q 307,4
Superior deck with g=20;f=2=20;e=16,67;v=(Q 347,6

Inferior deck with g=20;f=20; z=0; e=16,67;v=0 475,
Middle deck with g=20;f=20;z=16,22;e=16,67;vE0 327,6

Middle deck with g=20;f=20;z=10;e=16,67;v= 358,9

Minimal values Superior deck f=z=10m

Minimal values f=20m Middle deck with z=16,22m

Table 6-2: Total length of the bridges of the analysed models
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Criteria
M odel A B C D E F G H i
Superior deck with
9=20:f=2=10:6=16,67:v=0 7582440 12478661 18904808 1250084 1941837 75088 14119 11631 35
Superior deck with , § L
4=20:f=2=20:6=16,67:v=0 6242197 10436937 24107370 1042618 1564838 65286 03105 6754 13
Inferior deck with q ]
4=20:f=2=20:6=16,67:v=0 10131808 14364839 41762243 1589316 2130817 86268 07613| 15911 55
Middle deck with 4
9=20:1=20:7=16,22:€=16,67:v=D 5129870 9251227 17288632 879489 1484271 54273 9766 7504 0
Middle deck with 6728242 | 10679014 26589666 1134863 1676293 58063 90108 14200 | 15
0=20;f=20;z=10;e=16,67;v=0
Middle Middle Middle Middle Middle Middle Middle | Superior
Minimal values deck with | deck with | deck with | deck with | deck with| deck with| deck with | deck with
z=16,22 z=16,22 z=16,22 z=16,22 z=16,22 | z=16,22 | z=16,22 | f=z=20

Table 6-3: Efficiency criteriafor zvalues, considering the length of the elements

6.5 PARAMETER DISCUSSION

The parameter discussion has been already expodbe iprevious sections. In this section the
main conclusions and explanations are exposed:

e It is convenient to employ an intermediate deckhéd ground is strong enough to bear
horizontal loads and the intermediate position $éip stiffen the key points around

0,28L.

e If this intermediate position cannot be obtained dnmere are no ground limitations,
employing a superior deck is more efficient thanirsferior one (B in Table 6-1 and

Table 6-3).

e The fact that the displacement criteria does rige the same results as the stress criteria
confirms that a linear analysis is not enough ideorto determine which value is the
most efficient. A geometrically non-linear analysisouls be conducted to prove these

conclusions.
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1. NON-VERTICAL ARCHES. ARCH IN PLAN SAG (ga)
PARAMETRICAL STUDY

7.1 DEFINITION AND EMPLOYED VALUES

In the previous case studies a planar vertical hashbeen considered. However, a previous study
(see section V.A) demonstrated that, of differepdtisl arch bridges with a superior deck,
imposed curvature arch bridges£g, defined in chapter Ill.A and Jorquera 2007) or Eyipg

an arch with opposite curvature of the degk=¢g) showed a better structural behaviour when
compared with a planar vertical arch bridge veti®. Other studies employ antifunicular arches
(Schlaich and Moschner, 1999 and Jorquera 2007hyifi mass criteria and bending moments
criteria coincide (which is proved for the previatese studies), would be the optimal solution.
For superior deck arch bridges no comparison has dene for differentj ande values, neither
for different arch geometries. Therefore, the presmase study is devoted to determine which
arch shape is nearer to a more efficient solugofyrther step of this case study is purposed in
sectiono.

The valuegy,=-20m, for which the arch has an opposite curvatnihne superior deckj,=20m,
which is an SDABWIC andj,=0, which is a SABWCSD with a vertical planar atoidge like
the ones employed until now in the present chapter.

N
/

100 16,67 \

20 ‘ 20 ‘

(a) (b)
Deck

100

16,67

Deckgp=20m

" Arch g,=20m M

Arch g,=-20m

(c) (d)

Figure 7-1: Variation of arch g, (&) Plan view. (b) Longitudinal view. (c) Side view. (d) Per spective

240



V. B) PARAMETRICAL STUDY OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARE

7.2 STRUCTURAL RESPONSE UNDER A UNIFORM VERTICAL LOAD (lu)

The structural behaviour has been studied underifarm load of 10kN/m on the whole deck
(Figure 1-2) for the described models with theadiht values of, and their structural response
has been compared.

7.2.1Arch internal forces (Figure 7-2 to Figure 7-6)

* 0ga=0 gives the most uniform axial forces, out-of-g@aand total bending moments
distribution in the arch, the lowest axial forcesdan-plane, out-of-plane and total
bending moments in the arch springings, the lowmsgtof-plane and total bending
moments in the arch span center (from Figure 7f2idare 7-5) and the largest torsional
bending moments (Figure 7-6), whereas

* ga=g gives the lowest axial forces in the arch spanerdirigure 7-2) and

* ga=-g, the lowest torsional bending moments (Figure.7-6)

7.2.2 Deck and strutsinternal forces (Figure 7-7 to Figure 7-10)

» ga=0 gives the lowest axial forces in the deck amdtst(Figure 7-7 and Figure 7-10). It
also gives the lowest total bending and torsionaments in the deck, since the arch
transmits more axial forces to the deck when duiszed in plan view (from Figure 7-7 to
Figure 7-9).

» As explained in section V.A the deck is tensioneddx=g and compressed faj,=-g
(Figure 7-7).

7.2.3 Arch displacements (Figure 7-11)
* 0ga=0 gives the lowest in-plane and out-of-plane amdck total, arch displacements,
whereas

* ga=-g, gives the largest in-plane and out-of-plane agmnth total, arch displacements
» this shows that the best way to control the bathand out-of-plane behavior of the arch
is employing a vertical planar bridge with an e#it e value.
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Figure 7-2: Arch axial forces comparison for different g, values. The abscissas are the arch length
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Figure 7-3: Arch total bending moments comparison for different g, values. The abscissas are the
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Figure 7-4: Arch out-of-plane bending moments comparison for different g, values. The abscissasare
thearch length fromOto L,
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Figure 7-5: Arch in-plane bending moments comparison for different g, values. The abscissas are the
arch length fromOto L,
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Figure 7-6: Arch torsional moments comparison for different g, values. The abscissas arethe arch
length from 0to L
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Figure 7-7: Deck axial forces comparison for different g, values. The abscissas are the deck length
fromOtoLp
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Figure 7-8: Deck total bending moments comparison for different g, values. The abscissas are the
deck length fromOto Lp
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Figure 7-9: Deck torsional moments comparison for different g, values. The abscissas are the deck
length from Oto Lp
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Figure 7-10: Strutsaxial forces comparison for different g, values. The abscissas are the output
stations of the different struts (at the bottom, center and the top of their length).
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Figure 7-11: Total Arch displacementsfor different g, values. The abscissas are the arch length from 0
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7.3 STRESSBEHAVIOUR UNDER qAND DESIGN AND COMPARISON IN
ULTIMATE LIMIT STATE

7.3.1 Stresses behaviour under a uniform load g=10kN/m

Stresses in the arch and deck only under a unifoadg can be observed in Figure 7-12 and
Figure 7-13or the reference values (Table 1-1):

e Stresses in the arch at springings apftlare minimal when employing a planar vertical
arch with e=g/1,2 (Figure 7-12)

e Stresses in the arch at span center are minimah vehneploying an arch witly,=-g
(Figure 7-12), but stresses for this case are mabatrapproximately 1/4

e Stresses in the deck are clearly minimal when eyipdoa planar vertical arch with
e=g/1,2 (Figure 7-13)

7.3.2Critical loading combinationsin ULS

Stresses in the arch and deck for the referencesglable 1-1) under different combinations of
loading cases can be observed from Figure 7-14giré7-16. These are the values employed
for dimensioning the design cross-sections.

» For SABs with asuperior curved deck and a planar vertical arch atg¥,2, the critical
load case, for stresses in the arch is A2 for granging and around L/4 and Al for the
rest of the arch when employing a superior decuié 7-14), as observed already in the
previous case studies.

* When employing aarch curved in plan view the crtital loading case in the arch is Al in
all its length (Figure 7-15 and Figure 7-16).

60,0

Planar vertical arch with e=16,67 -
e Arch and deck with symmetrical curvature in plan view with e=-20

500 1 1
Arch with imposed curvature

400 t

30,0

Maximal arch stresses (N/mm2)

20,0

10,0

0.0

Figure 7-12: Arch stresses comparison for different g, values only under g=10kN/m for thereference
values (Table 1-1). The abscissas are the arch length fromOto L
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Figure 7-13: Deck stresses comparison for different g, valuesonly under g=10kN/m for the reference
values (Table 1-1). The abscissas are the deck length fromOto Lp
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Figure 7-14: Stresses caused by different loading cases combination for g=20m, f=20m and e=16,67m
for thereference values (Table 1-1). The abscissas are the arch length from 0to L5
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Figure 7-15: Stressesin the arch for different loading combinationsfor SABswith the arch and deck with
symmetrical curvaturein plan view with e=-20; ga=-g=-20m for thereference values (Table 1-1). The
abscissasarethe arch length fromOto L
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Figure 7-16: Stressesin the arch for different loading combinationsfor SDABWIC with e=0; ga=g=20m for the
reference values (Table 1-1). The abscissas are the arch length from Oto L 5

7.4 EFFICIENCY CRITERIA

Results of the different efficiency criteria notnsidering the length of the elements are displayed
in Table 7-1 and considering the total length &f bhidge (Table 7-2) in Table 7-3. Please use the
bookmark to comfortably interpret the tables, aotenwhether the length is considered or not,
since the nomenclature and units of the criteria arodified. The following values are
specifically employed for the tables in this seatio

* The expression “minimal value” refers to the brigdgafiguration which minimizes each
criteria (m)
* =% of difference of B from the most efficient capirationfor B

The results of the efficiency criteria are commdntethe following lines:

» Itis convenient to employ a planar vertical anctoider to reduce the total stresses in the
bridge.

* The model which presents the shortest length i®tigewithg,=-g (Table 7-2), the model
with ga=0 is 7% longer. However, in the previously studiedses it has been
demonstrated that the critersam of total maximal stresses of the bridge*totadide
length is always equivalent to thetal mass of the bridgeriteria. Therefore in the
present study we will consider this equivalencyhaiit proving it for this particular case.

« The maximal displacement under permanent loadfidssimplest criteria to employ,
equivalent to consider the lowest stresses consglére length of all the elements or not,
and the lowest sum of the total bending momentthé arch under permanent loads
(Table 7-1 and Table 7-3).
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in Table 7-3.

Varying ga has non-negligible effects in the sum of total inmeat stresses of the bridge (i

The fact that the displacement criteria gives #maesresults as the sum of total maximal

stresses of the bridge criteria confirms that @dmanalysis is enough in order to
determine whiclg, value is the most efficient.

Criteria
M odel A B C D E F G H
Planar vertical arch with |, 7954 30026 69354 2999 4502 188 30 19
e=16,67g,=0
Arch and deck with
symmetrical curvature in 21794 38565 76166 4299 7370 259 57 41
plan view with e=-20g,=-g
Arch with imposed
— 23347 43280 154536 3767 6947 363 57 91
curvaturega=g
Planar Planar Planar Planar Planar Planar Planar Planar
Minimal values vertical vertical vertical vertical vertical vertical vertical vertical
arch with | arch with | arch with | arch with | arch with | arch with | arch with | arch with
e=16,67 e=16,67 e=16,67 e=16,67 | e=16,67 | e=16,67 | e=16,67 | e=16,67
Table 7-1: Efficiency criteriafor different g, values, not considering the length of the elements
Total structure length (m
Planar vertical arch with
€=16,679x=0 347.6
Arch and deck with
symmetrical curvature in 444.1
plan view with e=-20¢g,=-g
Arch with |mp£)sed 323.8
curvaturega=g
Table 7-2: Length of the modelswith different g, values
Criteria
M odel A B C D E F G H i
Planar vertical arch with | - 6515197 | 10436933 24107370 1042618 1564838 65186 03105 6754 0
e=16,679,=0
Arch and deck with
symmetrical curvature in | 9678483 17126462 33825042 1908947 3272794 83807 19184 13217 64
plan view with e=-20g,=-g
Arch with imposed 7560372 | 14014968 50041791 1219960 2249556 161048 52125/ 40536 | 34
curvaturega=g
Planar Planar Planar Planar Planar Planar Planar Planar
Minimal values vertical vertical vertical vertical vertical | vertical vertical vertical
arch with | arch with | arch with | arch with | arch with | arch with| arch with | arch with
e=16,67 e=16,67 e=16,67 e=16,67 e=16,67 | e=16,67 | e=16,67 | e=16,67

Table 7-3: Efficiency criteriafor different g, values, considering the length of the elements
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7.5 PARAMETER DISCUSSION

The parameter discussion has been already expodbe iprevious sections. In this section the
main conclusions and explanations are exposed:

» ltis convenient to employ a planar vertical anctoider to reduce the total stresses in the
bridge and improve both, the in-plane and out-afipl behavior of the arch.

» Employing an arch with a large curvature in plagmwis only interesting when desired to
reduced torsional moments in the arch.
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8. CONCLUSIONS

The most efficient model for spatial arch bridgeshva curved superior deck sustained by a
planar vertical arch is displayed in Figure 8-1.

The variables are detailed in the previous seci@musthe bookmark.

The anglep for the strut distribution is measured taking eference the model obtained from
equal divisions of arch and deck (explained inisad).

4,

from L/6,67 to L/4
0,81*f

F

0,28*L

&y

e=fromg/1,3 to g/1,1

0,28*L

T NS

Figure 8-1: Most efficient model for spatial arch bridgeswith a curved superior deck

8.1 Parameter conclusions

e andp are key parameters for spatial arch bridges witluraed superior deck sustained by a
planar vertical arch.

Regardinge, whatever the deck curvature, the valué gthe stiffness of the strut-deck system or
that of the arch:

* Results for all the different indicators are lowoagh in the range of/1,3<e<g/1,1,
approximately in the range in which there is thmesaumber of hangers at each side of
the arch.

» Given ag value, in the rangg/1,36<e< g/1,2 the internal forces in the whole bridge are
reasonable.

» The valuee=g/1,2=0,83) is the most efficient value for the arch/ecceityrim plan view
according to all of the studied efficiency indiamtoFor this value internal torsional
moments in the arch and the deck under a uniforok dead are minimal and the
maximal in-plane and maximal out-of-plane displaeata acquire the same value

* e=0/1,2=0,83 is at a distance of approximately 0,28L of lengid at 0,81F of height of
the springings of the arch (Figure 2-1), whatewerg value. It is a key point to control
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the arch behaviour, since at this point controllthg out-of-plane behaviour is most
critical. Therefore, it is the most efficieatvalue because it obtains the stiffest struts at
this key point.

* For highgvalues, ie: when spatial behaviour increases nthgeince ofeis larger.

» The higher thé value, the higher the importance of choosing ayadte e value.

» Regarding the stresses in the arch, the influeheenploying a stiff strut-deck system is
lower for values o€ betweerg/1,30 andy/1,20.

Regardingy:

» Depending on the stiffness of the strut-deck systemight be worth or not adjusting the
value ofe.

» v=0is the most convenient value, since it stiffdresstruts at key poinesg/1,2.

* Increasing the verticality of the struts by inciagghe vertical distance between the arch
crown and the deck mid-spav),(decreases the efficiency of the system, sinoceitase
the length of the struts and thus decreases fttiffiress.

» For an efficiente value,v has a significant influence in the internal forcstsesses and
mass of the bridge. However, most important isoiatrol e.

Regarding

* Whatever the value df, values off between L/6,67-L/4 give a negligible difference of
the total mass of the bridge, so they can be cersiblwith an equivalent efficiency.

* Employing a vertical rise f>L/4 for the arch is metommendable.

» The range of adequate valued &r SABs is smaller than for g=0.

Regardindg3

» Itis convenient to employ a convergent distribatad struts (ie: a distribution of struts in
which each strut axis elongation converges aboeaétk with its symmetrical), in order
to reduce the total material employed for the k#idg spite of being the longest ones.
Controlling key points proves to be more efficighain verticality or stiffness small
variations.

» A smallp variation leads to an important mass variatiorer&fore g is a key parameter
for the efficiency of SABWCSD.

Regardingz

* From a structural point of view, it is convenieatamploy an intermediate deck crossing
the arch at 0,28L, if the ground is strong enoughbear horizontal loads. If this
intermediate deck position cannot be obtained drmtet are no ground limitations,
employing a superior deck is more efficient thanrderior one.

» Employing a middle deck improves the in-plane banavof the arch, but not the out-of-
plane behaviour, causing a displacement increaspaat center. This behaviour has been
studied with a linear analysis, but a geometricalyn-linear parametrical analysis
(GNLPA) has not been conducted. The described aermis should be verified with a
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GNLPA due to the described large displacementsi®@iodel which has shows a stress
reduction..

Regardingga:

If employing an efficient value oé, it is convenient to employ a planar vertical arch
(ga=0) instead to a curved in plan arch in order thuoe the total stresses in the bridge.

8.2 Efficiency criteria conclusions

Regarding the different comparison criteria whi@vé been studied in order to decide the most
efficient value of the different parameters:

It has been demonstrated that, for spatial aragbs with a curved superior deck, given
a certain stiffness of the bridge elements, comgatiie maximal displacements of the
arch is always equivalent to comparing the totatsnaf the bridge. Therefore, for this
bridge type, reducing the maximal displacementhefdrch is equivalent to reducing the
total mass of the bridge.

It is remarkable that for efficient parameters $%Bs with a planar vertical arch with a
superior curved deck, the out-of-plane maximal afidplacements have a similar value
to in-plane maximal arch displacements. This isirapke and representative enough
criterion for easily evaluating the efficiency ofnaodel without doing a parametrical
study.

Given anf and cross-section values of the bridge, redudiegdtal bending moments of
the arch, ie: tending to its antifunicular underrpanent loads, is also a valid criterion to
reduce the total mass of the bridge.

When studying the stiffness of the system, thd totess of the bridge must be compared.

It must be noted that the mass of the bridge cammesleading criteria in order to choose
the most efficient parameters if it is not corngeinployed. Two different procedures can
be defined to employ this criterion correctly:

0 the cross-sections of the different elements shbeldarefully chosen in order to
minimise the mass of each specific studied modely @en can the masses be
compared, regardless of employing or not the saamaeters for the different
elements.

o Fix the diameter (for CHS) or width and depth (#ox girders) under an
aesthetical criterion and only vary the plate thieés when dimensionening the
cross-sections.

In order to obtain the most efficient parameteugak linear analysis is enough in all the
studied cases, except for the z parameter, whéggdn intermediate and superior deck
SABs where compared. For this case study a fuglkemetrically non-linear analysis

should be conducted.

The geometrically non-linear behavior can be oletia Chapter VI. C.
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8.3 Critical loading combinations conclusions

Regarding the critical loading combinations it haen proved for the different parameters and it
can be clearly appreciated in Figure 8-2 that,dmgarison with a planar vertical arch with a

straight deck (Figure 8-2a), asymmetrical loadimpalf the deck loses importance for SABs with

a superior curved deck (Figure 8-2b).

The higher the importance of the out-of-plane bairasf the arch, the lower the influence of an
asymmetrical uniform live loading on half the desgan [a, Figure 1-2).

The worst loading combination in ULS for the moliceent model described in Figure 8-1 is Al
except at springings and approximately aroupt8lwhere the worst loading case is A2 (Figure
8-2b).

180

—— HIPA: COMB uniform live load 100 &

~~~~~~~~~ HIPA2: COMB asym live load

140

----- HIPA3: COMB central third live load

=+ = HIPB: Comb uniform temp variation

HIPC: COMB live load+temp

= = =HIPC2: COMB asym live load+temp

----- HIPC3: COMB central live load+temp

. Y Wb
PPt A N e [FSvACTT ALee |
ST e .i«" pr 1
RS

(a) (b)
Figure 8-2: Stressesin the arch caused by different loading cases combination for (a) a vertical planar
arch with straight deck, with g=Om and f=20m (b) model described in Figure 8-1, with curved
superior deck g=20m, f=20m, e=16,67m and convergent struts. In both cases the reference model
cross-sections (Table 1-1) are employed and the abscissasarethearch length from0to L A
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9. FUTURE LINES OF STUDY

The present chapter can been further researcheddreg antifunicularity, cross-sections and
struts distributions. Several possible lines oflgtare detailed in the following lines:

» Stiffness analysis distribution with more crosstgers.

» Parametrical analysis of the struts distributionaamtrating the struts in the area 0,28*L
of the arch and deck.

» Conduct a new the parametrical analysig efnploying geometrically non-linear analysis

* The present case study is devoted to planar vedrch bridges with a curved deck. A
study of arch in plan view curvature has been cotatl to determine which arch shape
is nearer to a more efficient solution (sectibn A next step would be to study the
optimale value for each shape, determine the antifunicdaution and compare the mass
variation of the most efficient solution with theost efficiente in each case in order to
determine whether finding the antifunicular shapevorth the mass variation it implies.
However this last step involves developing a saftwahich is not contained in the scope
of this thesis since it has been developed in ptesvivorks, and it is also not necessary
for the objectives of the present thesis since phesent case study is enough to
understand the structural behaviour and deternarg @esign criteria.

* It has been proved that for planar arch bridgesribst efficiente value is independent of
f. The relationship of e* is always approximately&¥6 of the value of f and g. If we
were working with antifunicular arches the planwiand longitudinal view geometries
would be coupled and we would not be able to destiree statement. For future lines of
study we recommend first to fix the recommendedgmesriteria for planar vertical
bridges in the present and find the antifuniculghalf the differences o the mass of the
dimensioned bridge are negligible, planar archesbeaemployed and further researches
are not necessary. If not, another parametricdlysior e would be necessary, finding the
antifunicular arch for each case, since the mosua@altee value might change when
employing antifunicular arches for a specffialue.

e The arch maximal displacement, not consideringehgth of the structure or not, is not
minimal for this same value, but for the model watlsuperior deck witfez=20m (H in
Table 6-1land Table 6-3). The fact that the displacemen¢rigitdoes not give the same
results as the stress criteria confirms that aalirenalysis is not enough in order to
determine whiclz value is the most efficient. Therefore this stiglpot definitively valid
its validity must still be verified with a non-liae analysis.
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1. INTRODUCTION

There are no existent research studies for thelingckf SABs or geometrically non-linear

analyses including imperfections. Only some papétsuckling calculations for specific SABs

have been found (Zickis and Cypinas, 2003). Theeefthe state-of-the-art of buckling and
equivalent imperfections for planar vertical arcfdfpes with a straight deck is detailed in the
following lines and specific highlights for the fifences expected in SABs are commented.

2.  BUCKLING

SABs have been explained to be submitted to impbkanding moments (Chapters IV and V).
However, lateral torsional buckling due to bendimgments is not considered in the present
research. It is not likely to take place, sincesebb cross-sections with enough diaphragms to
avoid distortion are employed. Torsional bucklieguysed by compression buckling in-plane of
the arch with two elements, such as in a doublb, duackling in opposite directions) is also
disregarded for the same reason. When employiniffecioss-section formed by two frame
boxes (Table 1-1 of section 1.6 of Chapter V. Bg frames are considered stiff enough for
torsional buckling not to take place.

Plates are considered thick enough to avoid logeklng.

Therefore, the present state-of-the-art and rekeatudy are devoted exclusively to
compression buckling.

2.1 Codes

The loading distribution for which Ncr is given Hurocode 3 (EC3, 2006) Part 2 Annex D3 is
not clearly stated, but, according to Figure D.4E@3 and to the formulation in Galambos
(1988), it is for a uniformly distributed verticllad in the whole deck length.

EC3 Part 2 Annex D3 employs the following formulaecalculate elastic buckling for arches:

Arch in-plane buckling

T

N, = (E)Z ‘EI,  Eql

N is the critical buckling axial force at arch syyiimg

sis half the length of the arch

Ely the in-plane flexural stiffness of the arch

S is the buckling length factor

Through the factop the following characteristics of the bridge aresidered:

e Bearing conditions and buckling shape (it must kenarked that there are no
coefficients in table D4 of Eurocode 3 Part 2 Ankfor fixed bridges and symmetric
buckling. Therefore not all the buckling shapes arah types are covered).
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« If the deck behaves as a tension tie and has féeXibngers, it is considered: the
number of hangers and arch rise related to thgétiehgth and arch shape

A factor K is calculated as a criterion to prevemap-through.

In the case of SABs with curvature in-plan snapaigh should also be verified in the
horizontal plane. However, a system controlling-afuplane forces is always necessary and
snap-through is not expected to take place in SABs.

Arch out-of-plane buckling

Ngp = (l

2
ﬁ.l) El,  EQ2

N is the critical buckling axial force at arch syyiimg

| is the arch span (projection length)

El, the out-of-plane flexural stiffness of the arch

S is the buckling length factor

Through the factop the following characteristics of the bridge aresidered:

e Thef/L relationship

e Arch cross-section flexural rigidity (1z): constamtvariable

» Inferior or superior deck and the load taken by strats or hangers in relation to the
total load

* There is a specific value @fif the arch is circular with a radial loading

* Arch bracing is considered if there is more thaa arch

The codes do not consider the stiffness of the dackstruts or rigid hangers. It is stated in the
codes that the out-of-plane buckling factors amefifee standing arches. However, fint is
considered whether the deck is inferior or supeaaitd the load taken by the struts or hangers in
relation to the total load as stated above, sovéthge given by the code is not expected to be
exactly for a free standing arch loaded itself wite whole load. It seems that the codes might
not be considering a certain arch-deck interactian,it is not clearly stated and the results in
V1. B prove that it is not efficiently considerenl $ome cases.

It must noted that this formulae are for elastickhimg and this value does not consider residual
stresses, load eccentricity variations or impeid@st To consider them for other structures
buckling curves can be employed but there are rkling curves for arches, non-linear
analyses should be hence conducted (see sa&gtion
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2.2 Research

Compressive axial forces buckling

Earliest arch out-of-plane buckling formulae tréla¢ slenderness of the arch as a straight
column under uniform compression with identicalsssgsection and with the arch length equal
to the column length. They consider a free-standirah, with no influence of the deck and

hangers/struts.

Galambos (1988, p578) summarizes in a table tHerdift studies (Austin and Ross, 1976;
Kollbrunner 1936 and 1942; Timoshenko and Gere 1196 determine the critical in-plane
buckling load of parabolic, antifunicular or ciraularches under a uniformly distributed loading
and with either fixed springings or 2-pinned or iBAed arches. Studies for vertical
asymmetrical uniform loadings from Chang (1973) &tatrison (1982) are also exposed in
Galambos (1988, pp579,583 and584). Galambos alssepts the aforementioned formulae
employed in the EC3.

Timoshenko and Gere (1961) conducted studies df iarplane and out-of-plane buckling for
circular arches with radial loading applied dirgotin the arch, also described in Galambos
(1988, p594) and Bergmeister et al (2009, p149).

The arch in-plane buckling is usually controlled the stiffness of the deck and struts or
hangers, so formulae for in-plane buckling of fstending arches are not applicable. The out-
of-plane buckling will be influenced by the bearitwnditions and the stiffness of the strut-deck
or hanger-deck system will also have influencénadut-of-plane buckling of the arch, so these
formulae are incomplete.

According to Petersen (1980) it is important to sidar the buckling for the asymmetrical
loading.

The necessity to include material non-linearitiexl amperfections to obtain an accurate
representation of of arches was recognized in Japaie end of the 1970s. Column curves
were proposed by Sakimoto et al (1990) based oararpnts (Spoorenberg et al, 2012). Their
applicability was limited to arches with square lbwl sections and and rise-to-span ratios
between 0,1 and 0,2 and free-standing arches. Sintieese Japanese studies the arch was
treated as a straight column under uniform comprassith identical cross-section and with
the arch length equal to the column length, the-tdsspan ratio of the arch was considered to
be of minor importance. However earlier theoretstaidies than the described column curves
already revealed the importance in arch bucklingroh-to-span ratio. Citing Spoorenberg et al
(2012): “This was recognized by Ppangelis and Tiralvho performed experiments on arch
buckling” (...) “According to Pi and Trahair and Bnd Bradford the arch slenderness was
defined as the square root of the ratio betweenptastic capacity and out-of-plane elastic
buckling load, taking implicitly into account thegmetric properties of the arch”.

Ostlund (1954), Godden (1954) and Shukla and Ojél9d1) conducted studies of out-of-plane
buckling for parabolic arches with loading applied hangers and struts, also described in
Galambos (1988, p601) and Bergmeister et al (20090). Another study of arch out-of-plane
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buckling, which is more recent and complete, bus ispecific for open profiles, is Kang and
Y00 (1994), described in Bergmeister et al (2009).

There are several studies for braced arches (Gawni®88, p601): Tokarz (1971), Ostlund
(1954), Almeida (1970), Kuranishi (1961) and Sakionand Namita (1971).

Bergmeister et al (2009, p153) consider the tramsvstiffness of the deck to calculate the out-
of-plane buckling load of planar vertical archeghwan inferior straight deck longitudinally

pinned (Eg3). Horizontal springs are employed todehothe stiffness of the deck and a
coefficient (Eq 3) is calculated to modify the aifitplane buckling load obtained by the

Eurocode 3 (Eq 2).

Z'Elarc
Ger = (F2272) - Ay, 1) Eq3
where:

B (11, 4,) is defined in Figure 2-1

A= Eqg4

Ay = { Eq5

4.5 5 5.5 & 6,5 7 1.5

oo
o
¥

I D I-'I"“".

Figure 2-1: B values according to Bergmeister et al for Eq3. Fige extracted from Bergmeister et al
(2009, p153)

Considering equations from 3 to 5, the EC3 modiégdation is:

e 2,
NEC3 modeled(Al’Az) _ (n Elarch) L4101 Eq6

“ 12 B2 B3’
where:
B, is defined in Eurocode 3 Part 2 Annex D3 Table D7
B3 (41, 4,) is defined in Figure 2-2

A, andA, are defined in Egs 4 and 5, respectively
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A

Logghy

Figure 2-2: B;, values according to Bergmeister et al for Eq3. Fige extracted from Bergmeister et
al (2009, p153)

Correia (2006) developed a simplified method tosider imperfections and®2order effects to
calculate the out-of-plane buckling load for bowrsj braced double arches. The stiffness of
the hangers is also considered and the deck isdewad “infinitely” stiff.

For a same load SABs stand lower axial forces ttamtical planar arch bridges with a straight
deck, so compressive axial force buckling is exgbdb take place for larger load values.
However, bending moments increase, so buckling ntigppen for lower loads. It is therefore
not clear whether elastic buckling critical loadsl Wwe higher or lower in comparison with

equivalent planar arch bridges with a straight wtk same span. Elastic buckling of both
bridge types will be compared.

For planar vertical arch bridges with an inferitraght deck a useful simplified formulation
would be the one described by Bergmeister et @d9p@ obtain elastic out-of-plane buckling
and compared to the elastic buckling results obthwith the buckling analysis of a FE 3D
frame model. Eg2 (section 2.1) of EC3 is expeabeokt more conservative since hangers have a
stabilizing effect.

For planar vertical arch bridges with a superioaight deck EC3 formulation (Eq 1 and 2 of
section 2.1) will be employed to obtain the simptif load of critical elastic buckling and
compared to the elastic buckling results obtainét ¥he buckling analysis of a FE 3D frame
model.

According to Petersen (1980, p601) antifunicularhaboridges can already buckle under their
self-weight. In 3-pinned arches (pinned at spriggiand with an articulate joint at span center),
the buckling form is symmetrical for f40,3, and antimmetrical for larger f/L values.

Petersen separates the loads into two types: thitds@ “reliable direction” which mantain their
direction in spite of the structure deformation ahdse with a non-reliable direction, which
change their direction according to the deformati@atersen, pp603-604). When considering
the whole system instead of the free-standing ardh clear that the loading system of the arch
changes from having a reliable direction to a reliable direction. This means, that not only
has the hanger or strut deck system an importéloeimce due to its stiffness contribution but
also in the fact that the direction in which thede are transmitted to the arch changes
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according to the deck and struts/ hangers own oiglftion. Hence the hanger/strut and deck
system can have a stabilizing or destabilizing atffen the arch buckling as shown in for
inferior and superior deck, respectively (Bergnegist al, 2009 and Petersen, 1980).

TN \\\\ >
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R

(@) (b)

Figure 2-3: Effect of the deck vertical position orarch buckling (a) Inferior deck stabilizing effect
(b) Superior deck destabilizing effect. Figures exacted from Bergmeister et al (2009, p150)

2.3  FE software: elastic buckling

Only axial forces are considered in a FE softwéastee buckling analysis, since the buckling is
obtained from the autovalues which make the detentiof the following matrix null:

F={R,+K,}-D Eq7
where:

K, is the stiffness matrix

F is the vector of internal forces
D is the vector of displacements

Kg is the geometrical stiffness matrix, which is nimdl in every iteration when
geometrically non-linear effects are consideredmibdifies the stiffness of the
structure according to the variation of the positichere the axial force is applied:

K;-N-G Eq8
where:

N is the axial force value
G is the geometry matrix

However, bending moments also contribute to defivnstructure and therefor& rder
effects will be due to both, imperfections and tiext bending moments.
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3. IMPERFECTIONS AND GEOMETRICALLY NON-LINEAR
ANALYSES

Euler buckling accounts for the equilibrium bifutioa and it is meant for “perfect structure
It is elastic bucklig and does not include geometrically -linear effects, neither plasti
neither local crossectional imperfections, ¢centered loads, global imperfections, nor resi
stresses.

To model these effectanperfections and residual stresses shoulintroduced. An equivalel
imperfection can also model imperfections and redidstresses. A geometrically r-linear
plastic analysis can lead to results which are evetw reality than elastic buckling. T
imperfections will highly influence the georrically non-linear elastiglastic behavio

31 Codes

The Eurocode 3 (EC3) Part 1.1 chapter 6.3.1.2 displayskling curves for compress
members obtained empirically, including imperfestioand residual stresses. re are no
equivalent bucklingurves for arch bridge Therefore, in order to do an ascurate as possit
geometrically norinear analysis when residual stresses are not lemdd¢he coded
imperfectionsin EC3 Part 1.1 chapter 5.. shouldbe employed following the first mode
buckling shape as statdd Eurocode 3. Thesémperfection values are expected to
conservative.

Moreover, this part of the code is specific forldmgs. Therefore, tt specific values fo
imperfections imrches in EC:Annex D.3.5 are also employed toeck the sensitivity of SAB
to imperfections.

The in-plane imperfection® conside for arches, ecording to the code EAE 22.3.4 and |
Annex D.3.5 Table D.8 aghown inTable 3-1.

[§¥]

3

e ¢q according to classification of cross section to

/m\ shape of imperfection buckling curve

N, .

\ sinus or parabola) ‘
' ( P ’ a b C d

\. /:“ {T‘“x ==tw| s | s | s | s
< |2 | e | 300 250 200 150

[

600 500 400 300

Table 3-1: Shape and amplitudesfor in-plane buckling of arches. Table extracted from Table D.8 of
EC3 Annex D.3.5
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The out-of-planeémperfections to consid for arches, ecording to the code EAE 22.3.4 ¢
EC3 Annex D.3.9able D.9 are shown iTable 3-1.

g according to classification of cross section to

shape of imperfection buckline curve
K11 e

(sinus or parabola)

a b C d

~J

I/
I

: - - -
’_\ {=20m § : § -
. 300 250 200 150
m
__ﬂ__l____ (=20m { ¢ { {

‘ ' ' (,=420¢m] | 300 | 250 | 200 | 150

m L iz ! vz |

Table 3-2: Shape and amplitudesfor out-of-plane buckling of arches. Table extracted from Table
D.9 of EC3 Annex D.3.5

3.2 Research

Outtier et al(2007) have developed an analytical method to tatielth¢ equivalentout-of-

plane imperfeedbns of a constructed arch bric. Srains are measured by means of ga and

a detailed analytical model was developed. Compaitie stresses in the model and the «
obtained from the strain measurements an equivatgrgrfection was calculated anppeared
to be approximately L/1000, for L the arch s| In asequel paper (De Backer et al, 2( they

calculate the buckling loacof different variants of the aforementionbddge and also four
other bridges examplemmploying the calculated imperfeons out-ofplanewith a sinusoidal
deformed shape. A curve is plotted with the resatid it is compared with the buckling cun
of EC3 Part 1.1 chapter 6.3.1

Manzanaes et al (2011) also plot such curves but for plagnand hinged arches and emgng
a cosine function for the deformed shape-of-plane and a maximal imperfection L/1C
additional toresidual stresseResidual stresses are introduced in their modékheuequivalen
imperfection to residual stresses is not giventideiis a relation between stresses cause
the geometrical imperfection and residual streggesn. Obtaining sich a value would b
interesting It could then b evaluatedwhich part of the coded imperfections should
considereds residual stresses for different bridge typescaosi-sections.

The results from De Backer et al (2009) and Maares et al (2011) are all above curv It is
concluded thathe coded buckling curv are conservative for archespa according to tr
crosssection, as stated in De Backer et al (2009) chrsieould be employe

For planar vertical arch bridges with a straigheiior deck (bow-tie) anda triangular hange
distribution, De Backer et al (2009) demonstratat tbuckling is highly influenced k
employing POT or neoprene bearings and the shageh@ndirection and the direction of 1
geometrical out-oplane imperfection

Manzanares et gP011) also compartheir results with critical stress values out-of-plane
buckling for parabolic hes with uniformly distribud vertical ultimate load obtained by
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Sakimoto and Komatsu (1977, referenced in Manzanetreal, 2011), relating the arch cross-
section shape factor to the proportiogigg (where q is the uniformly distributed vertical
ultimate load obtained with a series of non-linekmstic—plastic analyses anglthe uniformly
distributed vertical load that produces yieldingdmynpression in the extremes of the arch when
a first order study is performed). They obtain &mcurves. An interaction surface with the
parameters #},, L, and the shape form for hinged and clampedeardims been adjusted
Manzanares et al (2011). It enables the size otble to be calculated when considering lateral
buckling. An analysis of the “lg/q,” graph indicates that the results are similar hose
obtained in EC3 (Part 1.1 chapter 6.3.1.2) fortthekling curves)-1,), although in EC3, the
imperfection factor influences the results, whitsManzanares et al (2011) the results depend
upon the shape factor.

According to Manzanares et al, 2011hé real ultimate lateral strength of the arches is
calculated and confirms that, previous to the finallapse of the structure, a disproportionate
increase in the arch centre lateral displacementuns, which constitutes a clear sign of the
breakage by lateral bucklirig

For planar vertical arch bridges with inferior gjfa deck a useful simplified formulation would
be the one described by Bergmeister et al (2008ptain elastic lateral buckling and it should
be modified according to the buckling curad¢o consider residual stresses, imperfections and
2" order effects, according to the results of Outieal (2007) and Manzanares (2011). This is
still expected to be conservative.

In the present research a benchmark has been gedglchapeter Ill. B section 2.5), employing
the program SAP2000 v14 which is used for the mrtesesearch. It confirms that the coded
imperfections in EC3 Part 1.1 chapter 5.3.2 aresepsative for a straight beam with respect to
the buckling curves of EC3 Part 1.1 chapter 6.3.1.2

Since according to Backer et al (2009) bucklingvearin EC3 Part 1.1 chapter 6.3.1.2 are also
conservative for arches, the imperfection code&@8 Part 1.1 chapter 5.3.2 is conservative
when developing an equivalent buckling cuiz€3 Part 1.1 chapter 5.3.2 calculation method
can be safely used for arch bridges and will be smiered valid for SABs in the present
research

Manzanares et al (2011) modeled residual stressed-E mode and considered a L/1000 out-
of-plane imperfections value. This means that arvadent imperfection would be larger than

L/1000, value obtained by Outtier et al (2007).c8ionly one example (for the specific case of
a bow-tie hanging of two braced arches with a gudar hanger distribution) was calculated by
Outtier et al(2007) and no further equivalent infipetion values calculated to match real

measured strains have been found in publishedrdses it will be considered that the minimal

and maximal imperfection values to employ in thespnt research are:

Min e0={L/1000;e0 from EC3 Part 1.1 chapter 5.2@;from EC3 Annex D.3.5}

Max e0={e0 from EC3 Part 1.1 chapter 5.3.2; e0 fE&@8 Annex D.3.5}
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Considering the state-of-the-art of buckling a getrivally non-linear analyses of arch bridges,
the buckling analyses of spatial arch bridges witturved superior deck and a planar vertical
arch have been conducted and a study has beeredeieohon-linear analyses of spatial arch
bridges with a curved superior deck and a plangicat arch, employing different imperfection
values. The objective is to evaluate the buckling geometrical non-linear imeprefections
sensitivity of this bridge type, in comparison tarar vertical arch bridges and in relation to
different parameters.

These two research studies are detailed in thewoily different sections B and C in the present
chapter.

3.3  Built examples of imperfection employed values
There are hardly no published construction impéidaaneasures as far as the authors know.

The values of the Dreilanderbriicke spatial arcldari(Figure 3-1a) have been provided by
Leonhardt, Andrd und Partner and reach a value3ain® for vertical displacements at the
arches crowns, considering assembly in workshopeasction values.

This was considered negligible for the bridge gtriad calculations, in which an in-plane
imperfection value of 300mm was employetiowever, the 300mm include the equivalent
imperfection of residual stresses. If 83mm are iclamed as constructive imperfections out of
300mm, the off-centered loads and residual strdsmes a value of (300-83)=217mm, which is
very large according to usual experience. Therethiee coded imperfections can be considered
conservative. However, the usual comparison wtsatarried out in the construction control of
“measured imperfection value”<"imperfection valuenployed for calculation”is not always
reliable. This control procedure needs to be coded.

The Dreilanderbriicke consists of a double verste¢l arch and an inclined steel arch braced to
the latter. The arches have 229,4m span (L) andnarise (f), which is equal to L/11,5. The
middle deck hangs from the arches 196,2m (spaby.iheans of a hanger system for each arch
anchored to the deck edges (Figure 3-1a). Theateee the deck is f'=14 m, equivalent to
L'/14. The 83mm vertical imperfection value is ebjeal '/2364= f/169=L/2764=f/241.

" according to DIN 18800/2, section 6.3 Tables 23 2h¢values equal to those stated by EC3 Part 1.1
chapter 6.3.1.2 buckling curves, curve b for al éinches). Out-of-plane a 250mm value was employed.
Both of these values are based on the span ofttielthnging from the arch (ie: measured in betwien
points where the deck crosses the arch).
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(a) (b)

Figure 3-1: (a) Dreilander bridge (b) Nijmegen bricdye (both images reproduced by kind permission
of Hans-Peter Andrd

A planar vertical arch bridge example is the Nijeedridge (Figure 3-1b). It has a steel arch
with 285m span (L) and a 60m rise (f), which isadgo L/4,75. The inferior deck hangs from
the arch by means of a double hanger system arcclabbe deck edges. The hangers of each
hangers-system criss-cross once. The maximal cmtistn vertical imperfections of the arch of
the Nijmegen bridge have been also provided by headt, André und Partner. They have a
value of 38mm near to the span centre, 34mm atoappately L/3, 33mm at one of the
springings and 10mm at span center (Figure 3-2& 38mm maximal vertical imperfection
value is equivalent to L/7500 and approximatels&Q.

The EC3 establishes values of a total in-plane ifepgon of L/500 for buckling curve b. This
would give an imperfection of 570mm for the Njimneagbridge. If 38mm are considered as
constructive imperfections out of 570mm,, that vdoodean that load eccentricity variation and
residual stresses have a value of (570-38)=532ninichas very large.

Out-of-plane imperfections are often not measurea@dnstruction control and no data have
been obtained.
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Figure 3-2: Measured imperfection vertical values lng the axis of the Nijmegen Bridge
(Reproduced by kind permission of Hans-Peter Andr&)Vertical axis in mm, horizontal axis in m,
origin at the bridge span center
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4. CONCLUSIONS AND FUTURE LINES OF STUDY

The hanger/strut and deck system can have a gtabilor destabilizing effect on
the arch buckling

Codes and research give buckling formulation bethypothesis under which these
formulae are valid are no clearly stated and nbtcases for arch bridges are
included.

There are no equivalent European buckling curvesafoh bridges. According to
several researches, the coded buckling curvesrocBde 3 Part 1.1 chapter 6.3.1.2
are conservative for arches.

The values of the imperfections and geometry foh &ridges in order to conduct a
geometrically non-linear analyses can be obtainetvo different ways according

to Eurocode 3 (EC3): as complex structures with geemetry based on the
buckling shape (EC3 Part 1.1 chapter 5.3.2) oriBpaity for arches (EC3 Annex

D.3.5). The latter separates in- and out-of-plamgeirfections.

0 Buckling curves in EC3 Part 1.1 chapter 6.3.1.2carservative for arches
(Backer et al, 2009)

0 coded imperfections in EC3 Part 1.1 chapter 5.82canservative for a
straight beam with respect to the buckling curve&E©3 Part 1.1 chapter
6.3.1.2 according to the benchmark developed iptasent study.

0 Therefore,EC3 Part 1.1 chapter 5.3.2 calculation method cae bafely
used for arch bridges.

There are hardly no published construction impéidacmeasures as far as the
authors know.

When imperfections measured in the constructianasie compared to those stated
by the codes for the design analyses, the differeamould correspond to residual
stresses. However the value is very large, codgerfactions might be far too
much on side of security. Empirical studies shdadaconducted.
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1. INTRODUCTION

1.1 Previousconsiderations

It is noteworthy that, for the studied bridge tygieere is no buckling design criteria and, for arch
bridges, there is also a very little number ofalgie formulations and not all the cases are
covered.

A detailed state-of-the-art of the stability of laes can be read in chapter VI. A section 2.

The formulation of Eurocode 3 (Part 2, 2006) doatsconsider the hanger or struts’ distribution
possibilities, nor the arch inclination, nor thecklstiffness, nor the imperfections nor the second
order effects, neither the case of non-planar atche

Recent research studies to obtain the bucklingileeldde the rigidity of the declBergmeister et

al, 2009 and others the imperfections and second ordectsffA. A. Correia, 2006)However,
they are specific for vertical, planar arch bridgdgh a straight inferior deck and for certain
bearing conditions. A formula which considers thdgéerent criteria at the same time has still
not been developed and buckling curves have bemregrto be too conservative (De Backer et
al, 2009, and Manzanares et al, 2011). Moreoveratbhrementioned formulations are for arches
with hangers and for a vertical loading containedhie arch’s plane. But SABs undergo out-of-
plane effects already for vertical loadings. Thades or struts might not even be in the plane of
the arch and the arch might also not be containedplane. For SABs employing a planar arch,
buckling is expected a priori to take place in bpiimes (in-plane and out-of-plane of the arch).

It is expected that buckling has a relationshiphlite following values:

* Axial forces in the arch

» Displacements in the arch and deck
* Arch stiffness

» Deck boundary conditions

» Deck stiffness

e Struts stiffness

They are all related to the geometry of the bridge the stiffness of the different elements.

A priori it is impossible to determine whether ttheck has a stabilising or destabilising effect in
SABs because:

e tis not clear whether the arch will buckle in+paor out-of-plane
« if the hypothesis of out-of-plane buckling is made:

0 The struts have different inclinations in differembss-sections of the bridge and
they will have a stabilising effect in one directimf the buckling and a
destabilising effect in the other direction. Thetdilizing effect is larger due to
the increase of the struts’ inclination in thaiediron (Figure 1-1).
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o0 As in the case 0§=0, the stabilising effect cannot be reliably statsidce the
deck will move with the arch. Figure 1-1 or theufigs shown in chapter VI.A for
various researches fge0 (Bergmeister et al, 2010 and Galambos 1988)natre
considering the movement of the deck and its bgadonditions that might
change the hypothesis that its effect on the atobrmemploying a superior deck
is destabilising. Fixing the transeverse moveménhe deck would be expected
to have a stabilising effect.

Figure 1-1: Stabilising or destabilising effects of strutson SABs

The present study does not pretend to obtain afspémrmulation, but to give an idea of the
elastic buckling behavior of this bridge type ankether it will be conditioning for the design.
Imperfections are not considered in the presentpteha A further research including
imperfections is conducted in chapter VI. C.

The elastic buckling loading and shape is obtaifteda series of 3D FE frame models with
SAP2000. Two of the models have been comparedegitiivalent models analysed in SOFISTIK
and ABAQUS and equivalent results have been oldaine

For spatial arch bridges with superior curved dé€8KBWSCD) and a planar vertical arch, a
broad study has been conducted. It is based omresiudts of chapter V. B. The influence different
parameters on the buckling shape and loading iyseth

In order to understand the behaviour of these arctdferent frame 3D models have been
developed and analyzed with commercial softwarepas$ of a set of thorough parametric
analyses (parameters described in section 1.2)de&sribed in the parametric study analyses
(chapter V. B), the deck plan curvature is measaretorizontal sagy), the arch rise is callefd

the arch/deck eccentricity in plan viewgsthe distance between arch and deck at span denter
and the arch and deck spans bgg and Lsp respectively and are considered equal (L) in all
models.B is the longitudinal inclination of the struts ielation to the reference distribution
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obtained by dividing the arch and deck uniformly adjal distribution,

W

Figure 1-2). Please employ the bookmark to seethasameters in the figure.

In section 4.3, a case study for inferior deck asdldges with imposed curvature (IDABWIC,
defined in chapter 1V) is also conducted.

Planar arch bridges are also analysed and thetgesfuthe buckling loads are compared with
equivalent SABs with the same span (L) and the sasee(f), with the results obtained for the
aforementioned formulations.

As mentioned in section A2.1 of the present chagtethe loading distribution for which Ncr is
given in Eurocode 3 (EC3) Part 2 Annex D3 is netdy stated, but, according to Figure D.4 in
EC3 and to the formulation in Galambos (1988) (camied in section 2.2 section A of the
present chapter), it is for a uniformly distributesttical load in the whole deck length. Therefore,
in the present research the criteria that Ncr ésléngest axial force value in the arch under a
uniformly distributed vertical loading on the whaleck length has been adopted. The loads are
detailed in section 1.4.

1.2 Studied parameters

Based on the results of the parametric analysebaygter V.B, the most efficiestvalue (please
check the nomenclature of the figure in the bookntor the maximal deck curvatuge=20m is
employed for the curved superior deck SAB modelthefpresent buckling study.

The influence off on the arch buckling is analysed (Figure 1-3)wa#l as the influence of
employing different cross-sections, ie: influendetle stiffness distribution of arch, deck and

struts.
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The influence of angle S (

Figure 1-2) on buckling is also analysed. For sagburposd=25m and design cross-sections
values with a stiffer deck (Table 1-6) are emplgyled SABWSCD with a planar vertical arch
with g=20m ande=16,57m.

The reference model employed for the strut distidiouis the one obtained from equal divisions
of arch and deck. This strut distribution is calkedadial system of struts in the present study.
Each strut axis elongation converges below the deekh its symmetrical (

Figure 1-2). These are taken as the referencetatien, considering=0 for each strut. A more
vertical orientationf{,) of the struts and a distribution of struts in gfheach strut axis elongation
converges above the deck with its symmetri@al épposite inclination to the original system)
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have also been studied (

Figure 1-2). The latter distribution is called aneergent system of struts in the present study.

The buckling of IDABWIC withg=20m andf=20m and reference cross-sections of Table 1-1 is
also analysed and compared with a planar verticdd hbridge with straight deck for different
cross-section values.

Plan viev

Figure 1-2: Geometry of g variation for L=100m, g=f=L/5=20m e=g/1,2=16,67m, v=0
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43,44

o
[e0)
o
[e0)]
o
[e0)
o
o

100

Figure 1-3: Geometry of f variation (f=10, 15, 20, 25 and 50m) for L=100m, g=20m, e=L/1,2=16,67m,

v=0

13 Objectives

The purpose of our study is:

to analyse the influence of different parametérs, (El and GJ of arch, struts and
deck on the buckling shape and loading of SABWSCD witplanar vertical arch
with g=0 andg=20m ande=16,57m

to analyse the buckling behaviour of IDABWIC witiv20m andf=20m and
different cross-sections

to compare the buckling shape and loading of SABR that of equivalent (ie:
with the same arch risé) @nd span (L) values) planar vertical arch bridgiéh a
straight deck

to evaluate the validity of different existing fanfations for the determination of
arch bridge buckling values

to evaluate the worst live load distribution for BsA\buckling
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1.4 Loading cases and combinations

The loading combinations A1 and A2 are employed tfar elastic buckling analyses with
SAP2000. These load case combinations have beesideoad according to the ultimate state
response of EC1 Part 2.

Different buckling coefficient values have beenaoféd:

The buckling coefficient. corresponds to the live load in the combination ial
» Combination Al for elastic buckling: 1,38~pl)+ a-lu

The buckling coefficien&1 corresponds to the combination Al, ie:
* Combination Al for elastic bucklingd-[1,35-(v+pl)+1,51u]

The buckling coefficienti2 corresponds to the combination A2, ie:
+ Combination A202-[1,35-(+pl)+ 1,5-1a]

In these combinations for the elastic buckling:

« wis the self-weight, with a steel weight of 76,97kRl

« plis the permanent load of 2,5kNinConsidering 4m widthpl=10kN/m

e luis a uniform live loading on the whole length loétdeck (Figure 1-4a) and

* lais an asymmetrical live loading on half the lengtithe deck (Figure 1-4b)

+ Live loads value is of 5kN/faccording to EC1 Part 2. Section 4.3.5. Considerin
3m of usage width, employing the rest of the widththe railings the value of live
loads is15kN/m.

* In the case of, the buckling analysis starts after the geomdtyicaon-linear
analysis (GNLA) of the permanent load state: 1\85p()

* In the case otil anda2, the whole analysis is elastic, ie: the elasticking
analysis starts from an unstressed state.

* The self-weight \{y) and the permanent loaglY are not scaled by the buckling
coefficienta, but they are byl anda?2.

* Note that ULS coeffcients are included in the loadd are all affected byl and
02, but, in the case of coefficient the ULS coefficient of the live load is not
included in the load, but i

(@ (b)

Figure 1-4: Load system: 15kN/m (&) on the whole length of the deck (Iu) and (b) on half the
length of the deck (la)
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1.5 Research procedure and values

The values employed in the different frame 3D msa@ee described in the following paragraphs.
Please employ the bookmark to see these paranethesfigure.

In all the models a vertical planar arch has beepleyed.
The arch is fixed at its springings. The strutsfexed to both, arch and deck.
Different bearing conditions have been consideoedhe deck at abutments:

* The deck is always pinned at the abutments.

» Transverse and vertical displacements are alwagsaiged, if not mentioned
specifically.

» Longitudinal displacements can be restrained @rtfyee (ftr).

e Torsional rotations can be restrained (rtr) or ff&g.

This comparison is conducted since it is the basifiguration for internal forces to fix
longitudinal displacements f@=20m but to free them fag=0, as indicated in chapter V. A. In
order to compare the buckling it makes sense topeseneach model at its best, but also to
compare them in identical conditions. Torsionaatioins would be considered to be restrained in
both models in practice, though for a linear analjer g=0 it is not necessary. The possibility to
free torsional rotations has been considered jsish gheoretical possibility in order to test its
influence on buckling.

For all the studies presented, the following diniems have been employed:

*  LssiLsp=L=100m;

* g=0and 20m

* e=¢g/1,2=16,67m fog=20m as recommended in chapter V.B
« fvarying from L/10=10 to L/2=50m (Figure 1-3)

« v=0

The shape of the arch is always a parabola. 16dtave been employed in all the models. The
inclination of the struts is determined by the amf division of the deck and the arch for all the
models, which leads to a radial distribution. Astestl, a study of the influence of the inclination
of the struts in longitudinal views) is conducted, considering radial, vertical andvargent
struts (
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Figure 1-2).

The material employed is steel with a 2,6-kR/m? modulus of elasticity (E).
A linear buckling analysis has been employed.

Different cross-section values have been considendccompared:

» Reference cross-section values (Table 1-1): tiffaetis of the different elements is equal
for all the models, so that buckling differencedwsen models are not due to the
employed cross-sections, but to the geometry.

» Design cross-section values (Table,IFable 1-3and Table 1-4): the stiffness of the
different elements is different for each model. Tbemparison of the buckling
coefficients is a more realistic value, since beslgvhich satisfy the ULS are being
compared.

» Design arch and struts cross-section values (Teblend Table 1-6) and a thicker deck:
the influence of the stiffness of the deck is bezngluated.

» Aless stiff deck (Table 1-7)

Reference model

L=

O

CHS D=1m; t=30mm
A= 0,0914mM
ARCH J=0,0215rh
2= 0,0108m
13= 0,0108m
BOX GIRDER 4000x800mm; t=15mm
A= 0,1431mM
DECK J=0,0615h
2= 0,2517m
13= 0,0196
CHS D=451mm;t=22,6mm
A= 0,0304mM
J=0,0014rh
12= 0,0007r

STRUTS
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13= 0,0007r!}

Table 1-1: Reference cr oss-sections

g=20m
f=10m f=15m f=20m f=25m f=50m
CHS D=750mm; t=40mm CHS D=750mm; t=30mm CHS D=750mm; t=25mm| CHS D=750mm; t=20mm
ARCH A= 0,0892m A= 0,0679M A= 0,0569mM A= 0,0459mM
J=0,0113rh J=0,0088rh J=0,0075rh J=0,0061rh
I= 0,0056nt I= 0,0044nt I= 0,0037nt I= 0,0031nt
BOX GIRDER 4000x700mm; t=10mm
A= 0,0936m
DECK J=0,0324rh
12= 0,1608r
13= 0,0100r4
CHS D=300mm;t=60mm| CHS D=300mm;t=55mm CHS D=300mm;t=35mm CHS D=300mm;t=45mm
STRUTS A= 0,0452m A= 0,0423mM A= 0,0291m A= 0,0360mM
J=0,0007rh J=0,0007rh J=0,0005rh J=0,0006rh
I= 0,0003nt I= 0,0003nt I= 0,0003nt I= 0,0003nt
Table 1-2: Design cross-section values for g=20m
g=0
f=10m f=20m f=50m
CHS D=750mm; t=32mmn CHS D=750mm; t=25mn CHS D=750mm; t=20mm
ARCH A= 0,0722m A= 0,0569mM A= 0,0459mM
J=0,0093rh J=0,0075rh J=0,0061rh
I= 0,0047nt I= 0,0037nt I= 0,0031nt
BOX GIRDER 4000x700mm; t=10mm
A= 0,0936mM
DECK J=0,0324rh
12= 0,1608rf
13= 0,0100r#
CHS D=300mm;t=50mm| CHS D=300mm;t=25mm| CHS D=300mm;t=12mm
STRUTS A= 0,0393m A= 0,0216M A= 0,0109mM
J=0,0006rh J=0,0004rh J=0,0002rh
I= 0,0003nt I= 0,0002nt I= 0,0001nt
Table 1-3: Design cross-section valuesfor g=0
g=20m,f=25m
B: Radial struts B: Vertical struts fB: Convergent struts
CHS D=750mm; t=25mn CHS D=750mm; t=25mm CHS D=750mm; t=20mm]
ARCH A= 0,0569mM A= 0,0569mM A= 0,0459m
I= 0,0037nt I= 0,0037nt I= 0,0031nt
CHS D=300mm;t=35mm| CHS D=300mm;t=45mm| CHS D=300mm;t=35mm
STRUTS A= 0,0291mM A= 0,0456mM A= 0,0291m
I= 0,0003 I= 00,0010 I= 0,0003n
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Table 1-4: Design cross-section values of the arch and strutsfor g=20m and f=25m with different

values
g=20m
f=10m f=15m f=20m f=25m f=50m
CHS D=750mm; t=40mm CHS D=750mm; t=30mm CHS D=750mm; t=25mm| CHS D=750mm; t=20mm
ARCH A= 0,0892m A= 0,0679m A= 0,0569mM A= 0,0459mM
I= 0,0056nt I= 0,0044nt I= 0,0037nt I= 0,0031nt
BOX GIRDER 4000x700mm; t=20mm
A= 0,1864mM
DECK '
12= 0,3179r
13= 0,0195r
CHS D=300mm;t=60mm| CHS D=300mm;t=55mm CHS D=300mm;t=35mm CHS D=300mm;t=45mm
STRUTS A= 0,0452m A= 0,0423n4 A= 0,0291nM A= 0,0360mM
I=0,0003n I= 0,0003m I= 0,0003nt =0,0003n

Table 1-5: Design cross-section values of the arch and strutsfor g=20 and a stiffer deck

g=0
f=10m f=20m f=50m
CHS D=750mm; t=32mmn CHS D=750mm; t=25mm CHS D=750mm; t=20mm
ARCH A= 0,0722m A= 0,0569mM A= 0,0459mM
I= 0,0047nk I= 0,0037nt I= 0,0031nt
BOX GIRDER 4000x700mm; t=20mm
A= 0,1864mM
DECK '
2= 0,3179rf
I3= 0,0195r
CHS D=300mm;t=60mm| CHS D=300mm;t=60mm| CHS D=300mm;t=60mm
STRUTS A= 0,0452m4 A= 0,0452m A= 0,0452m
I= 0,0003nt I= 0,0003nt I= 0,0003nt

Table 1-6: Design cross-section values of the arch and strutsfor g=0 and a stiffer deck

BOX GIRDER 4000x700mm; t=3mn
A= 0,0282m

12= 0,0486mM
13= 0,0031r

J=0,0099rh

Table 1-7: Deck less stiff cross-section mechanical properties
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Reference model Reference model with flexible hanger Stiff hanger-deck system mode]l

o

L |

Hangers fixed at deck and transversally
pinned at arcfiM3-3 released at arch

Hangers fixed at deck and
transversally pinned at ar@3-3
released at arch)

CHS D=1m; t=30mm CHS D=1m; t=30mm CHS D=1m; t=30mm
A= 0,0914m A= 0,0914m A= 0,0914m
ARCH J=0,0215rh J=0,0215rh J=0,0215rh
2= 0,0108r 2= 0,0108r 12= 0,0108rfi
I3= 0,0108rfi I3= 0,0108rfi I3= 0,0108r
BOX GIRDER 4000x800mm;
BOX GIRDER 4000x800mm; t=15mm
t=15mm A= 0,1431m
A= 0,1431mM
DECK A= 0,1431rd J=0,0615rh I= 100
J=0,0615rh |2_— 025171 12= 0,2nf
12= 0,2517rf |3—_o 01961 13= 0,2nt
13= 0,0196r e
CHS D=451mm;t= i
mm;t=22,6mm Flexible hangers A= 0,0304m
A= 0,0304m Stay cables 1= 0.0011rh
STRUTS J=0,0014th A=9,8-10" m? |2_— 7 3and
[2= 0,0007r J=ont s
13= 7,34nt
I3= 0,0007rf} 12=13= 0 nf

Table 1-8: Cross-section valuesfor IDABWIC case study

2. ARCH BRIDGESWITH A SUPERIOR DECK.
BUCKLING RESULTS

In this section the buckling coefficients for thiatent loads or load combinations described in
section 1.4 are obtained, comparing different lngacombinations for the casgs0 andg=20m

of deck plan curvature. These buckling coefficiesiues are shown in Figure 2-1, Figure 2-2 and
Figure 2-3 The curves for different values are given. A radial distribution of strutssult of
dividing the arch and deck in equal lengths betwstarts, is employed in all cases.

The buckling loads for different values with a radial distribution of the strutsdano
imperfections have been compared employing referenass-section values (given in Table 1-1)
for all the models, so that buckling differencesam®n models are not due to the employed cross-
sections, but to the geometry (Figure 2-1, Figueahd Figure 2-3).

The influence of the struts inclinatiofl) (is analysed in Figure 2-17 and Figure 2-18 fodeis
with g=L/5=20m and=L/4=25m with different cross-section values.

In Figure 2-10, Figure 2-11 and Figure 2-12 thegiesross-section values, obtained in chapter
V.B and displayed in Table 1-2 and Table 1-3, ampleyed. In Figure 2-11 and Figure 2-12
other stiffness distributions are also consideeathloying a stiffer deck is also considered (Table
1-5 and Table 1-6).

Considering imperfections or not does not influetiee elastic buckling analysis studied in the
present chapter, which corresponds to the bifionaif the equilibrium state.
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21 ARCH RISE (f) AND BEARING CONDITIONS INFLUENCE ON

BUCKLING

The influence of the arch ris@ @nd of the bearing conditions on buckling hashbstedied and
the results are summarized in figures from Figulet@ Figure 2-3.

Buckling cefficient with respectto the coded design live load

60

10

= a¢ e g=70. Radial struts. Restrained longitudinal movements (rlm)
and restrained torsion rotation (rtr)

eee¥ee g=20. Radial struts. Free longitudinal movements (fim) and
rtr

e=@=== g=(. Radial struts. RIm and free torsion rotation (ftr)

g= 0. Radial struts. Fim and ftr

g o=(), Radial struts. RIm and rtr

== @== g=0. Radial struts. FiIm and rtr

10 15 20 25 30 35 40 45 50 55
Rise f (m)

Figure 2-1: Buckling coefficient a of the design live load on the whole deck (lu) for the bridge already
loaded with permanent loads. Comparison of different arch rise (f) values and bearing conditions,

employing the refer ence cr oss-section values of Table 1-1
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= «p == g=2(. Radial struts. Uniformly distributed loading on the
whole deck (hipa). Restrained longitudinal movements (rim)
16 and restrained torsion rotation (rtr)

ee ol e g=20.Radial struts. Free longitudinal movements (fim) and

rtr
14
7 — ~ emfp== o=() Radial struts. HIPA. RIm and free torsion rotation (ftr)
/ N
12 / N
N e« g=0 Radial struts. HIPA. FIm and ftr

=
o

Buckling cefficient with respectto load combination Al

10 15 20 25 30 35 40 45 50 55
Rise f (m)

Figure 2-2: Buckling coefficient al of the loading combination Al for different arch rise (f) values
and bearing conditions, employing the reference cross-section values of Table 1-1

16

= a¢ e o=70. Radial struts. Restrained longitudinal movements (rlm)
and restrained torsion rotation (rtr)

eee¥ee g=20. Radial struts. Free longitudinal movements (film) and
rtr

o= o=, Radial struts. RIm and free torsion rotation (ftr)

==t g=0.Radial struts. Fim and ftr

3 =g o=(), Radial struts. RIm and rtr
o
©
- N\,
g K -.'.$~ ~
S K': . “‘}.
= ~
£ N :‘\\x
S s < i
o0 S .
£
=
o
=}
@ 4

2

0

10 15 20 25 30 35 40 45 50 55
Rise f (m)

Figure 2-3: Buckling coefficient a2 of the loading combination A2 for different arch rise (f) values
and bearing conditions, employing the reference cross-section values of Table 1-1

296



CHAPTER VI. SECTION BBUCKLING ANALYSES OF SPATIAL ARCH BRIDGES WITH A CRVED DECK

The following conclusions are drawn of the results:

Whereas the most efficiefitvalue regarding both steel mass and stressesnis|28,
other f values give the highest buckling load, {€20=L/5, if g=20m and flm are
employed; 15m#&20m, if g=0, and 20m#&25m, if g=20m and rim are employed. For
f>25m the buckling load diminishes. Fiz'50m andg=20m and both, fim or rim, the
structure buckles for a load 23 times the live lcgmkcified in EC1 (Figure 2-1).
Therefore, unless imperfections and non-linear gaooal forces lead to buckling for a
lower load, the buckling load is higher than thelex ULS live load with 1,5 safety
factor. However, the employed sections are notiimensioned ones (see section 2.2).

Buckling is highly dependent on the bearing condii of the deck, especially for
f<L/5=20m. For largef values, what has more influence is whether deckidoal
rotations are restrained at the abutments, thidiesigarger changes in the buckling
critical load than the value gf(from Figure 2-1 to Figure 2-3).

Whatever the load case, the relationship of theklmg factor with f and the bearing
conditions follows a similar tendency (compare frbigure 2-1 to Figure 2-3), except for
the case of=0 with free longitudinal movements (flm) and torsibrotations (ftr) which
shows an improved behaviour in comparison with otfearing conditions for the live
loads in half the length of the deck (Figure 2-3).

The lowest buckling condition for all cases is ai¢a for a uniform distributed load
(compare from Figure 2-2 to Figure 2-3).

If the total load on the bridge is calculated doandal very similar values are obtained,
but the error is non-negligible (approximately 6%jrictly correct method and most
realistic would be to calculate, employingal gives insecure (larger) buckling load
values.

When employing fim, ftm, ftr and pinned hangersdiestabilising effect of the deck can
be clearly observed (Table 2-1 and Figure 4-1spite of what could be expected with a
theoretical simplified cross—sectional analysig(ffe 3-5b)). However, when
restraining the transverse displacements, when aongpthe results to the ones of the
free standing arch, it can be concluded that tlo& deproves the buckling behaviour of
the arch (Table 4-1).

Given a certain loading, it would seem logical thathes working under larger axial
forces buckle for a lower load than those undereloaxial forces (Figure 2-4 and Figure
2-5). However, it is not always so. This is duethe fact that the shape, length and
stiffness have a larger influence on buckling. @kigsg the buckling shapes helps
understanding buckling better.

For largef values the arch buckles nearly independently efdéck (Figure 2-6a). This
happens because the struts are longer and thusti#ssiowever, for lowf values the
arch and deck buckle together (Figure 2-6b). Thiseicause the struts for low valueg of
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are shorter and hence stiffer. Therefore, the anchdeck tend to work as a truss and this
improves the buckling behaviour.

e Planar vertical arches with a superior straighkdaakle out-of-plane and symmetrically
when restraining longitudinal movements (rIm) ifsional rotations are restrained (rtr):

o For flm and ftr the bridge also buckles symmetticalt-of-plane whatever thie
value (Figure 2-6 from a to d).

o For f<20m the bridge buckles asymmetrically in-plane ffor and rtr (Figure
2-6e), but has higher values, except fol=10m. Restraining torsional rotations
improves the buckling behaviour, since it diminishbe destabilizing effect of
the deck described in chapter VI. A.

» Planar vertical SABs with a planar vertical arcld ansuperior curved deck buckle in both
planes of the arch symmetrically except for liovalues:

0o For g=20m, f=10m buckling takes place in both planes but iaggmmetrical

(Figure 2-7).

o Forf<15m buckling takes place in both planes but mastglane (Figure 2-7).
For f=20m the buckling shape deforms as much as in-pEneut-of-plane
(Figure 2-8).

o For >25m symmetrical buckling takes place in both plabes mostly out-of-
plane (Figure 2-9).

o0 The larger the f value, the larger the out-of-plaomponent.

0 The buckling shapes are equivalent whatever theeval the cross-sections
employed and of the bearing conditions.
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Figure 2-4: Arch axial forces comparison for different f valuesand g=0. The abscissas are the arch
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Arch axial forces comparison for different f values and g=20. The abscissas are the arch
length from Oto L
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(a) (b)

() (d)

(e)

Figure 2-6: Planar bridge. Buckling shape for g=0, employing r efer ence cr oss-sections. Out-of-plane
symmetrical buckling: (a) Plan view of the buckling shape of model with flm, ftr, f=50m (b) Plan view
of the model with flm, ftr, f=10m. (c) Per spective of the model with fIm, ftr, f=50m (d) Per spective of
the model with fIm, ftr, f=10m. In-plane symmetrical buckling: (€) Longitudinal view of the model
with rlm, ftr, f=10m
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(b)

Figure 2-7: SAB asymmetrical buckling shapein both planesfor g=20m, f=10m, rIm and rtr,
employing reference cross-sections (a) Plan view (b) Layout

) N

@)

L

@)

Figure 2-8: SAB symmetrical buckling shapein both planesfor g=20m, f=20m, rIm and rtr,
employing reference cross-sections (a) Plan view (b) Layout
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(b)

Figure 2-9: SAB symmetrical buckling shapein both planesfor g=20m, f=50m, rIm and rtr,
employing reference cross-sections (a) Plan view (b) Layout
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. Buckling shape
T . . Numerical Ncr .
g (m) | distribution of struts | Bearing conditions | f(m) | L (m) (kN) according tothe
numerical analysis
radial (reference
0 flm, ftr 20 100 44833 Out-of-plane
model)
radial (reference
0 rlm, rtr 20 100 63310 Out-of-plane
model)
radial (reference
0 flm, rtr 20 100 55975 In-plane
model)
radial (reference flm, ftm, ftr pinned
0 al ( P 20 | 100 3465 Out-of-plane
model) hangers
radial (reference .
0 free standing arch 20 100 6978 Out-of-plane
model)

Table 2-1: Results comparison for different bearing and joint conditions employing the r eference

cross-sections. Influence of the boundary conditions on Ncr

2.2 CROSS-SECTIONVALUESINFLUENCE ON BUCKLING

The most efficientf value for g=20m, regarding both steel mass and stresses, ns128,
wheread=20=L/5 gives the highest buckling load, which &ary 5 times the ULS load (Figure
2-10) forg=20m employing design cross-sections (Table 1-2).Hkgherf values, the buckling
load diminishes. Fof=50m the structure buckles for a load twice the W8 6 times the live
load (Figure 2-1) specified in EC1. Therefore, galémperfections and non-linear geometrical
forces lead to buckling before, the buckling loadhigher than the coded one with 1,5 safety
factor. This means that the most stressed crosisaudill plasticize before buckling.

When comparing the buckling of models employingerefice cross-sections (Table 1-1) or
design cross-section values (Table 1-2 and TaBlpdlehange in the dependence of the buckling
coefficienta onf andg can be appreciated (Figure 2-10):

The buckling coefficients aj=0 andg=20m become more similar, especially fo2Om.
For 46f<50m the differences can be considered negligiblgu(Eé 2-10). This effect
slightly increases when increasing the stiffnesthefdeck (Figure 2-11 and Figure 2-12).

For >L/2=50m, SABs employing a planar vertical arch vatlurved superior deck even
buckle later than planar vertical arches with aesigp straight deck, when considering
the dimensioned cross-sections (Figure 2-10).

For g=0 the dependence aefonf clearly changes fd20m. The model witlfi=10m is the
one with the highest buckling coefficient when eoyohg dimensioned cross-sections
(Figure 2-10). This happens because a stiffer ackmployed for this model, the
relationship Jl2geck Of design cross-sections decreases wiithThis effect highly
increases when increasing the stiffness of the deiure 2-11 and Figure 2-12), but
does not take place if the longitudinal movemerftshe deck are free at abutments
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(Figure 2-11), since the arch buckles in-plandofigitudinal movements are restrained
the deck helps stabilizing the arch.

* For g=0 andf>L/5=20m restraining longitudinal movements or nas mo influence, for
planar vertical arch models with a superior stradgck =0, Figure 2-11). This is so
because when employing a stiffer deck the archdau buckle independently (Figure
2-13a). For less stiff decks as the one employeldarmprevious section the deck still has a
stabilizing influence on the arch when torsionahtions are restrained, either buckling
in-plane due to the flm (Figure 2-13b) or out-céupd when rim (Figure 2-13c).

« Employing a stiffer deck improves the buckling bébar for f values below L/4=25m,
whatever the value af and the bearing conditions (Figure 2-11 and Fidi#?). As
expected, for low values, the stiffness of the deck has more infteean the buckling of
models withg=0 than on SABs (Figure 2-11 and Figure 2-12). Bor fl values anaj=0
the deck has a stabilizing effect, this happensaise the deck buckles with the arch
(Figure 2-14) but fof>25m the destabilizing effect of the deck descrilmechapter VI.A
takes place. This is appreciated because the dmek mbt buckle with the arch (Figure
2-6a and Figure 2-15).

« Forg=20m the deck has a stabilizing effect, on the @wptof what was expected a priori
(Figure 1-1). The axial forces might destabilize #rch but, since struts are fixed to both
arch and deck, the shear forces and bending momehish they produce on the arch,
stabilize it (Figure 2-16).

e The buckling shape of the models does not chantieth& cross-sections, except for the
model flm, rtrg=0 in which when increasing the stiffness of thekdlie arch buckles
out-of-plane and symmetrically instead of in-plassymmetrically as it occurred for the
reference cross-section (section 2.1).
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60
el g=20m, rlm, rtr, radial struts, design cross-sections
== + g=20m, rim, rtr, radial struts, reference cross-sections
= qll= g=0, rlm, rtr, radial struts,design cross-sections
50
g=0, rim, rtr, radial struts, reference cross-sections
40 —
o ad ‘<
© / ~
+— * .
T .
S / ~
< 30 7 S
o .
2 / .
=~ 4
3 T
=3
o0
0
10 15 20 25 30 35 40 45 50 55

Rise f (m)

Figure 2-10: Comparison of different arch rise (f) values, employing the design cross-section values
for each model or the reference cross-section valuesfor all the models (from Table 1-1 to Table 1-3).
Buckling coefficient alfa (o) of the design live load on the whole deck (lu) for the bridge already
loaded with per manent loads.
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35

30

=== g=20m, rlm, rtr, radial struts

g=0, rlm, rtr, radial struts

25

= dll= g=0,flm, rtr, radial struts

Buckling coefficient alfa

10 15 20 25 30 35 40 45 50 55
Rise f (m)

Figure 2-11: Comparison of different arch rise (f) valuesand bearing conditions, employing the
design cross-section valuesfor the arch and strutsfor each model and a stiffer deck of the same
dimensions asthe design deck (4000x700mm) but thicker (20mm) (Table 1-5 and Table 1-6). Buckling
coefficient alfa (a) of the design live load on the whole deck (lu) for the bridge alr eady loaded with
per manent loads.
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== g=20m, rlm, rtr, radial struts, deck thickness 10mm
=== -« g=20m, rlm, rtr, radial struts, deck thickness 20mm

25 = ll= g=0,rlm, rtr, radial struts, deck thickness 10mm

g=0, rlm, rtr, radial struts, deck thickness 20mm

Buckling coefficient alfa

10 15 20 25 30 35 40 45 50 55
Rise f (m)

Figure 2-12: Comparison of different arch rise (f) valuesand deck stiffness (4000x700mm, thickness
10mm ver sus 20mm, employing the design cross-section values for the arch and struts (from Table
1-2to Table 1-6). Buckling coefficient alfa (o) of the design live load on the whole deck (lu) for the

bridge already loaded with per manent loads.

307



CHAPTER VI. SECTION BBUCKLING ANALYSES OF SPATIAL ARCH BRIDGES WITH A CRVED DECK
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i

S S = e
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Figure 2-13: Planar bridges. Buckling shapesfor g=0 and f=20m models (a) Plan view of the out-of-
planeidentical buckling shape for both flm and rtr when employing cross-sectionsin Table 1-6. (b)
Longitudinal view of the in-plane buckling shape when employing flm, rtr and refer ence cross-
sectionsin Table 1-1. (c) Plan view of the out-of-plane buckling shape when employing rim, rtr and
reference cross-sectionsin Table 1-1.
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(d)

Figure 2-14: Planar bridges. Buckling shape of arch bridge model with g=0, f=20m, rIm and rtr (a)
Per spective. (b) Cross-section: destabilizing effect caused by both shear and axial forces (c) Cross-
section: destabilizing effect caused by axial for ces out-of-plane projection and stabilizing effect
caused by shear forces (d) Plan view
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Fdestab

(a) (b)

Figure 2-15: (a) Destabilizing effect of strutson arch buckling dueto the axial forces; (b) Stabilizing
effect of strutson arch buckling when considering shear forces and bending moments

(@) (b)

Figure 2-16: (a) Stabilizing and destabilizing effect of strutson arch buckling when not considering
shear forces dueto bending moments; (b) Stabilizing effect of strutson arch buckling when
considering shear forces due to bending moments
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23 STRUTS INCLINATION IN LONGITUDINAL VIEW (B). INFLUENCE
ON BUCKLING

The nomenclature df is described in section 1.2. As a reminder thériatons considered are
the following and can be seen in

—— T T T

Figure 1-2:

» Radial strut distribution system: each strut axngation converges below the
deck with its symmetrical.

» A more vertical orientatiorfg) of the struts and

» Convergent system of struts: each strut axis elomg&onverges above the deck
with its symmetrical [{;, opposite inclination to the radial system.

The influence of the struts inclinatiop) for models withg=L/5=20m and=L/4=25m is analysed
in Figure 2-17 and Figure 2-18. In Figure 2-17 ithftuence of cross-section values is shown. In
Figure 2-18 reference cross-sections are employedlif models to check the influence of the of
B in buckling for the designed models for both casaform loading on half the deck length and
on the whole length. The results are displayed with already analysed models wigh0 and
differentf values and bearing conditions, so as to be showimei comparative context previously
commented.

The geometry that best resists buckling, when eynmdo reference cross-section values, is
employing convergent struts (Figure 2-17). Thisasicident with the fact that for this geometry

the arch bears the lowest axial forces and stréEsgsre 2-19 and Figure 2-20). This means that
it is not a phenomenon of stabilizing geometry @futhe fact that for a same loading lower axial

forces are transmitted to the arch and, thereforeaches the critical axial buckling load for a

larger loading.

However, when employing design cross-section valaeghe struts and arch (Table 1-4), either
with a design cross-section deck of 10mm thicknd@sble 1-2) or a stiffer one with 20mm
thickness (Table 1-5), the model employing vertitalits shows the best behaviour (Figure 2-17
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and Figure 2-18) in spite of the axial forces bdmger for the convergent struts (Figure 2-21).
This is due to the stiffness distribution in theédbge. It must be also observed that, when
employing design cross-sections, arch axial fooddbe model employing vertical struts are more
similar to the ones of the model employing convetggruts than when employing reference
cross-sections (Figure 2-19 and Figure 2-21).

The model with radial struts employing design cresstions has a stiffer arch, but this does not
help increasing the buckling load, since the geomgives the largest axial forces with an
important difference (Figure 2-21).

The model with vertical struts has struts with egéa flexural rigidity (Table 1-4). In spite of
being longer than the ones with a radial distrimtithey are stiffer and, thus, deform less (as
commented in the following paragraphs) so that firegluce a stabilizing effect.

When employing a stiffer deck the buckling behavimoproves for the models with a radial or
convergent distribution. This means that the dexk & stabilizing effect in this bridge type. The
model employing stiffer struts does not improve btgckling behaviour since the struts were
already stiff enough.

In all cases, but especially for convergent stautmiformly distributed loading on the whole deck
is more unfavourable than on half the length (Feg2n18).

Whatever the value ¢f and the employed cross-sections, the bucklingesiepery similar, as
shown in Figure 2-22 and Figure 2-23. A slighteliénce in the struts can be observed:

 When employing reference cross-sections (Table, KB convergent struts have the
lowest displacements compared to ofhealues (Figure 2-22c).

* When employing design cross-sections (Table 1kB,ertical struts have the lowest
displacements compared to otlfievalues (Figure 2-23b). This happens because tieey a
stiffer, as previously observed.

» Radial struts are the ones with the largest digpiants whatever the cross-sections
employed (Figure 2-22a and Figure 2-23a)
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12

=@=g=20m); f=25m; reference cross-
sections

== g=20m; f=25m; design cross-
sections (deck thickness 10mm)

4 / g=20m; f=25m; design arch and

struts cross-sections and stiff
deck (thickness 20mm)

Buckling coefficient (alfal)
(o)}

radial struts vertical struts convergentstruts

Variation of the inclination of struts in longitudial view (beta)

Figure 2-17: Buckling coefficient alfal (al) comparison of strutsinclination () valueswhen
employing different cross-sections (Table 1-1, Table 1-2 and Table 1-5) with g=20m and f=25m

10

== &= g=20m, rlm, rtr, radial struts, alfal

=== g=20m, rlm, rtr, vertical struts, alfal

e g=20m, rlm, rtr, convergent struts, alfal

e 0=20m, rlm, rtr, radial struts, alfa2

=i g=20m, rlm, rtr, vertical struts, alfa2

=@ g=20m, rlm, rtr, convergent struts, alfa2

g=0, rlm, rtr, radial struts, alfal

g=0, rlm, rtr, radial struts, alfa2

g=0, flm, rtr, radial struts, alfal
Re—— | ]
) g=0, flm, rtr, radial struts, alfa2

Buckling coefficient
wv

10 15 20 25 30 35 40 45 50 55
Rise f (m)

Note: for the cases with vertical and convergenitstony arches with f=25m have been analysed. Elenc
there is a single result

Figure 2-18: Buckling coefficient alfal (al) and alfa2 (a2) (defined in section 1.4). Comparison of
different arch rise (f) values, strutsinclination (B) values and bearing conditions. The design cross-
section values (Table 1-2 and Table 1-3) are employed for each model. Note that for non-radial struts
only the valuesfor f=25m are given
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eeeeee 0-70;e=16,67;f=25;v=0_radial struts (reference model)

g=20;e=16,67;f=25;v=0_vertical struts

Figure 2-19: Arch axial forces comparison for different g values, f=25m and g=20m, employing
reference cross-sections (Table 1-1), under a uniform loading on the whole deck length (self-weight
not included, only g=10kN/m). The abscissas are the arch length from O to L5

Maximal arch stresses (N/mm2)

30.0

e— o0=20;e=16,67;f=25;v=0_convergent struts

B0 eeeeee 0=-70;e=16,67;f=25;v=0_radial struts (reference model)

g=20;e=16,67;f=25;v=0_vertical struts

0.0

Figure 2-20: Arch stresses comparison for different g values, f=25m and g=20m, employing r eference
cross-sections (Table 1-1), under a uniform loading on the whole deck length (only g=10kN/m). The

abscissasarethe arch length fromOto L
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e— =20;e=16,67;f=25;v=0_radial struts (reference
100 oo model)

eeeeee 0-70;e=16,67;f=25;v=0_vertical struts
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g=20;e=16,67;f=25;v=0_convergent struts
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Figure 2-21: Arch axial forces comparison for different g values, f=25m and g=20m, employing
design cross-sections (Table 1-4), under a uniform loading on the whole deck length (only g=10kN/m).
The abscissas are the arch length from 0to L
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Figure 2-22: Buckling shapesfor g=20m, f=25m and different g values employing refer ence cr oss-
sections. (a) Radial struts (b) Vertical struts (c) Convergent struts
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Plan view

(©

Figure 2-23: Buckling shapesfor g=20m, f=25m and different g values employing design cross-
sections. (a) Radial struts(b) Vertical struts (c) Convergent struts

24 3D BUCKLING: DECK INFLUENCE ON THE BUCKLING OF
SABWSCD

As the results in the previous sections attest, S&fer a uniqgue phenomenon in comparison to
planar arch bridges with a straight deck: 3D bungkli

The fact that SABs buckle in two planes is somefleixpected a priori due to their own definition
which involves an important spaciality character, ibis an important difference with planar arch

bridges with a straight deck and does not havebaroas explanation. It may be due to different
facts:

* A vertical loading on the deck is introduced by #teits on the arch as in-plane and out-
of-plane forces.

* The curved deck has a radial stiffness which cbeldthodelled as out-of-plane springings
on the arch.

However, the arch suffers the buckling only dueastal forces and the out-of-plane forces
introduced by struts produce bending and torsiam@hents on the arch, but do not contribute to
axial forces. Therefore, 3D buckling must be dutheodeck radial stiffness. Nonetheless, planar
vertical arch bridges with a straight superior danll struts fixed to both arch and deck also have
the influence of the transverse stiffness of thekgbut only buckle in one plane.

In order to explain 3D buckling and assure it isduced by the shape of the deck and not by the
orientation of the struts a model without deck basn analysed. The loads transmitted to the
struts by the deck under the load combination Adfigegd in section 1.4) have been introduced
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into a model of structure system of the arch wiitled struts and with no superior deck. Buckling
elastic analysis has been conducted.

The value oful obtained for the described model witb0m and employing the cross-sections
described in Table 1-2 is 0,26. This value vergLi®btained for the equivalent model with deck
(a1=0,26, versusl1=5,92) demonstrates the important stabilisingotité the deck.

The arch buckles out-of-plane and not in-planesThearly proves that the arch does not buckle
in two planes due to the fact that it is submittedforces in and out-of-plane under vertical

loading of the deck, but due to the curved supetemk. However, 3D buckling is not really due

to the deck stiffness, but to the fact that undstieal loadings the deck is acting as an arch in
plan view and suffers radial displacements whi@hteansmitted as out-of-plane displacements to
the arch. When the arch starts buckling in-planeutrof-plane the direction of its movements is

altered by 3d movements of the deck.

Just as the arch and deck move in 3D under vetbtealings under the buckling load, the arch
buckles in both planes.

3. ELASTIC BUCKLING OF INFERIOR DECK ARCH BRIDGES

Several models of IDABWIC have been analysed irptdraV. A.

The buckling loads and modes of an IDABWIC with 08in, g=20m and f=20m (Figure 3-1a),
as studied in chapter IV. A, have been analysed had compared to those of an equivalent
inferior straight deck planar arch bridge with gaaid f=20m (Figure 3-1b). The arch is fixed to
the deck which is itself fixed at abutments.

Different cross-sectional properties have been eyaal (Table 1-8). Rigid hangers fixed to both
arch and deck have been employed, as well as egibned hangers.

The elastic buckling of planar vertical arch brislgeith an inferior curved deck with the
equivalent values to the previously studied supedcch bridges, with L=100m, g=20m,
e=16,67m and f=20m has also been studied for mfereross-section values (Figure 3-1c).

(a) (b) (c)

Figure 3-1. Studied geometries (a) IDABWIC with L=100m, g=20m and f=20m (b) Planar vertical
arch with an inferior straight deck, g=0 and f=20m (c) Planar vertical arch with a curved inferior
deck with L=100m, g=20m, e=16,67m and f=20m
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Analyses of theresultsfor reference cross-section values

The results are displayed in Table 3-1, Figure Big@ure 3-3 and Figure 3-4 and are commented
as follows:

The critical buckling load for an IDABWIC is muchgher than for a planar vertical
bridge, because the arch takes lower axial forses Chapter IV.A and values of axial
forces in Table 3-1). However, for a planar veitlmédge with a curved inferior deck it is
interesting to note that the buckling load is veiyilar to that of a planar vertical arch
bridge with an inferior straight deck (Table 3-&ce destabilizing forces take place at
span center. At span center the deck has lesentftuon the arch and there is a longer
destabilizing path (Figure 3-4 BB’).

The deck in both cases, planar vertical arch badgad IDABWIC, acts stabilizing the
arch buckling, since the hangers are under tengiogure 3-5). However, when
comparing the results afl with arch bridges employing a superior deck (tesfor
f=20m in Figure 2-2 (rlm, rtr) versus Table 3-I)etbuckling load for vertical planar
arches with a straight or curved inferior deck=< 4,4 and 5, respectively) is lower than
with a straight or curved superior deakl€ 13,5 and 10,2, respectively). This is so
because, in spite of the fact that an inferior deff&rs more stabilizing forces, a superior
deck controls better the movements of the arclpat senter, where the struts are shorter
and, thus, stiffer.

For a planar vertical arch with an inferior strdigleck a larger buckling load is obtained
when employing rigid, fixed hangers. However, fldg hangers have given higher
buckling loads than rigid ones in IDABWIC. This e because the axial forces in the
arch are greatly diminished when employing flexibbngers (ie, no Vierendel effect),
but not because the structure has a better bucki@igviour. If the axial forces are
compared (Table 3-1) it is clear that, in spitdo€kling for a larger load, the arch has a
worse buckling behaviour.

In comparison to planar vertical arch bridges, IDKEs buckle for a larger load, but as
just observed it is due to the fact that, givemading value, the arch undergoes lower
axial forces for IDABWIC.

The values of critical buckling axial loads are itamfor all the models except for the
planar vertical arch with an inferior straight detlspended of flexible hangers which has
a lower axial buckling critical load (Table 3-1).

The IDABWIC model with g=20 and rigid hangers fixedarch and deck, however, has a
different behavior than the rest of the studiedngas. Whereas in all cases the arch is
under compression in its whole length, for this gldte arch is tensioned at springings.

For all models the axial compressive critical bugkl force (Ncr) takes place at
springings is given in Table 3-1, but, for the IDWBC model with rigid hangers, it takes
place at span center. These values are given ile Bab.
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Buckling . Buckling
ARCH GEOMETRY 1 Ncr Ngo min (kN
Mode JcriTicAL a o min (kN) Form
Unsymmetrica
ID-ABWIC with g=20 o ;’n . '0 f
and rigid hangers fixed 1 96,2g 11,85 24748 302 lane
to arch and deck _p
Figure 3-3
. Unsymmetrica
ID-ABWIC with g=20
- W g 1 139,24 17,15 20696 192 In and out of
and flexible hangers
plane
Symmetrical
Planar vertical arch with In and out of
o 1 36,6 g 4,98 22894 -
inferior curved deck plane
Figure 3-4
Symmetrical
) . 1 36,64 4,44 23441 754 Out of plane
Planar vertical arch with .
infari ; Figure 3-2
inferior straight deck ang Asvmmetrical
rigid hangers fixed to 2 39,1q OL)J/t of plane
arch and deck S mm:tr'cal
i
3 82,2 Y
Out of plane
Planar vertical arch with .
s . Symmetrical
inferior straight deck angd 1 26,2q 3,18 14818 756
. Out of plane
flexible hangers

0o=10kN/m

Ng, min=Minimal axial force in the arch undey aniformly distributed loading on the whole deck
Table 3-1: Buckling critical loads comparison for the first 3 modes of an IDABWIC and a planar
vertical bridge employing reference cross-sections (Table 1-8)

@)

(b)

Figure 3-2: Buckling shape of arch bridge model with g=0 and f=20m, employing r efer ence cr oss-

sections (Table 1-8). (a) Per spective (b) Plan view
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(@) (b)

(©)

Figure 3-3: Buckling shape of IDABWIC with g=20m and f=20m employing r efer ence cr oss-sections
(Table 1-8). (a) Longitudinal view (b) Lateral view (c) Plan view

(©)

Figure 3-4: Buckling shape of planar vertical arch bridge with an inferior curved deck with g=20m,
e=16,67m and f=20m, employing r efer ence cr oss-sections (Table 1-8). (a) Longitudinal view (b)
Lateral view (c) Plan view with cross sections showing stabilizing and destabilizing for ces
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Fstab

Figure 3-5: Cross-section of buckling shape for both, of the arch bridge model with g=0 and f=20m
and of the IDABWIC with g=20m and f=20m, employing r efer ence cr oss-sections. (a) Stabilizing
effect caused by axial for ces out-of-plane projection and (b) stabilizing effect caused by shear forces
which appear dueto fixed hanger joints.

3.2 Analysesof theresultsfor arigid hanger-deck system

The results of the buckling analyses employing s#section values for a rigid hanger-deck
system (Table 1-8) are displayed in Table 3-2.

e The cross-section values for a radially (or transafy) very stiff hanger-deck system
given in Table 1-8 (and employed at the end of tdraly) are theoretical values, that is
why this models give incredibly higher buckling d#sain comparison with the reference
values. Nonetheless, the buckling forms are equdl IBABWICs still buckle in both
planes.

* When the hanger-deck system has a large trans\&iakss, IDABWICs and planar
vertical arches with an inferior straight deck deadkearly for the same vertical uniformly
distributed loading (Table 3-2).

« As it happens with the structural behavior of IDABWregarding internal forces, it is
also much more efficient increasing the hanger@afatiffness than the transverse one-
meaning with transverse the orientation perpendidal the straight imaginary line which
would join the abutments, ie: the hangers would bal parallel. Thus, radially stiff
hangers give a buckling load more than double ttarsversally stiff ones (Table 3-2).

ARCH GEOMETRY dcRITICAL ol Buckling Form
ID-ABWIC with g=20 and with Unsymmetrical
) . 247,9q 34,0 :
radially stiff hangers in and out-of-plane
ID-ABWIC with g=20 and with Unsymmetrical
. 116,6q 15,5 .
transversally stiff hangers in and out-of-plane
Planar vertical arch with inferio Unsymmetrical
) 113,3q 15,5 .
straight deck in-plane

0o=10kN/m; radially stiff hangers have their largesiffaess oriented radially to the deck
curvature, transversally stiff hangers are orieet@perpendicularly to the cord of the deck

Table 3-2: First mode of buckling critical loads comparison for thefirst 3 modes of an IDABWIC and
a planar vertical bridge employing a stiff hanger-deck system (Table 1-8)
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4, COMPARISON OF NUMERICAL RESULTAS VERSUS
ANALYTICAL RESULTSOF THE BUCKLING LOADS

The comparison of analytical and numerical ressltsarried out in the present chapter for the
following cases:

» Planar arch bridges with a superior straight deitk different bearing conditions

e Superior deck arch bridges with differepandf values and with different deck stiffness
values.

» Different inferior deck arch bridges

In order to establish if the analytical formulatié®m good enough it is compared with the
numerical results. To compare the results, therefiop various parameters is calculated as
follows:

numerical value — analytical value 100

error = -
numerical value

As mentioned in section A2.1 of the present chapter loading distribution for which Ncr is
given in Eurocode 3 (EC3) Part 2 Annex D3 is netdly stated, but, according to Figure D.4 in
EC3 and to the formulation in Galambos (1988) (camied in section 2.2 of section A of the
present chapter), it is for a uniformly distributegttical load in the whole deck length. Therefore,
in the present research the criteria that Ncr ésl#ngest axial force value in the arch under a
uniformly distributed vertical loading on the whaleck length has been adopted.

An analytical formulation, proposed for inferior akeplanar vertical arch bridges in a recent
research study (Bergmeister et al, 2009), hashb#lea employed.

4.1  Planar arch bridges with a superior straight deck. Analytical and numercial
results comparison for different bearing conditions

4.1.1 Considerations

Out-of-plane buckling in the codes is for free giag arches, but the buckling factor is dependent
on certain characteristics of the deck. Therefiris, not clear for which bearing conditions are
the code formulae developed. A comparison of diffierbearing conditions has been therefore
carried out (Table 4-1) to validate the codes fdamwnder different conditions and joints. The
following situations foig=0 andf=20m have been considered:

* Free longitudinal movements (fim) and free rotaigimcluding free torsional rotations,
ftr) at deck abutments. Transverse and verticalaiements are restrained. The arch is
fixed at its springings and struts are fixed atlends, ie: at arch and deck.

» All movements are restrained (including longitudimmvements, rim), torsional rotations
are restrained (rtr) and the rest of rotationseakdabutments are free. The arch is fixed at
its springings and struts are fixed at both erelsatiarch and deck.

* Free longitudinal movements (fim) and restrainedsitmal rotations (rtr) at deck
abutments. Transverse and vertical displacementsestrained and the rest of rotations
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are free. The arch is fixed at its springings anats are fixed at both ends, ie: at arch and
deck.

* Free longitudinal movements (flm), free transvemsevements (ftm) and free rotations
(including free torsional rotations, ftr) at deckuéments. Vertical displacements are
restrained. The arch is fixed at its springings stndts are pinned at both ends, ie: at arch
and deck.

* Free standing arch (no deck or struts) fixed aptingings.

Since there are no coefficients in table D4 of Eade 3 (EC3) Part 2 Annex D3 for fixed bridges
and in-plane symmetric buckling, the buckling cadesome examples cannot be handled.
Therefore, the coefficients for fixed arches anghasetric buckling have been employed in all
cases.

It must be highlighted that the formula for outpténe Ncr of Bergmeister et al (2010) is for
inferior-deck planar arch bridges, as explaine@lrapter VI. A, so it is only comparable in such
a case.

Reference cross-sections have been employed fostilmly.

4.1.2 Analyses of the results

An example of the buckling shape can be observé&iginre 4-1.

The results are summarized in Table 4-1 and aremamnted as follows:

e ltis clear that the out-of-plane formulation is #ofree standing arch as the code states, in
spite of the deck being considered in the bucKiamgors of the formulation (Table 4-1).
The Ncr, however is more similar to the one obtaiaethe deck crown:

0 Free standing arch:
= Ncr at springings for the numerical value of thelduing load: 6978kN
= Ncr at crown for the numerical value of the bucglload: 5336kN
»= Ncr according to EC3: 5043kN

* The results of EC3 of the simplified formulation wlot give a good enough
approximation for buckling in arch bridges (minineator=68%, Table 4-1).

» As already observed in Figure 2-1 and Figure 2e2ntiodel with rim and rtr is the one
which presents the best behaviour to buckling atngrto the numerical analyses.

« Whereas according to EC3 the arch would buckleobyptane for all cases (Table 4-1),
the FE model show that for flm and rtr the buckliages place in-plane, as already
observed in Figure 2-6e.
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Bucklin Error of EC3
g Minimal Ncr in-plane | simplified
o . . shape .
g distribution Bearing f L | Numerical . or out-of-plane formula with
. according to .
(m) of struts conditions | (m) | (m) | Ncr (kN) ) accordingto EC3 respect to Ncr
the numerical .
. (kN) numerical
analysis
results (%)
radial .
Buckling
0 (reference flm, ftr 20 | 100{ 44833 Out-of-plane| 14430}8 68
out-of-plane
model)
radial .
Buckling
0 (reference rlm, rtr 20| 100 63310 Out-of-plane| 14554|0 69
out-of-plane
model)
radial .
Buckling
0 (reference flm, rtr 20 | 100 55975 In-plane 145154 77
out-of-plane
model)
radial flm, ftm, ftr .
. Buckling
0 (reference pinned 20 | 100 3465 Out-of-plane| 10564|1 -205
out-of-plane
model) hangers
radial
free standing Buckling
0 (reference 20 | 100 6978 Out-of-plane| 5043.2 28
arch out-of-plane
model)

Table 4-1: Analytical results comparison for different bearing and joint conditions employing the
refer ence cr oss-sections

(©

Figure 4-1: Buckling shape of arch bridge model with g=0, f=20m, flm, ftm, ftr and pinned hangers
(a) Perspective (b) Cross-section: stabilizing effect (c) Plan view
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4.2

Superior deck arch bridges. Analytical and numerical results comparison for

different g and f valuesand for different deck stiffnessvalues.

4.2.1 Considerations

The comparison of the numerical results of theldggds at the arch springings obtained
for the critical buckling load, for differerd andf values, with the ones obtained with
simplified formulae detailed in Eqs 1 and 2 in s@tiA2.1 of the present chapter VI are
displayed in Table 4-2nd Table 4-3. For both tables, design cross-sectiave been
employed for the struts and arch (Table 1-2 andeTai3).

In Table 4-3 a stiffer deck than the one neededrdoty to design has been employed
(Table 1-6).

In Table 4-2 a less stiff deck with 3mm thickneBal{le 1-7) has been employed.

Models withg=0 have free longitudinal movements at deck abutsehe rest of the
movements are restrained and the rotations afeeall(flm, ftr), because these were the
bearing conditions with a lower error according eble 4-1, apart from the free standing
arch.

For models withg=20m, all the movements and the torsional rotatemesrestrained at
deck abutments, the rest of the rotations are free.

For g=20m, these bearing conditions are chosen for tle& Hecause they are the ones
which best work for this bridge type, as provedliapter V.A.

4.2.2 Analyses of the results

A priori, a less stiff deck is expected to haveslagluence on the buckling of the arch
and, therefore, the results would be expected toebeer to the ones obtained analytically
by means of EC3 formulae in the casgs0.

0 This is so for £20m (errors of EC3 in Table 4-2compared to Tabl&).4As
already commented in section 2.2 these are theeyatainly affected by the
rigidity of the deck, since arch and deck buckigetber.

o Forf>20m the error in Table 4-3 and Table 4-2 is theesasimce the deck has a
lower influence on the buckling of the arch.

The formulae of EC3 are for free standing archesdasonstrated in section 4.1.
Therefore, the error committed for all the analyssatlels is very high, whatever tige
value.

Not only need formulae for SABs be developed, It an improvement of the existing
formulae for planar arch bridges with a superioaight deck is required, since existing
formulae are very conservative.
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Error of
EC3
smplified
Minimal Ncr in- formula
distribution larch Ideck Numerical plane or out-of- with
g (m) of struts fm) L (m) (m4) (m4) Ncr (kN) | planeaccordingto | respect to
EC3 (kN) Ncr
numerical
results
(%)
Buckling
radial out-of-
(reference 10 100 | 4.66E-03 4.86E-0p 14268.80 7532.1 plane 47
model) according
to EC3
Buckling
radial out-of-
0 (reference 20 100 | 3.75E-03 4.86E-0p 12800.44  4302.9 plane 66
model) according
to EC3
Buckling
radial out-of-
(reference 50 100 | 3.75E-03 4.86E-0pR 5038.3 901/6 plane 82
model) according
to EC3
Buckling
radial out-of-
(reference 10 100 | 5.64E-03 4.86E-0p 19862.81 8937.9 plane 55
model) according
to EC3
Buckling
radial out-of-
20 (reference 20 100 | 4.41E-03 4.86E-0p 17565.65 5117.1plane 71
model) according
to EC3
Buckling
radial out-of-
(reference 50 100 | 3.06E-03 4.86E-0R 6452.21 818|1 plane 87
model) according
to EC3

Table 4-2: Analytical resultscomparison for different f and g values employing the design cross-
sections and a low stiffness deck with a thickness of 3mm, neglecting local buckling
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Error of
EC3
Minimal Ncr in- simplified
distribution larch Ideck | Numerical | planeor out-of- formula
g (m) of struts fm L (m) (m4) (m4) Ncr (kN) | planeaccording to | with respect
EC3 (kN) to Ncr
numerical
results (%)
radial .
i | Buckling
(reference 10 100 | 4.66E-03 3.18E-01 40477.57 | 7669.2 in-plane 81
model)
radial Buckling
0 (reference 20 100 | 3.75E-03 3.18E-01 16427.09 | 4382.9 out-of- 73
model) plane
radial Buckling
(reference 50 100 | 3.75E-03 3.18E-01 4975.45 907.3| out-of- 82
model) plane
radial Buckling
(reference 10 100 | 5.64E-03 3.18E-01 41340.86| 8617.2 out-of- 79
model) plane
radial Buckling
(reference 15 100 | 4.41E-03 3.18E-01 32063.15| 6153.8 out-of- 81
model) plane
radial Buckling
20 (reference | 20 100 | 4.41E-03 3.18E-01 26422.85 | 4938.1 out-of- 81
model) plane
radial Buckling
(reference 25 100 | 3.75E-03 3.18E-01 20028.60 | 3359.8 out-of- 83
model) plane
radial Buckling
(reference 50 100 | 3.06E-03 3.18E-01 7690.35 727.4| out-of- 91
model) plane

Table 4-3: Analytical results comparison for different f and g values employing the design cross-
sectionswith a stiffer deck (Table 1-6).
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4.3

Inferior deck arch bridges. Analytical and numerical results comparison for

In section A2.1 of the present chapter VI it hasrbetated according to the state-of-the-art that
for planar vertical arch bridges with inferior sgfat deck a useful simplified formulation would
be the one described by Bergmeister et al (2008ptain elastic buckling (Eq 3 and 6 in section
A2.1 of the present chapter VI). This is still exfea to be conservative. This has been verified
with numerical results. Results are shown in Tdbde

In all the models, the abutments are fixed to tish apringings, which are themselves fixed to the
ground. Rigid hangers are employed and they aeelfim arch and deck.

When compared to a free standing arch of identjeametry as the one employed for the
planar vertical arch bridge, the EC3 results ararereto numerical ones than when
considering the whole bridge, as observed in sedib.

It is clear that the deck and struts have a stafgieffect, allowing more than thrice the
buckling load of a free standing arch.

IDABWICs have a much higher buckling load, nearlgirBes the buckling load of a free

standing arch.

The larger values of gcr of IDABWIC in comparisoittwplanar arch bridges, in spite of
a smller Ncr, are due to the structural behaviathefarch bridge in which the arch takes
smaller axial forces. This has been already expthior different models in the previous
sections.

As it occurred in the previous analysed cases BB give a very high error.
Bergmeister et al (2009) formulae give an errorcolvhis even higher than the EC3
formula, since thedq relationship to determirfiz (Table D7 EC3) is not considered.

Not only need formulae for IDABWICs be developedt hlso an improvement of the
existing formulae for planar arch bridges with aferior straight deck is required, since
existing formulae are very conservative.
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Planar vertical arch
with inferior straight

IDABWIC with

Minimal Ncr in-plane or out-of-plane
accordingto EC3 (kN) 2

Geometry deck with rigid | rigid hangers fixed Free;z‘gd'”g
hangersfixed toarch | toarch and deck
and deck
g(m) 0 20 0
f (m) 20 20 20
L (m) 100 100 100
larch (m4) 0,0108 0,0108 0,0108
Ideck (m4) 0,2517 0,2517 -
23441 24748 19320
Numerical Ncr (kN) (1) Symmetrical. Antymmetrical Symmetrical.
In and out of plane
Out-of-plane Out-of-plane
Numerical gecr (kN/m) 304 801 90
5369 5213 5043

Buckling in-plane
according to EC3

Buckling out-of-
plane according to

Buckling out-of-
plane according t(

results (%)

EC3 EC3
Error of EC3 simplified formula with
respect to Ncr numerical results (%)
77 79 27
(1) - (2)
—F—-100
1
Ncr out-of-plane according to EC3 (kN) 9100 5213 5043
Error of EC3 out-of-plane simplified
formula with respect to Ncr numerical 61 79 27
results (%)
Ncr out-of-plane buckling according to
Bergmeister et al EC3 formula 6980 6980 -
modification (KN)
Error of Bergmeister et al EC3 formula
modification with respect to Ncr 70 72 -
numerical results (%)
gcr out-of-plane buckling according to 81 81
Bergmeister et al formula (KN/m)
Error of Bergmeister et al smplified
formula with respect to gqcr numerical 73 90 -

Table 4-4: Analytical results comparison for arch bridgeswith an inferior deck with different g
values and f=20m (Figure 3-1), employing the reference cross-sections
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5. CONCLUSIONS

* SABs with a curved deck buckle in- and out-of-plateéhe same time, even if a planar
vertical arch is employed. This is so becauseafeertical loading, the deck undergoes
horizontal and vertical displacements due to sptiteageometry of SABs.

e Critical buckling loads for a uniform distributedad on the whole deck lengthu) are
lower than for a uniformly distributed loading oalihthe deck lengthlg) as expected,
sincelu causes larger axial forces in the arch that

» Geometries which give lower critical buckling loadsually coincide with geometries
which bear larger axial forces in the arch. Howeferalues approximately in the range
L/6<f<L/4 buckle for a larger load thdnL/4, in spite of undergoing larger axial forces.

» For largef values the arch buckles nearly independently efdigck because the struts are
longer and thus less stiff.

» For lowf values the arch and deck buckle together becankeaad deck tend to work as
a truss.

* For planar vertical arches with a superior straigétk, restraining torsional rotations
improves the buckling behaviour, since it diminsshiee destabilizing effect of the deck.

» Planar vertical SABs with a planar vertical arcld ansuperior curved deck buckle in both
planes of the arch symmetrically except for lovalues:

* The larger thdé value, the larger the out-of-plane component.

» The buckling shapes are equivalent whatever theevaf the cross-sections employed
and of the bearing conditions.

* The geometry that best resists buckling is empbpyonvergent struts, since for this
geometry the arch bears the lowest axial forces stnesses. As expected, this is
coincident with the most efficient model for sphtiach bridges with a curved superior
deck sustained by a planar vertical arch regartiegminimum mass criteria employing
design cross-sections as concluded in chapter V. B.

« However, when employing the design cross-sectioranalyse the buckling, not only the
geometry has influence, but also the stiffnessridigion in the bridge. Since models
employing vertical struts need stiffer struts, eoypig vertical struts happens to be more
favourable for avoiding buckling in practice.

« Employing a stiffer deck or struts improves thekbung behaviour of the arch, since the
deck has a stabilizing effect. This is more effitihan increasing the arch stiffness.

« Not only need formulae for SABs be developed, g an improvement of the existing
formulae for planar arch bridges with a straightkdés required, since the existing
formulae are very conservative.
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» If the total load on the bridge is calculated floe tuckling coefficient. under the load
case (1,35w+pl)+ a-lu) and ol (al-[1,35-q+pl)+1,51u]) very similar values are
obtained, but the error of employing. instead ofa is non-negligible (approximately
6%). Strictly correct method and most realistic ldobe to calculater, employingal
gives insecure (larger) buckling load values.

6. FUTURE LINESOF STUDY

« Development of analytical formulae for the crititaickling load of SABs

« Improvement of the existing formulae for the catibuckling load of planar arch bridges
with a straight deck, since existing formulae aggynconservative.
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1. INTRODUCTION

Spatial arch bridges might undergo important gedoat non-linearities. Therefore, their
behavior should be checked conducting a geomdyricain-linear analysis and obtaining the
ultimate load.

For the present study it is considered that thenate load is reached when the first fibre of the
cross-section bearing the largest stresses pleedici

1.1 Previous studies

There are no equivalent European buckling curvesafch bridges. Therefore, the coded
imperfections will be employed following the finstode of buckling shape as stated in Eurocode
3 (EC3 Part 1.1 Chapter 5.3.2). The specific vafaesrches in EC3 (Annex D.3.5) will also be
employed. These imperfection values are expectetietaconservative, as confirmed in the
benchmark for the program SAP2000 v14 present&hapter Ill. B.

These tables are for planar vertical arch bridgéh & straight deck and are not meant for
composing both imperfections, but for evaluatinghelbuckling mode independently. There is no
reason while in this bridge type the imperfectitmodd be larger than the maximal usual value
for arches. However, since the imperfection acegrdo EC3 Part 1.1 chapter 5.3.2 will also be
employed and the sensitivity to imperfections is\geevaluated, the composition of in-plane and
out-of-plane imperfections will be employed.

In Manzanares et al (2011) the value L/1000 has beaployed for out-of-plane imperfections as
additional to residual stresses for a planar aritlgb with a straight deck and the same value has
been used by Outtier et al (2007) for modelling enfipctions, together with eccentricity
variations and residual stresses.

1.2  Objectives
The purpose of our study is to:

» compare the effects of geometrical non-linearibasplanar arch bridges with a straight
deck and on SABs with a superior curved deck.

» compare the effects of geometrical non-linearigesSABs with a superior curved deck
with differentf values.

* evaluate the sensitivity of SABs with a superiorrved deck to the values of
imperfections stated in EC3

» evaluate whether the design cross-sections obtdineda linear analysis (LA) are still

valid when considering geometrical non-linearities
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1.3 Loading cases and combinations

LA-GNLA comparison of the model with the cross-$ettalready designed for LA is conducted
under:

* Combination A1 and Combination A2 (defined in cleapt. B section 1.5.3 and
bookmark), since most of the forces of the straselepe of the arch come from
Combination Al with small differences with Combieat A2 but it is interesting
to see what happens with Combination A2

» Combination B and Combination A2 (defined in chapteB section 1.5.3 and
bookmark), since most of the forces of the streselepe of the deck come from
these hypothesis

e« Combination A1 and Combination A2, since most effibrces of the stress
envelope of the struts come from these hypothesis

The cross-section design is obtained from the tgadiombinations envelope which gives the
highest stresses when conducting a LA, as desciib€tapter V. B.

The loading combination A1 (Chapter V. B sectioB.3), with a UDL on the whole arch, is
employed as basis for the geometrically non-linstep-loading analyses with SAP2000
(combination A1’ defined in the following lines)hiB load case combination has been chosen,
since it was the more critical loading distributifam buckling (previous section B of the present
chapter) and proved to be the loading combinatitichvgave the largest arch stresses in the
results obtained in chapter V. B.

Based on the aforementioned combination a stepriga@dg) has been conducted in order to
obtain a live load coefficientf for the beginning of the plasticization for eanbdel, ie: for a
certainAq plasticization starts for anvalue that satisfiesg=a-lu

The load under which the bridge is analysed is Goation A1: 1,35-w+pl)+ A-qg, where:
« wis the self-weight, with a steel specific weigh76,97kN/nt
« plis the permanent load of 2,5kNinConsidering 4m widthpl=10kN/m
* |lu is a uniform live loading on the whole length betdeck. The live load value is of
5kN/n? according to EC1 Part 2. Section 4.3.5 for foalipeis. Considering 3m of usage
width, employing the rest of the width for the nragls the value of live loads 5kN/m.
* The step loading analysis starts after the geocadirinon-linear analysis (GNLA) of the

permanent load state 1,3+pl) has been performed

338



CHAPTER VI. SECTION C. GEOMETRICALLY NON-LINEAR ANALYSE®F SPATIAL ARCH BRIDGES
WITH A CURVED SUPERIOR DECK AND A PLANAR VERTICAL ARCH

1.4 Research procedure and values

1.4.1 Model values

In order to understand the behaviour of these arctigferent frame 3D models have been
developed and analysed with commercial softwareinAke previous studies, the arch and deck
plan curvature are measured as horizontal gagndgp respectively), the arch rise is calliedhe
arch/deck eccentricity in plan viewasthe distance between arch and deck at span agsmtand

the arch and deck spans &rg andLsp respectively and are considered equal (L) in atets
(see Figure 1-1 for a particular model as an exajnpl

The parameters are closely detailed in Chapterséddion 1.2. Please refer to the aforementioned
chapter or employ the bookmark.

The imperfection value considered at the arch peittt maximal displacement in the deformed
buckling shaped is name@.

!

Figure 1-1: Frame 3D model forg=20m,f=20m and maximal spatial imperfectione0 = 224mm

For all the studies presented, the following dinrems have been employed:
*  LssLsp=L=100m;
* 0a=0;9=gp= 0 and 20m
* e=¢g/1,2=16,67m fog=20m as recommended in chapter V.B

» f=L/5=20m as recommended in chapter V.B and sedtid® of the present chapter and
f=L/2=50m, since it gave the lowest buckling loaddéttion VI.B of the present chapter

e v=0
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The shape of the arch is always a parabola. 1&dtave been employed in all the models. The
inclination of the struts is determined by the anif division of the deck and the arch for all the
models, which leads to a radial distribution.

The material employed is steel S355 with a 2,DkiNIn? modulus of elasticity (E) and resistance
fy=355MPa.

The studied arches in each of the considered madeldixed at the springings. The deck is
pinned at abutments and tangential longitudingbldements are restrained for SABs and free
for g=0, as recommended in Chapter V.A. The ratigdlacements are restrained.

The struts are completely fixed to arch and deck.
For stresses and axial forces values>0 are tenaimhs0, compressions.

A GNLA has been conducted for the reference crestiem values (Table 1-1) and also for the
design cross-sections for arch, deck and strutsléTa2 and Table 1-3) obtained in ChapterV.B.

CHS D=1m; t=30mm
A= 0,0914m

ARCH J=0,0215rh

2= 0,0108rf

I3= 0,0108rfi

BOX GIRDER 4000x800mm; t=15mm
A= 0,1431mM

DECK J=0,0615rh

2= 0,2517r

I3= 0,0196r

CHS D=451mm;t=22,6mm
A= 0,0304mM

STRUTS J=0,0014rh

12= 0,0007rf}

13= 0,0007r

Table 1-1: Reference cross-section values

g=20m
f=20m f=50m
CHS D=750mm; t=30mm CHS D=750mm; t=20mm
A= 0,0679mM A= 0,0459m
ARCH J=0,0088rfh J=0,00061rh
I= 0,0044nt I= 0,0031nt
BOX GIRDER 4000x700mm; t=20mm
A= 0,1864mM
DECK J=0,0629rh
12= 0,3179r
I3= 0,0095rf}
CHS D=300mm;t=35mm CHS D=300mm;t=45mm
STRUTS A=0,0291n} A= 0,0360m
J=0,00052rh J=0,0006rh
I= 0,0003nt I= 0,0003nt

Table 1-2: Design cross-section values fge=20m
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g=0
f=20m

CHS D=750mm; t=25mm
A= 0,0569m

ARCH J=0,0075rh

I= 0,0037nt

BOX GIRDER 4000x700mm; t=20mm

A= 0,1864mM
DECK J=0,0629rh
12= 0,3179r
13= 0,0095r

CHS D=300mm;t=60mm

A= 0,0452m
STRUTS J=0,00069rh
I= 0,0003n%

Table 1-3: Design cross-section values fge=0

1.4.2 Analyses method

A step loading and geometrically non-linear analy§&ENLA) with SAP2000 v14 has been

developed for the 3D frame models with values deedrin section 1.4.1. The P-deltatlarge
displacements method (as recommended in the bemnkhmahapter Ill. B) has been employed.

An example of one of these frame models can beredden Figure 1-1. Various models with

different number of FE have been analysed. An aimlyith SOFISTIK has also been conducted
for the model withg=20m and=50m.

A previous benchmark has been done with both sofsvéchapter 1ll. B). Whereas SAP2000
gave better results. Hence, SAP2000 is used fostdpeloading analysis (section 2.2). However,
introducing the imperfections based on tfiendode buckling shape is quicker with SOFISTIK.
Therefore, SOFISTIK is employed to obtain the infipetion geometry and for section 2.1 in this
chapter. Employing both softwares in a SAB exangpld comparing the results (section 2.1.1),
shows the equivalency of employing one softwaranmther for this section.

Analyses have been conducted with both displacemedtload control for one of the models.
Both methodologies have shown identical results laad control has been applied for all the
models.

An elastic analysis has been employed and it isidered valid until the yielding of the most
stressed cross-section of the structure. For tke-leading analyses this gives a loading
coefficient valuer described in section 1.3.

1.4.3 Imperfection values

As already explained in section 1.1 and the sthteeart in the present chapter V.A, there are

no equivalent European buckling curves for arcddes. Therefore, the coded imperfections will

be employed following the first mode of bucklingaple as stated in EC3 Part 1.1 Chapter 5.3.2.
Two different imperfection values have been empdiofger each model according to EC3 Part 1.1

Chapter 5.3.2 and EC3 (Annex D.3.5)

These imperfection values are conservative, as dstmated with a benchmark for the program
SAP2000 v14 in chapter IIl.B and Outtier et al (28D
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According to EC3 (Annex D.3.5) imperfections ofla@s are only given in one plane, either in-
plane or out-of-plane of the arch. However spasimth bridges buckle in both planes as
demonstrated in Chapter 11l.B. Therefore the bungklshape is employed and as imperfection
value it seems logical to consider the maximal @adither in-plane or out-of-plane given by the
standards, since imperfections should not expdotd@ bigger as in a planar arch. However, on
the side of security and in order to see the imib@eof large imperfections, the vector of both in-
plane and out-of-plane imperfections given in EE8rex D.3.5) have been employed.

The imperfection values obtained for each modelaswbrding to both, EC3 (Annex D.3.5) and
specific for arch bridges (EC3 Annex D.3.5 Table8 Bnd 9, shown in section A of the present
chapter) are displayed in Table 1-4.

. e0(mm) according to
e0(mm) according to| . )
) ) imperfections for
L(m) | g(m) | f(m) imperfections for .
complex structures arch bridges
(EC3 Annex D.3.5)
100 20 20 23 224
100 20 50 44 224
100 0 20 29 149

Table 1-4: Arch imperfection values according to dferent chapters of EC3

L/1000 is employed as the maximal out-of-plane irfestion by Manzanares et al (2011), a
much larger value than the measured imperfectibasjt is not really comparable since these
were in-plane imperfections in the vertical direnti Outtier et al (2007) employ L/1000 for out-
of-plane imperfections, but including the residsiaésses.

2. ANALYSES OF THE RESULTS

2.1 STRUCTURAL RESPONSE UNDER DESIGN LOADING
A first study has been conducted for g=20m and fe3fased on the results of Chapter V. B.

On the one hand, the validity of both, the SAP286@ware and SOFISTIK is controlled by
comparing the results obtained with each softwRoth softwares will be combined since certain
features are easier in one or another (sectio)1.4.

On the other hand, the bridge behavior and strags#er the design load obtained by means of a
first order analysis and a GNLA have been compamedyrder to see the influence of non-
linearities in this bridge type on a first approablo imperfections have been introduced for this
first approach.

2.1.1 SOFISTIK and SAP2000 results comparison

A SAB model with planar vertical arch, g=20m and®@m and a superior curved deck with
€=16,67 has been analysed with SAP2000 and SOFIHéference cross-sections have been
employed.

Both LA and GNLA have been carried out with eacfiveare and compared. The arch structural
forces response comparison under Combination Aispayed in Figure 2-1 and Figure 2-2.
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The same forces have been obtained with both safsvamployed for the analysis, the
differences are negligible. Both, in the case médir and geometrically non-linear analysis.
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2.1.2Linear and geometrically non-linear analyses coispar

A SAB model with planar vertical arch, g=20m and®m and a superior curved deck with
e=16,67 has been analysed with SAP2000 performirigh e&and a GNLA. Reference cross-
sections have been employed.

Internal forces in the arch and stresses in thagbrunder Combination Al obtained by both, LA
and GNLA, have been compared (Figure 2-3 and Figuterespectively).
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Figure 2-3: Internal forces under Combination A1 fo g=20 and f=50m. LA af1d)GNLA comparison.
(a) Arch axial forces (kN); (b) Arch out of plane lending moments (M2-2, kN-m); (¢) Arch in-plane
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Figure 2-4: Stresses (kN/rf) under Combination A1 for g=20 and f=50m. LA and GILA comparison.

(a) Stresses along the arciThe abscissas are the arch length from 0 to L 4; (b) Stresses along the deck.

The abscissas are the deck length from 0 to Lp/2; (c) Stresses in strutsThe abscissas are half the struts
from the closest to the springings to the nearest at span center
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Arch

From the arch internal forces point of view the metrical non-linearity is highly significant for
bending and torsional moments.

» Out-of-plane bending moments (Figure 2-3b) neadyhde at L/8 (40% maximal relative
error), torsional moments nearly double at the amghingings (30% maximal relative
error).

* In-plane bending moments (Figure 2-3c) more thaobtip themselves at L/8 (40%
maximal relative error) and have also high diffeesat L/3.

* This is because the deformations increase the &wsges with respect to the pressure
line of the arch.

* However, this effect is hardly significant in theia forces (Figure 2-3a), which only
diminish slightly at the arch springings and craid® maximal relative error).

The stresses in the arch highly increase with tgpethe ones obtained from a linear analysis
(Figure 2-4a), When considering the geometricatlinoear effects.

* The maximal relative error is 37% and takes pladg&

» The highest effects of geometrical non-linearitigetgplace at springings, L/8 and L/3 of
the arch. This corresponds to the cross-sectionsravthe main increase in bending
moments takes place.

» Local buckling establishes a minimal thicknesstfa cross-sections. Only near to the
springings are they dependent on the internal orce

» Considering the geometrical non-linearities thehaccoss-sections would plastify at
springings when dimensioned with a linear analy3isere is a 27% stress maximal
variation at springings

* When considering the geometrical non-linearities lilke load which the structure can
bear before the first fiber in the arch cross-sectlastifies is nearly half than when
geometrical non-linearities are not considered.

Deck

From the internal forces point of view the geonegiirnon-linearity is very important for bending
moments and also quite significant for shear farces

* The shape of the distribution of M2 is completelfyjedent. The location of the maximal
bending moments changes when considering geometaodinearities.

From stresses standpoint the geometrical non-lifeer a non-negligible influence; with a
maximal error of 68% (Figure 2-4b).

* The highest effects of geometrical non-linearityetplace in the central third of the deck.

* The design of the cross-sections does not changas wbnsidering geometrical non-
linearities, since the deck is overdimensioned th@ design loads because the given
10mm thickness is needed for local bending momdats| instability of compressed
plates and durability.
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When considering geometrical non-linearity, thepldisements become completely unbearable.
Hence, a dynamic analysis is carried out in Chagler

Struts

Stiffer cross-sections are needed when consideggamnetrical non-linearities, in comparison
with the ones designed to resist the forces oldawith a linear analysis.

When considering the geometrical non-linear effettie stresses in the struts can even double
themselves with respect to the ones obtained fréimear analysis (maximal relative error 120%,
Figure 2-4c).

All'in all, it is necessary to consider geometricah-linearity in this bridge type.

2.2 STRUCTURAL RESPONSE OF THE ARCH UNDER STEP LOADING

The different models described in 1.4.1 have beatyaed under Combination A1’ (section 1.3).
The design cross-section values detailed in Tald@dd Table 1-3 have been employed.

The largest stresses in the arch take place atgipgs for all models (Figure 2-5), as stated in
section 2.1.

The results of the axial forces and total bendirgmants at the arch springings under LA and
GNLA with and without imperfections and with theffdrent imperfection values described in
1.4.3 have been plotted for the different stepkadling. This gives the interaction diagram for
the most critical cross-section of the arch (fraguFe 2-5 to Figure 2-8).

When comparing planar arch bridges with a supestmaight deck with SABs with a curved
superior deck and a planar vertical arch (Figué,2he following conclusions can be drawn:

* NLG effects have a high influence on the behavfaroh bridges, as expected.

» For SABs, results obtained with a LA are neareth® GNLA than for planar arch
bridges with a superior straight deck. This is soduse important bending moments are
already obtained for SABs with LA due to their gextiry and structural behavior
described in Chapter V.B.

When comparing SABs with a curved superior deck apdanar vertical arch with different rise
and imperfection values (Figure 2-7), the followtanclusions can be drawn:

! In all the cases the yielding load is under a 5% ® buckling load. Hence the results are consitdléo
be reliable according to the benchmark in chapteBlsection 2.4
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* NLG effects have a high influence on the behaviddAaBs. A GNLA must be conducted
for this bridge type, since the design obtainechvif can give values which will not
resist ULS when considering GNL effects.

* The influence of NLG effects is larger for archeghwlarge rise values than when
employingf values recommended in Chapter V.B.

* The value of imperfections has a lower influencedohes with large rise values than
when employind values recommended in Chapter V.B

Slightly stiffer cross-sections are needed whensid®ning geometrical non-linearities, in
comparison with the ones designed to resist treefoobtained with a linear analysis.

The f=50 model has been analysed with a D750t20 ard3@Dt45 struts and a 700x4000t20
deck cross-sections with and without imperfections.

* Whereas a security factor of 2,2 for live loadslained with a linear analysis without
imperfections, a 1,4 security factor is obtainedhwa GNLA of the model without
imperfections (Figure 2-6).

* This value is below the security factor of 1,5 fime loads established by the spanish
code IAP2011 and the EC1 Part2.

» With imperfections according to EC3 Part 1.1 Chapt8.2, the security factor can fall to
1,2.

Note that forf=50m, when employing very large imperfection valthes arch first plasticizes for

a larger load than when analizing the model withmperfections. This happens because it bears
lower axial forces and similar bending moments (Fég2-8). However it is clear, that for larger
loads, if the material had not failed, the geongatly non-linear effects are more important when
employing large imperfections. It must be, thoudhighlighted, that values above the
plasticization load are not valid anymore, sinceemal non-linearities have not been considered.

2.2.1First buckling mode imperfections direction sign

The buckling shape obtained by means of the FE Muaietwo directions, positive or negative.
Due to the asymmetry of SABs with a curved deckh lolirections should be analysed.

Since the objective of the present study was r@btidge design, but evaluating the influence of
geometrical non-linearity on this bridge type anatlsinfluence has been already proved by
employing the buckling shape in one direction,tbgative direction will not be considered.
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Arch internal forces at springings
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Figure 2-7: Step loading diagram for SAB models wit different imperfection values and with the correponding interaction diagrams. Movements restrainedit deck
abutments. Yielding steps detail
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3. CONCLUSIONS

* NLG effects have a high influence on the behavib6ABs with a superior curved
deck. A GNLA must be conducted for this bridge typ@ece the design obtained with
LA can give values which will not resist ULS whemnsidering GNL effects and elastic
material failure.

* For SABs, results obtained with a LA are neareth® GNLA than for planar arch
bridges with a superior straight deck. This is eoduse important bending moments are
already obtained for SABs with LA due to their gexirg and structural behavior.

« The influence of NLG effects is lower when emplayif values L/5=20m
(recommended in Chapter V.B) than for arches veithdr rise values.

» The value of imperfections has a lower influenceaiches with large rise values than
when employing values recommended in Chapter V.B.

4. FUTURE LINES OF STUDY

» Compare the behavior of different imperfection ®spbtained by the positive and
negative buckling deformed shapes, by conductiGgaA.

» Consider material non-linearity as well as geormatnmon-linearity, in order to observe
the formation of hinges and the bearing capacitygmaof these structures with respect
to the material linear analysis.
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1. INTRODUCTION AND OBJECTIVES

For footbridges with more than 50 m span, more tBianwalkway or non-conventional bridge
types, a dynamic analysis is necessary (IAP 201iz-Reran and Aparicio, 2009). SABs in the
present study satisfy all those characteristicsyBatever the frequencies would be, a dynamic
analysis is necessary.

Moreover, the natural frequencies of the studie®$&A the previous chapters are in the critical
range for vibrations.

Therefore, the conclusions of the study are notpteta without conducting a dynamic analysis,
since dynamic behaviour can be critical in thisigei type design.

The present chapter does not pretend to draw csinalsl on dynamic behaviour of this bridge
type, which could be a subject for future linestfdy. It merely pretends to check the dynamic
behavior of the geometry concluded in previous tdrapas most efficient for SABs with a planar
vertical arch with a superior curved deck. Its dyi@abehaviour is also compared with that of a
planar vertical arch with straight deck with anigglent span and rise.

The necessity to conduct a dynamic analysis isuatedl according to the natural frequency of
each structure under criteria stated by both, Ae2011 and the Sétra Guidelines (2006), which
are discussed in the basis of analyses and design.

The load cases are defined following the Sétra @imds (2006). These guidelines and the
reasons for employing them and not others are sksolin the basis of analyses and design.

The aim of the present study is giving a first aggh of the dynamic behaviour of a type of
SABs. It is therefore interesting to analyse itedéour under design dynamic loads of one of the
present codes or guidelines and also the behavioder the dynamic load case of a single
pedestrian and of a small group.
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2. BASIS OF ANALYSIS AND DESIGN

2.1 Codes and research
Dynamic analysis necessity research

According to Ruiz-Teran and Aparicio, 2009The correlation between deflections and
accelerations (proposed by Smith and accepted bgrakcodes) only exists for systems with a
single degree of freedom (or for systems in whighmode dominates the dynamic response). No
correlation between both approaches can be estaddifor real structures with multiple degrees
of freedom.

“Consequently, conducting a full dynamic analysss required in order to verify the SLS
vibrations.” In the aforementioned paper the acceleration-bagguoach is proposed for the
appropriate verification of the SLS of vibratiorsénce for non-conventional bridges, also with
small spans, the deflection-based approach mighinkafe for some cases and too conservative
for other cases of non-conventional bridges, legttiran over-design.

Eurocode 1

The EC1 Part2 section 5 on actions on footwayslecyacks and footbridges states that
appropriate dynamic models of pedestrian loads @rdfort criteria should be defined. The
dynamic models of pedestrian loads and associabedafoct criteria may be defined in the
National Annex or for the individual project. Théme, the dynamic analyses is not defined for
the EC, leaving the criteria of this analysis te tkesigners.

Eurocode 1 UK National Annex

In general, for road and railway bridges, the Eadec1 UK National Annex NA.2.50 (2003)
states that determining whether a dynamic analgsiequired (in addition to static analysis) is
based on a series of requirements in which, firgtljnust be differentiated between simple and
complex structures. According to EC1 UK NA (2003):

“Simple structures which exhibit longitudinal lindbeam behaviour with insignificant

contributions from other dynamic modes will genlgrabmprise of deck type structures of slab,
beam and slab or box and slab construction wheee ttacks are located over the webs of
longitudinal spanning elements and where the dedt/felements are not required to directly
distribute axle/wheel load effects to the longitadielements by transverse bending”.

“Complex structures require deck/floor elements distribute axle/wheel loads to primary
longitudinal elements. Complex structures will ¢ghly include through/half through structures
with primary transverse spanning deck/floors, ad$l we deck type structures of beam and slab
(or box and slab) construction where the deck/flelmments are required to distribute loads to
the longitudinal elements in bending”.

Once classified into simple or complex, the need diynamic analysis depends on the maximum
speed at the bridge and the span length and thieni@tural bending frequency of the bridge
loaded by permanent actions.
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For footbridges, dynamic models are defined in NAd2and they are associated to comfort
criteria. Two analyses are required:

« The maximal vertical deck acceleration
* The likelihood of large synchronized lateral resgaEm

We would like to highlight, that the EC1 UK NA (2B)0already takes into account the lock-in of
a pedestrian crowd, but reliable test measurenm@anighich the code is based are only available
for footbridges with lateral frequencies in thegarof 0,5 and 1,1Hz. If out of this range, or it ou
of the lock-in stability boundaries, the EC1 UK Ni&des not define a lateral dynamic loading to
conduct ananalysis.

As for vertical acceleration dynamic loading anelyshe EC1 UK NA establishes no limits to
decide whether it should be checked or not. Italliyeconsiders the necessity of defining a
vertical dynamic loading.

Bridges are categorized into bridge classes by tlssige to determine the appropriate actions due
to pedestrians. Group sizes for each bridge clagslansities should be applied as given in Table
2-1.

According to NA.2.44.2 Depending on the expected bridge usage, it mayeberrdined that
jogging cases given in Table NA.7 can be negldaeithdividual projects.

Bridge class | Bridge usage Group size Group size Crowd density
(walking) (jogging) p
(persons/m?)
(walking)
A Rural locations seldom used and in sparsely N=2 N=0 0
populated areas.
B Suburban location likely to experience slight |N =4 N=1 0.4
variations in pedestrian loading intensity on an
occasional basis.
C Urban routes subject to significant variationin ([N = 8 N=2 0.8
daily usage (e.g. structures serving access to
offices or schools).
D Primary access to major public assembly N=16 N=4 1.5

facilities such as sports stadia or major public
transportation facilities.

Table 2-1: Recommended densities for desig&¢urce: EC1 UK NA Table NA)7
According to NA.2.44.3:
“In calculating the peak vertical deck acceleratsoaccount should be taken of the following.

» The load models provided should be applied in otdedtetermine the maximum vertical
acceleration at the most unfavourable location loe fiootbridge deck.

» The calculated vertical responses should inclu@eetifiect of torsional or other motions.

* Modes other than the fundamental mode may neeeé taken into account in order to
calculate the maximum responses.

* When the vertical deck modes are not well separatedsideration should be given to
the use of more sophisticated methods of analiysimder to determine combined mode
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responses. In all cases, it is conservative totheevector sum of the peak accelerations
for those modes that need such combination.”

The design maximum vertical accelerations that Irefsam single pedestrians or pedestrian
groups should be calculated by assuming that tweseepresented by the application of a vertical
pulsating force (F, sinusoidal time history funoliomoving across the span of the bridge at a

constant speedf = Fo.k(fv). /1 +g.(N-1). sin2r.fu.t)

The natural frequency of the bridge is employedédfine the time history function.
The reference load of a pedestrian and walkingdspegefined in Table 2-2.
Several factors are employed in order to consider:

» the effects of a more realistic pedestrian popuorati
* the harmonic responses
» the pedestrian sensitivity to response

» the unsynchronized combination of actions in a p&@® group, depending on damping
and effective span

» the mode shape.

Parameters to be used in the calculation of pedestrian response

Load parameters Walking Jogging
Reference load, F; (N) 280 910
Pedestrian crossing speed, v, (m/sec) 1,7 3

Fo is the reference amplitude of the applied fluctireg force F

Table 2-2: Parameters to be used in the calculatioof pedestrian responseSource: EC1 UK NA Table
NA.8)

The design maximum vertical accelerations thatlrdsom pedestrians in crowded conditions
may be calculated by assuming that these are egeskby a vertical pulsating distributed load,
applied to the deck for a sufficient time so theasgy state conditions are achieved.

A sinusoidal time history function with the natufi@quency of the bridge is employed.

The crowd is limited to 1.0 personginThis is because crowd densities greater thanvilise
produce less vertical response as the forward matmws.

In addition to the previously mentioned factorsdefine the single pedestrians or pedestrian
groups load, other factors are employed in ordelefine the crowd load:

* Factor to allow for the unsynchronized combinatb@ctions in a crowd.
* The effective number of pedestrians when loadinghfonly part of the span contributes
to the mode of interest.

NA.2.44.6 defines a limit acceleration which depeod:

* the site usage
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* the route redundancy (ie: if there other routes|aivie)
» the height of structure

Note that the two latter are not considered in otloeles or guidelines summarized in the present
document.

Finally, the EC1 UK NA also considers the importaf avoiding lateral responses due to crowd
loading in NA.2.44.7:

» “Structures should be designed to avoid unintenaiestable lateral responses.
» If there are no significant lateral modes with fuegcies below 1,5Hz it may be assumed
that unstable lateral responses will not occur”.

For all other situations, the pedestrian mass dagnparameter and the mode frequency should be
compared with a stability boundary defined in tluele Cateral lock-in stability boundaries
Figure NA.11, EC1 UK NA, 2003)

The pedestrian mass damping parameter depends on:

» the mass per unit length of the bridge
» the mass per unit length of pedestrians for thevegit crowd density
* the structural damping

Instruccion de Acciones en Puentes (IAP 2011, Spahibridge action code)

According to IAP (2011), in geneyapart from the exceptions indicated on the follaplines
the SLS of vibrations in footbridges will be coresidd under control if their natural frequencies
are outside the two ranges below:

» Critical range for vertical and longitudinal vibiis: from 1.25 to 4.60 Hz
» Critical range for lateral vibrations: from 0.50X&®0 Hz

In those gateways whose natural frequencies ahéntiese ranges shall be required specific
dynamic studies to ensure comfort requirementsdeptrians.

In any case, regardless of the value of the nattgqliencies, also be checked by dynamic studies
proper vibrational response of the walkways whenairihe following circumstances:

e Span greater than 50 m

e Platform width greater than 3.0 m

e Special structural type or new materials

» Locationin urban areaghereheavy pedestrian traffis expectedr with a risk of
concentration of peoplen thefootbridge itself

The comfort level according to the acceleratioal$® defined in this code (s&able 2-3.

Comfort level Vertical acceleration Lateral accebdion
Maximum < 0,50 mi < 0,10 m/é

Middle From 0,50 to 1,00 nf/s From 0,10 to 0,30 nfs
Minimum From 1,00 to 2,50 nffs From 0,30 to 0,80 nfs
Unacceptable >2,50 ni/s > 0,80 m/é

Table 2-3: Comfort level for different accelerationranges according to IAP2011
In this code no specific loading is given to cortdhe dynamic analyses.

363



CHAPTER VII. DYNAMIC ANALYSIS OF SPATIAL ARCH BRIDGES WI'H A CURVED SUPERIOR DECK
AND A PLANAR VERTICAL ARCH

Sétra Guidelines

The Sétra guidelines (2006) take into accountabk-in of a pedestrian crowd studied by Fujino
et al (1993), the theory formulated for the Millem footbridge, the Solferino footbridge and also
performed laboratory tests on a platform. The asislgf these studies lead to the conclusion that
the concept of critical acceleration seems moreveglt than that of a critical number of
pedestrians. It is thus the critical acceleratioreghold, which is mainly discussed in the Sétra
guidelines.

The Sétra recommendations offer a summary of tle frequencies for vertical vibrations in
current regulationsT@able 2-9 and critical accelerations given a natural fremyefFigure 2-1).

Eurocode 2 ( Ref. [4]) 1.6 Hz and 2.4 Hz and, where specified, between 2.5 Hz and 5 Hz.
Eurocode 5 ( Ref. [5]) Between 0 and 5 Hz

Appendix 2 of Eurocode 0 <5 Hz

BS 5400 (Ref. [6]) <5 Hz

Regulations in Japan ( Ref. [30]) 1.5Hz-23 Hz

ISO/DIS standard 10137 (Ref. [28]) 1.7Hz—-23Hz

CEB 209 Bulletin 1.65-2.35Hz

Bachmann ( Ref. [59]) 1.6-24Hz

Table 2-4: Risk frequencies in current regulationgSource: Sétra, 2006)

1,40 |
§ 120 —
g 1,00 _— BS5400, ~~" ~
E 0,80 // Ontario
% 0,60 == ~ ~ ECO0 annexe2
T 040 /")/____ - - = ISO/DIS 10137
£ 0,20 [ TTTmmmmmmees |

0,0o ’W

Q & ® L2 O H O Ao
NP PN AP ZEPAS

Natural frequency

Figure 2-1: Vertical critical accelerations in m/$ as a function of the natural frequency for various
regulations (Source: Sétra, 2006)

The Sétra guidelines themselves establish the exatiein ranges for different comfort levels
(Figure 2-2). Accelerations in Range 1 corresponds to the mami comfort level, 3 to the
minimum and 4 to uncomfortable acceleration letleds are not acceptable.

The horizontal acceleration is limited in any césed,10m/$ to avoid “lock-in" effect Eigure
2-2b).
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Acceleration ranges 0 05 1 25 Acceleration ranges o 0.1 0.15 03 08
Range 1 Range 1 M
Range 2 Range 2 :
Range 3 Range 3 [ Min
Range 4 Range 4 f
(a) (b)

Figure 2-2: Acceleration ranges in m/sfor (a) vertical and (b) horizontal vibrations (Séra, 2006)

The risk of resonance is classified in differemtges for different frequencieBigure 2-3) with 2
mass assumptions: empty footbridge and loaded ghiaut its bearing area, to the tune of one
700N pedestrian per square meter.

Frequency] 0 1 1.7 2.1 26 5 Frequency| 0 0.3 0.5 1.1 13 25
Range 1 : Range 1
Range 2 Range 2
Range 3 Range 3
Range 4 _| Range 4
(a) (b)

Figure 2-3: Risk of resonance. Frequency ranges iz for (a) vertical and (b) horizontal vibrations
(Source: Sétra, 2006)

The necessity of the dynamic calculation is decidedording to the natural frequency range
(from range 1 with a maximum risk of resonance tmi@imum, being the risk negligible for

frequencies in the range 4). The natural frequeaoge and the bridge class gives the dynamic
load cases for which it must be conductEgure 2-4). The class depends on the bridge usage.
For very light bridges Sétra advises to considdeadt class Il to ensure a minimum amount of

risk control.

Load cases to select for acceleration checks

Natural frequency range
Traffic | Class

1 2 3
Sparse | 111 Nil Nil
Casel e 3
Dense | 11T Case 1 Case
Very |1 Case 2 Case 2 Case 3
dense
Case No. 1: Sparse and dense crowd Case No. 3: Crowd complement (2nd harmonic)

Case No. 2: Very dense crowd

Figure 2-4: Verifications. Load case under considetion of the natural frequency and class of the
footbridge (Source: Sétra, 2006)
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The loading adopted for the dynamic analyses daskad the density of the crowd (d) for the
different cases. Given the total area of the fadga, the density gives the number of pedestrians
involved. This is transformed into an equivalentier of pedestrians

Case 1:

The details of this case are given as an examplendlhbe used to calculate the loading for the
present study (section 5). Summarising and citietyaS2006):

“The density d of the pedestrian crowd is to be idensd according to the class of the
footbridge (Table 2-5).

Class |[Density d of the crowd
111 0.5 pedestrians/m”
11 0.8 pedestrians/m’

Table 2-5: Densityd of the pedestrian crowd according to the class dlfie footbridge (Source: Sétra,
2006)

“The load that is to be taken into account is medifoy a minus factory which makes
allowance for the fact that the risk of resonanceaifootbridge becomes less likely the further
away from the range 1.7 Hz — 2.1 Hz for verticatederations, and 0.5 Hz — 1.1 Hz for horizontal
acceleration& The values which this factor adopts for differémequencies are shown in Figure
2-5.

A A

1 1

0 . 0

» »

Structure 0 0,3 0,5 1,1 1,3
freq. -

Structure
freq.

Figure 2-5: Factor ¢ in the case of walking, for vertical and longitudnal vibrations on the left, and
for lateral vibrations on the right. (Source: Sétrg 2006)

Table 2-6 “summarises the load per unit area tagmtied for each direction of vibration, for any
random crowd” (Sétra, 2006).

» & represents the critical damping ratio (no unitld a the number of pedestrians on the
footbridge @ x S.

* These loads are to be applied until the maximunelacation of the resonance is
obtained.

* These load cases are not to be applied simultalyeduse vertical load case is applied
for each vertical mode at risk, and the longitutlinad case for each longitudinal mode
at risk, adjusting on each occasion the frequericthe load to the natural frequency
concerned.
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Direction Load per m?

Vertical (v) d x (280N) x cos(2ntfyf) x 10.8 x (&/n)'* x v
Longitudinal (1) d x (140N) x cos(2nfir) x 10.8 x (&/m)"* x y
Transversal (t) d x (35N) x cos(2mfif) x 10.8 x (£/n)"* x v

Table 2-6: Load per unit area to be applied for edt direction of vibration (Source: Sétra, 2006)
Cases 2 and 3 are obtained by the same processthwther values.

The load direction should follow the sign of thedashape as shown figure 2-6

Sf
=

Figure 2-6: Calculation methodology for the equivant number of pedestrians N, (Source: Sétra,
2006)
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“Design of floor structures for human induced vibiians’ (JRC European Commission)

Feldmann et al (2009) have developed a report uthdedRC-ECCS cooperation agreement for
the evolution of Eurocode 3. This report gives acpdure for the determination and assessment
of floor responses to walking of pedestrians aaddeto easy-to-use design charts, taking account
of the complexity of the mechanical vibrations pewb.

The phases of walking are described. The duratidheopace and the distribution of the weight
on the floor during time depend exclusively on fifegjuency of the pedestrian. A statistical study
of the dynamic loading normalized to the weight aedording to the frequency is described in
this report. This leads to a polynomial functioniethdescribes the contact force due walking
along the timeRigure 2-&). Another polynomial function describes the dorabf the pace as a
function of the frequencyFgure 2-D).

Polynomial function for the contact force due to a single step:
F(?‘.)_K 2 3 A S ST B
e Kb 2 K+ K + K0+ K+ Kt + Kt
Coefficient step frequency ranges
52 L.Z5Hz 1.75 <f < 2Hz .2 2 Hz
4 -8 X £, + 38 24 x f.- 18 75 X f. - 120
K, 376 x f. — 844 -404 x f, + 521 -1720 x f, + 3153
K -2804 x £ + 4224 x f. - 6274 17055 x £ - 31936
6025
K, 6308 x f, - -29144 x £, + -94265 x f. +
16573 45468 175710
Ks 1732 x £ + 109976 x f. - 298940 x f. -
13619 175808 553736
Ks -24648 X f; + 217424 X f, + -529390 X £, +
16045 353403 977335
K; 31836 x f, - 212776 x f, - 481665 f, -
33614 350259 888037
Ks -12948x f, + -81572x f, + -174265x% f. +
15532 135624 321008

Figure 2-7: (a) Contact force due walking along théime. (b) Duration of the pace as a function of th

T, =2.6606—1.757 f. +0.3844 f>

(@)

(b)

frequency

The weight of the pedestrian and the frequencyralependent variables.
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In order to obtain a time history of the dynamiade due to several people walking on the
structure:

1) npace frequencies of pace angedestrian masses are chosen randomly.

2) Frequencies and masses are paired randomly.

3) A time history of each pair of data is generatedfor each pedestrian a time history is
generated with the aforementioned polynomial fuomcti

4) All the time histories obtained are added

This method leads to establish a time history, Emgla dynamic loading analysis which will give
an acceleration. The comfort degree can then bairsut with the comfort degrees given by
different codes for footbridges, such as the afergioned IAP 2011 or the Sétra Guidelines.

2.2 Examples of dynamic behaviour

2.2.1 Dynamic response of the Millenium Bridge. Quantifiation of the locking
effect

An example worth mentioning, that set out differests and researches, which added to previous
ones, set nowadays codes, is the London Milleniuiag®, a suspension footbridge.

Citing Dallard et al (2001):During design of theLondon Millenium Bridge a modified BS 5400
approach was used for assessment of the responsertical pedestrian excitation, using a
higher input force than is recommended in the cod&b take into account the effects resulting
from the inclined cables, including the couplinglateral and torsional movements, the lateral
and torsional response to eccentrically appliedticat loads was also assessed”.

“It is estimated that between 80 000 and 100 000pp= crossed the bridge during the opening
day. Analysis of video footage showed a maximu@0@® people on the deck at any one time,
resulting in a maximum density of between 1.3 abdpgople per square metre” (Dallard et al
2001).Unexpected excessive lateral vibrations of thedaridccurred. The movements took place
mainly at a frequency of around 0.8Hz and at fregies of just under 0.5Hz and 1.0Hz (different
values for different spans that were not the mastal ones of the aforementioned analysis).

“Excessive vibration did not occur continuouslyt built up when a large number of pedestrians
were on the affected spans of the bridge and d@aundf the number of people on the bridge
reduced, or if the people stopped walking “(Dallatal 2001).

“From visual estimation of the amplitude of the mments on the south and central span, the
maximum lateral acceleration experienced on theldeiwas between 200 and 250 milli.-Agt”.
The strong lateral response of the Millennium Beideas caused by resonance.

Until the research lead as a result of the incideinthe excessive vibration of the London
Milenium bridge the phenomenon sfnchronous lateral excitation was explained inesv f
reports, butnone of them gave any reliable quantification oé tlateral force due to the
pedestrians, or any relationship between the feregted and the movement of the deck surface
(Dallard et al 2001). Research was conducted thrdagoratory tests and crowd tests on the
Millennium Bridge itself. Useful results were olstad, which enabled the design of the retrofit to
be progressed.
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2.2.2 Highlights on SABs

Some examples of SABs with a vertical inclined aastd a straight deck are the Merchants
Bridge and the York Millenium Bridge (Figure 2-8)diathe Dreilander bridge with a straight deck
suspended of a vertical arch braced to an inclareld (Figure 2-9).

(a) (b)
Figure 2-8: (a) Merchants Bridge. (b) York Millenium Bridge
Tuned mass dampers were installed within the détkeoMerchants Bridge (Mairs, 2001).
The York Millenium Bridge did not require the usedampers. An analysis was conducted with

an average of 2 people per square meter of mamesgzh applying a peak dynamic load of 25N.
This generates a horizontal acceleration of 0,4(Mairs, 2001).

Dreilander bridge

Figure 2-9: Dreilander bridge (reproduced by kind permission of Hans-Peter Andra)

The natural frequency of the bridge is 0,9Hz acogrdo a modal analysis (Strobl et al, 2007).
This is in the range of pedestrian lateral freqyeAcdynamic analysis was conducted according
to Fujino et al (1990 and 2005). According to thiglysis, walking crowds with a density higher
than 0,24pers/fmwvould destabilize the bridge and the use of 10§smamper at midspan would
be needed.

However, practical dynamic tests were performedherbridge, giving a natural frequency a 10%
higher (1,01Hz). For 0,24persiithe frequency of the pedestrian pace was below BHaging

the pace near to the bridge frequency, an accieleraf 1,5m/é was reached. It was decided to
use no dampers and there have been no problenosdapet in spite of the large pedestrian density
during the bridge inauguration and celebrationso{$tet al, 2007, and LAP internal reports,
2015).
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3. STUDIED PARAMETERS AND GEOMETRIES

A dynamic analysis has been conducted for verptahar arch bridges with a straight superior
deck and spatial arch bridges with a vertical plaarah and a superior curved deck with g=20m
(seeFigure 3-1, Figure 3-2 and bookmark) and the values e=16,67m and f=20mgluded to be
the most efficient in Chapter V.

The cross-sections employed are detailethirie 4-4
The damping coefficient employed, considering thista steel structure is 0,4%

The arch in both bridges is fixed at its springinbse torsional rotations are restrained at th&dec
abutments (rtr), other rotations are free and e@rind transverse/radial movements are
restrained. Longitudinal movements are restrainea) @t the deck abutments for SABs and are
free (flm)for the planar vertical arch with straigleck.

() (b)

(©

Figure 3-1: Geometry of arch bridge with g=0 and f20m.. (a) Lateral view (yz); (b) Layout (xz); (c)
Plan view (xy)

(b)

: W
(©)

Figure 3-2: Geometry of arch bridge with g=20m and=20m. (a) Lateral view (yz); (b) Layout (xz);
(c) Plan view (xy)
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Movements at

g e f Struts Arch Deck deck abutments**

0 0 20 D300t25. Reference  D750125 g 4601700120,5ec1  fim e
distribution

20 16,67 20 D300t35. radial (Reference*) D750t30 B4000H700t20-Secl rlm,rtr

20 16,67 20 D300t35. radial (Reference*)  D750t3B4000H700t12>Sec?2 rlm,rtr

*See chapter V.B ** See chapter V.A or bookmark

Table 3-1: Characteristics of the analysed models

4. NATURAL FREQUENCIES AND NEED OF CONDUCTING A
DYNAMIC ANALYSIS

A modal analysis has been conducted prior to therohknation of the loads for the dynamic
analyses.

The modes observed are shown from Figure 4-1 tar€ig-5. For bridges with a straight deck
g=0, the bridge deforms in the different directidmisseparate modes, whereas for bridges with a
curved deck (Figure 4-5), the 1st mode is alreadglli directions x, y and z. The bridge with a
curved deck has clearly a spatial behaviour.

The first mode of the model with a straight decig(ife 4-5) gives the natural frequencyyin
direction. The ¥ mode (Figure 4-2) gives the frequencyzidirection. This mode shape is non-
symmetrical. The next mode also gives a naturauieacy inz direction, but it is symmetrical
(Figure 4-5). The bridge with a curved deck alsoveha non-symmetrical deformed shape for the
first mode and symmetrical for the second mode.

Since for the bridges with a curved deck, the fnside already causes deformations in all three
directions Figure 4-5), we might wonder whether the aforementioned comrire Sétra “These
load cases are not to be applied simultaneousk.vEltical load case is applied for each vertical
mode at risk, and the longitudinal load case fahdangitudinal mode at risk, adjusting on each
occasion the frequency of the load to the natuerjufency concerned” (section 2.1) should be
applied here or not. It seems logical studying diggamic behaviour with the load cases in all
three directions at the same time (see seé&ioBefore doing so, the participating mass raties a
observed (see tables from Table 4-1 to Table 4-3).

The frequencies obtained in each case are detalddhble 4-4. The necessity to perform a
dynamic load case calculation is determined acngrth the natural frequency of the bridge. This
evaluation has been done based on both, IAP 20d1Sétra Guidelines (2006) (Table 4-4), as
described in section 2.1

The EC1 UK NA does not establish frequency rangbschvdefine the need of a dynamic
analyses.

In some cases the lateral response is out of tigeeraf frequencies of the test measurements on
which EC1 UK NA is based. Hence, this code hasbeen employed to evaluate the necessity of
checking lateral stability.
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Figure 4-1: 1st mode g=0m; f=20m (Table 3-1). (a)dteral view; (b) Layout; (c) Plan view

(@) (b)

(©)
Figure 4-2: 2nd mode g=0m; f=20m (Table 3-1). (a)dteral view; (b) Layout; (c) Plan view

]

(@) (b)

(©)
Figure 4-3: 3rd mode g=0m; f=20m (Table 3-1). (a) &teral view; (b) Layout; (c) Plan view
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Figure 4-4: 8th mode g=0m; f=20m (Table 3-1). (a)ateral view; (b) Layout; (c) Plan view

g

(b)
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(©)

Figure 4-5: 1st mode g=20m; f=20m and deck with Sé@nd Sec2 (Table 3-1). (a) Lateral view; (b)
Longitudinal view; (c) Plan view
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(b)

(©

Figure 4-6: 3rd mode g=20m; f=20m and deck with Sécand 4" mode with Sec2 (Table 3-1). (a)
Lateral view; (b) Longitudinal view; (c) Plan view

The participating mass ratio of the structure mamput must be near to 1 for each direction
when adding the mass ratios participating in edokction in the different modes. In order to
obtain such a value the first 20 modes are analfmethe case of a vertical planar arch with a
straight deck (g=0, geometry shownFigure 3-1 and participating mass ratios Table 4-3). For
the SAB modelsHigure 3-2) the first 30 modes are analysed to obtain vadfiggrticipating mass
near to oneTable 4-2andTable 4-3.

Whereas planar vertical arch bridges with a sttaifgitk mobilise masses only in one direction
for each natural modeTéble 4-), SABs mobilise masses in different directions floe same
natural modeTable 4-2andTable 4-3.

The modes which will be studied and the particigathass ratio are marked in each table.

375



CHAPTER VII. DYNAMIC ANALYSIS OF SPATIAL ARCH BRIDGES WI'H A CURVED SUPERIOR DECK
AND A PLANAR VERTICAL ARCH

Modal Participating Mass Ratios

Period Frequency UX uy uz SumUX SumUY  SumUz

Sec Cyc/sec  Unitless Unitless Unitless Unitless Unitless Unitless
Mode 1 1.349 0.74 0.000 0.801 0.000 0.000 0.801 0.000
Mode 2 1221 0.82 0.343 0.000 0.000 0.343 0.801 0.000
Mode 3 0.549 1.82 0.000 0.000 0.000 0.343 0.801 0.000
Mode 4 0.372 269 0.000 0.000 0.000 0.343 0.801 0.000
Mode 5 0.326 3.07 0.000 0.028 0.000 0.343 0.828 0.000
Mode 6 0.305 3.28 0.001 0.000 0.000 0.343 0.828 0.000
Mode 7 0.279 3.59 0.000 0.000 0.000 0.343 0.828 0.000
Mode 8 0.249 401 0.000 0.000 0.720 0.343 0.828 0.720
Mode 9 0.199 5.04 0.000 0.000 0.189 0.343 0.828 0.910
Mode 10 0.160 6.26 0.365 0.000 0.000 0.709 0.828 0.910
Mode 11 0.150 6.67 0.000 0.023 0.000 0.709 0.851 0.910
Mode 12 0.145 6.89 0.000 0.064 0.000 0.709 0.914 0.910
Mode 13 0.138 7.27 0.000 0.000 0.000 0.709 0.914 0.910
Mode 14 0.131 761 0.245 0.000 0.000 0.954 0.914 0.910
Mode 15 0.108 9.25 0.000 0.000 0.028 0.954 0.914 0.937
Mode 16 0.089 11.23 0.000 0.000 0.000 0.954 0.914 0.937
Mode 17 0.085 11.79 0.002 0.000 0.000 0.956 0.914 0.937
Mode 18 0.084 11.93 0.000 0.003 0.000 0.956 0.917 0.937
Mode 19 0.076 13.09 0.000 0.000 0.000 0.956 0.917 0.937
Mode 20 0.068 14.66 0.000 0.000 0.010 0.956 0.917 0.947

Table 4-1: Participating mass ratios in each modeof planar vertical arch bridge with superior
straight deck (g=0, see Figure 3-1 and Table 3-1)
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Period Frequency

Modal Participating Mass Ratios

UXx

uy

uz

SumUX SumUY SumUZ

Sec Cyc/sec @ Unitless Unitless Unitless Unitless  Unitless Unitless
IMode 1 0789 1267 0108 0000  0.000  0.08 0.000  0.000
Mode 2 0.668 1.497  0.000  0.000 0.005  0.108  0.000  0.005
Mode 3 0419 2386 0000 0045 0472 0108 0.045 0.476
Mode 4 0411 2433 0056 0000 0000 0164 0045 0.476
Mode 5 0.354  2.825  0.032 0.000 0000 0195 0.045 0.476
Mode 6 0.332 3011 0000 0.068 0267 0195 0.113  0.743
IMode 7 00248 4025 0110 0000 0000 0305 0113 0.743
Mode 8 0.246 4061  0.000 0.002 0051 0305 0.115 0.794
IMode 9 0221 4522 0000 0109 0005 0305 0225 0.799
Mode 10 0.173 5772 0002 0000 0000 0308 0225 0.799
Mode 11 0.151  6.624  0.000 0016 0025 0308 0241  0.824
Mode 12 0.148  6.744 0033 0000 0000 0341 0241 0.824
Mode 13 0.130  7.696  0.000  0.002  0.033 0341 0.244  0.858
Mode 14 0.125 7.989  0.000 0574 0011 0341 0817 0.86p
Mode 15 0.113 8855  0.045 0000 0000 0386 0817  0.869
Mode 16 0.109  9.200  0.00 0011 0063 0386 0.829  0.932
Mode 17 0.103  9.743 0000 0.000 0000 0386 0829 0.932
Mode 18 0.088  11.409  0.003  0.000  0.000 0389 0.829  0.932
Mode 19 0.084 11.926 0000 0001 0002 038 0829 0.934
Mode 20 0.081 12372  0.000 0000 0012 0380 0.830 0.946
Mode 21 0071 14105 0001  0.000 0000 0390 0.830  0.946
Mode 22 0.069  14.497  0.000  0.020  0.000 0390 0.850  0.946
Mode 23 0.068 14786  0.002  0.000  0.000 0392 0.850 0.946
Mode 24 0.060 16710  0.000  0.001  0.000 0392 0.851 0.946
Mode 25 0.057 17.588  0.000  0.000  0.007  0.392  0.851  0.953
Mode 26 0.055 18.071 0441  0.00 0000  0.833 0.851 0.953
Mode 27 0.053 18719  0.001  0.000 0.000 0.834 0851 0.953
Mode 28 0.050 20.172 0021  0.000 0000 0.855 0.851 0.953
Mode 29 0.049 20512 0000 0000 0000 0855 0.851 0.953
Mode 30 0.047 21.390  0.000  0.000 0.0 0.855 0.852 0.954

Table 4-2: Participating mass ratios in each modeof planar vertical arch bridge with superior
curved deck (g=20m, Secl, see Figure 3-2 and TaBld)
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Period Frequency

TABLE: Modal Participating Mass Ratios
SumUX  SumUY SumuUZz

UX

uy

uz

Sec Cyc/Sec Unitless Unitless Unitless Unitless Unitless Unitless
| Mode 1 0848 1,180 04135 0,000 0000 0135 0,000 0,000
Mode 2 0698 1,432 0000 0001 0009 0135 0,001l 0,009
Mode 3 0432 2315 0023 0000 0000 015 0,001 0,009
| Mode 4 0406 2463 0,000 0,106 0210 0159 0107 0,219
Mode 5 0357 2798 0032 0000 0000 0190 0,107 0,219
| Mode 60337 2964 0000 0,040 0476 0190 0147 0,693
Mode 7 0263 3,802 0000 0017 0037 0190 0,164 0,732
Mode 8 0253 3955 0000 0095 0018 0190 0259 0,750
Mode 9 0246 4,066 0096 0000 0000 0286 0259 0,750
Mode 10 0,184 5440 0,007 0000 0000 0293 0259 0,750
Mode 11 0,159 6,295 0,000 0071 0015 0293 0330 0,765
Mode 12 0,153 6523 0,049 0000 0000 0342 0330 0,765
Mode 13 0,141 7,081 0,000 0425 0000 0342 0755 0,765
Mode 14 0136 7,365 0,00 0074 0078 0342 0830 0,843
Mode 15 0,127 7,903 0,027 0000 0000 0370 0830 0,843
Mode 16 0,111 9,011 0001 0000 0000 0370 0830 0,843
Mode 17 0,111 9,035 0000 0006 008 0370 0835 0,926
Mode 18 0,091 10,956 0,000 0,001 0005 0370 0,836 0,930
Mode 19 0,089 11,196 0,000 0,000 0,000 0370 0,836 0,930
Mode 20 0,084 11,915 0,000 0,03 0009 0370 0,839 0,939
Mode 21 0076 13,133 0000 0015 0001 0370 0,854 0,940
Mode 22 0,076 13,232 0,000 0,000 0000 0371 0,854 0,940
Mode 23 0,070 14,300 0,008 0,00 0000 0379 0,854 0,940
Mode 24 0064 15662 0,000 0000 0004 0379 0855 0,944
Mode 25 0,062 16,045 0414 0000 0000 0793 0,855 0,944
Mode 26 0,059 17,007 0,000 0,01 0004 0793 0,855 0,947
Mode 27 0,057 17,539 0,023 0,00 0000 0816 0855 0,947
Mode 28 0,055 18,204 0,008 0,000 0000 0824 0855 0,947
Mode 29 0,051 19,484 0,000 0,000 0,000 0824 0,855 0,947
Mode 30 0,049 20553 0,000 0,000 0004 0824 0855 0,951

Table 4-3: Participating mass ratios in each modeof planar vertical arch bridge with superior

curved deck (g=20m, Sec2, see Figure 3-2 and TaBld)

378



CHAPTER VII. DYNAMIC ANALYSIS OF SPATIAL ARCH BRIDGES WI'H A CURVED SUPERIOR DECK

AND A PLANAR VERTICAL ARCH

Models with a superior curved deck, which differtite cross-section employed for the deck
(Table 3-) have very similar values of natural frequencidsiciwv need be analysed. Since the
model with a slightly stiffer deck (Secl) has méexjuency values to be analysed, the dynamic
analysis will be further carried out for this modelit not for the one employing Sec2 (shaded in
Table 4-4). The same deck is employed for the maak#l a planar vertical arch with a straight

deck. Therefore, the deck for both for which theatyic analysis will be carried out differs only

in its geometry and its influence can be hence eoeth

Need of dynamic analysi

Need of dynamic

Need of dynamic

analysis analysis
fx (Hz) According | According fy (Hz) According | According | fz (Hz) | According | According
to to Sétra to to Sétra to to Sétra
IAP2011 2006 IAP2011 2006 1AP2011 2006
Range 3:
Range 4: Range 1: low risk of
0,82 e?jlgs(t):ian negligible 0,74 dni?adm(i); maximum 4.01 dn?]ea?n?(f: resonance
Mode 2 I%ad range risk of Mode 1 a);\al sis risk of Mode 8 a);al sis for standard
g=0 Secl resonance Y resonance y I_oadi_ng
situations
out of Ran.g.e 4
6,26 pedestrian negllglble -
load range risk of
9
resonance
Range 3:
Range 2: low risk of Range 2:
1,27 dn?wzdmci):: medium 2.39 dn?wzdmci):: resonance 2.39 dniisn?(f: medium
Mode 1 Y vsi risk of Mode 3 Y vsi for standard| Mode 3 y vsi risk of
analysis resonance analysis loading analysis resonance
situations
Range 3: Range 3:
need of low risk of out of Range 4: need of low risk of
4,02 dynamic resonance 3,01 pedestrian negligible 3,01 dynamic resonance
Mode 7 analysis for standard| Mode 6 load range risk of Mode 6 analysis for standard
Secl I_oadi_ng resonance I_oadi_ng
situations situations
Range 3:
out of Ran.g(.e 4: out of Ran.g(.a 4 need of low risk of
18,07 pedestrian negligible 4,52 pedestrian negligible 4,52 dvnamic resonance
Mode 26 load range risk of Mode 9 load range risk of Mode 9 a);al sis for standard
98 resonance 98 resonance y loading
situations
_ Range 4: Range 4:
g=20m 7,99 out of negligible out of negligible
- pedestrian h 7,99 pedestrian h
Mode 14 | risk of risk of
oad range load range
resonance resonance
Range 3:
Range 2: low risk of Range 2:
1,18 ec:jlgsct):ian medium 2,46 ec:jlgsct):ian resonance 2,46 dneed qf medium
Mode 1 Ip d risk of Mode 4 Ip d for standard| Mode 4 yn?m!c risk of
0adrangel  osonance oadrange loading analysts resonance
situations
Range 3:
Range 4: Range 4: low risk of
S 16,05 e%lgs?:ian negligible 2,96 e%lgs?:ian negligible 2,96 dneed (.)f resonance
Mode 25 IFc))ad range risk of Mode 6 IFc))ad ranae risk of Mode 6 a);]r;?m!c for standard
98 resonance 98 resonance ysis loading
situations
Range 4:
i 7,08 pe(zjuets?:ian negligible i
Mode 13 | risk of
oad range
resonance

Table 4-4: Frequency values for the L modes and necessity of dynamic analysis
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5. LOAD CASES

Sétra Guidelines and UK National Annex to EC1 hibeen followed to establish the load cases
for the dynamic analysis.

The Sétra Guidelines have been employed to ohtairtitowd load case, as discussed in section
Fehler! Verweisquelle konnte nicht gefunden werden.Since a single pedestrian is not
considered in this guidelines, the EC1 UK NA hasrbemployed to define the dynamic load case
of a single pedestrian and of a small group, bupleying another time history function that
allows tracking the different pedestrian locations.

The following values and criteria have been empdoye

 The time given is the time required by a pedestt@rcross the bridge and reach a
maximal acceleration in the dynamic load case ofaavd. Additionally such an extra
time lapse has been employed that, once the crawdrossed the bridge, there is enough
time for the free oscillation until the movementdamped. This gives the number of
cycles.

* The damping coefficient employed, considering thista steel structure is 0,4%

» The usage width of the bridge is 3m.

5.1 Crowd dynamic load cases according to Sétra Guideles (2006)

According to Sétra (2006), as described in se@idnthe following values and criteria have been
employed:

 Class Il with sparse traffic has been consider€dis gives a crowd density of
0,5pedestrians/m

» The Sétra minorisation factor has been employed.ld&d per area to be applied for each
direction of vibration is summarized Trable 5-1.

* The load is applied for the different vibration nesdable 4-4and fromFigure 4-1 to
Figure 4-5).

 The dynamic load cases are defined as modal tistrkii cosines functions with the
corresponding periodréble 5-1).

According to EC1 UK NA, the equivalent class to dfl Sétra is class B. The crowd density is
then 0,4personsfmonly slightly lower than the one indicated by raétt has been decided to
employ Sétra Guidelines for the crowd loading.

9 Tz (s) Vertical Iogd tra?s/v(:?sal Transverse I'oad Ion-gl]-i):u(;i)nal Longitudinal [oad
vertical | (N/m)/cos(2*pi*fz*t) radial " | (N/m2)/cos(2*pi*fy*t) tangential "I (N/m2)/cos(2*pi*fy*t)
g=0 0.249 0 1.349 39.207 1.2 0
0.16 0
0.221 0 0.221 0
g=20m, Secl 0.332 0 0.332 0 0.055 0
(Table 3-) 0.125 0 0.125 0 0.248 0
0.419 130.594 0.419 0 0.789 58.458

Table 5-1: Dynamic loads simulating crowds on thedge following the Sétra Guidelines

The loads in the different directions should notdpplied simultaneously according to Sétra
Guidelines (2006).

However, pedestrians cause the loads in all thierdifit directions when walking. They are
concomitant actions.
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The reasons for which this is so are not specifietthe Guidelines, but according to the Authors,
it is due to:

- The load cases which cause dynamic effects in dneetisbn, do not contribute in the
dynamic effects of other vibrations, so they natd be applied simultaneously.

- The lock-in effect has not been proved to take eliacdifferent directions at the same
time.

This makes sense for planar arch bridges withagéir deck, which have deformations in each
direction for different modes.

However, for SABs with a planar arch bridge andived deck, which have shown to have a
spatial behaviour, it makes sense to load the beridghe three directions simultaneously.

M\Wﬂf{ :

Figure 5-1:g=20, Secl (Table 3-1) Longitudinal pedestrian loadg, amplitude for the time history
longitudinal function

110200000005 0 00 00 000 O e A A M A
N T

Figure 5-2:g=20, Secl (Table 3-1) Vertical pedestrian loadingmplitude for the time history
longitudinal function

Torsional vibration occurs with vertical loads.hias not been considered in the present study,
since this analysis is only a first approach andwymeffects are mixed in the spatial model.
Therefore, it is better to understand the behavuseparate effects. If the bridge is already
sensitive to vertical or transverse vibrationglieady points out the need of further research and
the torsional dynamics should also be includeduichsa research. If not, the torsional vibration
will be studied in a next section.
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5.2  Vertical loading of a single pedestrian and a smajpedestrian group crossing
the bridge

Sétra Guidelines design footbridges with crowd $dmlit do not consider the necessity to study a
single pedestrian or small group. However, as direaxplained in section 2.1, EC1 UK NA
considers group loads.

For the present example class B has been empléygedrding to EC1 UK NA a group size of 4
pedestrians walking should be considered.

Depending on the bridge usage, 1 jogging pedesstiauld also be considered for class B, but
EC1 UK NA establishes that this can be neglectdad.rot considered in the present analysis.

The code does not indicate how to distribute tlagl Id herefore, instead of employing the code, a
reasonable common used methodology has been erdploye

The EC1 UK National Annex states the dynamic amslghould be conducted with pedestrian
loads matching the natural frequency of the briddenetheless, it also states the speed of a
pedestrian walking of 1,7m/s should be employeable 2-2. Hence, for the group load, two
different pedestrian walking frequencies have keaployed.

To see the bridge behaviour under small groups, véirgical loading of a single walking
pedestrian and a small group of 4 pedestrians, imglln 2 rows of 2, has been analysed
according to usual walking speed values.

This loading has been studied only for the SAB nhauiéh a superior curved deck (g=20m,
Figure 3-2) and employing a slightly stiffer deck (Sed@hple 3-J).

The following values and criteria have been empdoye

e Time history functions are defined as triangulaiiguiic functions in SAP2000 v14. They
simulate the increase and fall of a step lineanlythe time the step takes place and
reaching its peak value at the midpoint of the tiapese.

« To match the natural frequency of the bridge, apedestrian walks at a 0,82m/s.
Therefore the arrival time of pedestrians has lse¢no 0,98s for vertical loads. The peak
of the function corresponds with this value.

« As a pedestrian walks at a 1,7m/s, according to EXLNA, the arrival time of
pedestrians has been set to 0,48s for verticabloEuk peak of the function corresponds
with this value.

» To achieve the rise and fall of the amplitude cdud®sy a single pedestrian
(0,7kN+0,28kN) or group(2 groups of 2, ie: 1,4kNiD6kN) every 0,98s or 0,48s,
respectively, are given to the periodic time higtimnction.

e The loading has been calculated employing minutofaclues as defined in EC1 UK
National Annex. Results are givenTiable 5-2

« A series of 98 point loads are defined as staid$on SAP2000 v14. These static loads
define the position (approximately every meter) amatle of the loads. Their values
correspond to the loading resultsTable 5-2

« All these static loads are combined with the tinedny function, each taking place at
successive arrival times, simulating the pedeswiagroup of 4 pedestrians crossing the
whole bridge lengthFigure 5-3). A last time lapse is added with no loading idesrto
observe the bridge damping.
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Minus factor Minus factor

N walking — Pedestrian k walking gamma (pedestrianVertical load (N/m)

(table NA.7) mass (kg)

(Fig NA.8) Fig NA.9)
g=20m, Secl 1 70.00 1.00 1.00 280.0
(Table 3-9 4 280.00 0.52 1.00 201.2

Table 5-2: Dynamic loads according to EC1 UK Natioal Annex

(a) (b)

Figure 5-3: Examples of static point loads defininghe pedestrian load in different positions. Each
position is associated for an arrival time. They dlhave the same load value

6. DISCUSSION OF RESULTS

6.1 Crowd dynamic load cases according to Sétra Guideles (2006) results

The evolution of accelerations with time for théfetient models, as the crowd described by Sétra

Guidelines (see section 5.1) crosses the bridgahdwn in figures fronfrigure 6-1 to Figure 6-4.
In all cases and directions it can be observed that

» The accelerations increase as the crowd crossdsitiye.

* When the crowd has already crossed the bridgeereteins decrease due to the damping

effect.

383



CHAPTER VII. DYNAMIC ANALYSIS OF SPATIAL ARCH BRIDGES WI'H A CURVED SUPERIOR DECK
AND A PLANAR VERTICAL ARCH

SAP2000 Plot Functions 4/6/15 19:46:43

TIME

2,00

|

0,80

1l im
\HH
I il
HIthi
|||I|; Il \u.i'-

040 | A
|

| |‘
0,00

JOINT 1BRACCEL.Y

aen [T
[ uw

‘ I

;z'mil\\l\\\l | I o | 11 1 Y e T
o, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200,

SAP2000 v14.0.0 - File:L=100:g=0:f=20_DYN_amb peatons2 - Case:pedestrian DYN - KN, m, C Units
Joint100accel_y: Joint 100 Acceleration UY Vs TIME
Min is -1,783e+00 at 1,0420e+02 Max is 1,790e+00 at 1,0220e+02

Figure 6-1: Transverse acceleration (mfs ordinates) versus time at midspan (s, abscissdey the
model with a straight deck (g=0 and Secl, Table 3-iinder transverse dynamic loading
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SAP2000 Plot Functions 3/30/15 20:20:45
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SAP2000 Plot Functions 3/30/15 19:33:21
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SAP2000 Plot Functions 4/7/15 0:07:47
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The maximal acceleration results for the model witttraight deck (g=0, Secl, see Table 3-1
andFigure 3-1), for the analysed time history function (see isecb.1) are summarised irable
6-1.

* Dynamic loading in the transverse direction onlysss acceleration in the transverse
direction.

e The transverse acceleration of 1,8mis above the comfortable and admissible level
range (Range 4&igure 2-2b). A possible solution is to install dampers idarto change
the natural frequency of the bridge and assurealktin does not happen.

The maximal acceleration results for the model waitturved deck (g=20m, Secl, sekable 3-1
andFigure 3-2), for each of the analysed time history functi¢sse section 5.1) are summarised
in Table 6-2

» Dynamic loading in one direction causes accelemdtiall directions.

« The maximal transverse acceleration of 0,07mifswithin the maximal comfort level
range (Range Jigure 2-2b) and below the 0,1nf/shreshold, so the lock-in effect does
not take place.

* The maximal transverse acceleration is causedéyattical dynamic loading.

« The maximal vertical acceleration of 3,9ffis extremely large, well above the 0,8m/s
threshold, which defines uncomfortable acceleraterls that are not acceptable (Range
4, Figure 2-23)

» A possible solution is to install dampers in ortieichange the natural frequency of the
bridge and assure that the vertical acceleratiavitisn the required range of comfort.

Cosine function with T=1,349s
(transverse loading)

Maximal g (m/s) 0
Maximal g (m/S) 1,8 at midspan
Maximal g (m/<) 0

Table 6-1: Maximal acceleration results for the modl g=0, Secl (see Figure 3-1 and Table 3-1)

Cosine function with T=0,419s
(vertical loading)

Cosine function with T=0,789s
(longitudinal loading)

Maximal g (m/<s) 0,004 at L/4 0,10 at midspan
Maximal g (m/s) 0,066 at L/4 0,017 at L/4
Maximal g (m/s) 39atlL/4 0,043 at L/4

Table 6-2: Maximal acceleration results for the modl g=20m, Secl (see Figure 3-2 and Table 3-1)

In relation to SABs spatial behaviour and differemttdes the statement in EC1 UK NAAhen

the vertical deck modes are not well separatedsicianation should be given to the use of more
sophisticated methods of analysis, in order tomeitee combined mode responses. In all cases, it
is conservative to use the vector sum of the peadderations for those modes that need such
combination”)should be observed and further defined.
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6.2

Small pedestrian group and single pedestrian dynaroiload results

The results of the vertical acceleration for thalgsed SAB under dynamic loads are shown in
Figure 6-5 andFigure 6-7. The following conclusions can be drawn:

The acceleration increases remarkably when thespréales reach certain locations.

These locations are the same for a small pedegfraup of 4 people crossing the group
in two rows (Figure 6-5) and for a single pedestfiaigure 6-7), ie: they do not depend
on the load.

They are also the same for the pedestrians walitidgferent speeds, ie: they do not
depend on the pedestrian frequency.

These vertical dynamic load locations, which gefative maximal vertical acceleration
values, correspond with the ones showhRehler! Verweisquelle konnte nicht gefunden
werden. and their longitudinally symmetricals, ie: apprositely L/6 and L/3.

The maximal vertical acceleration for the pedestgeoup is 0,025mfs

The maximal vertical acceleration for the singldgsrian is 0,013nfs

389



CHAPTER VII. DYNAMIC ANALYSIS OF SPATIAL ARCH BRIDGES WIH A CURVED SUPERIOR DECK
AND A PLANAR VERTICAL ARCH

SAP2000 Plot Functions 4/12/15 15:15:10
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the bridge
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SAP2000 Plot Functions 4/18/15 17:56:48
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SAP2000 Plot Functions 4/7/15 0:44:18
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7.  CONCLUSIONS

The results obtained in the present chapter le#taetéollowing conclusions:

* When comparing the dynamic behaviour of a plandica arch with a straight superior
deck with an equivalent planar vertical arch witltuaved superior deck, the first one
shows to be sensitive to transverse acceleratlmntsnot to vertical ones, whereas the
SAB is highly sensitive to vertical dynamic loadd hot to transverse ones.

* Whereas planar vertical arch bridges with a sttaiffck mobilise masses only in one
direction for each natural mode, SABs mobilise raasis different directions for the
same natural mode. Some guidelines (Sétra, 2086 sbt to apply dynamic loads in
different directions simultaneously. This critesiaould be revised for SABs.

» For SABs with a planar vertical arch with a supedorved deck, dynamic loading in one
direction causes acceleration in all directionserghs for planar vertical arch bridges
with a superior straight deck, dynamic loading me alirection only causes acceleration in
that same direction.

» Existing codes or guidelines do not consider thatiapeffects of arch bridges with a
curved deck, in which dynamic loading in one dii@ttcauses acceleration in all
directions.

* The studied planar vertical arch with a straighpesior deck presents a too large
transverse acceleration, which surpasses the tiideshat assures comfort. Mass or
viscous dampers must be employed for the studietbmo

» Arch bridges with a curved deck reach very highigal accelerations for the geometry
(very large deck curvaturésg) and cross-sections employed in the present refselant
undergo low transverse accelerations. Mass or wssdampers must be employed for the
studied model.

* The acceleration increases remarkably when thespréales reach certain locations.
» These locations do not depend on the load or opdbestrian frequency.

» These vertical dynamic load locations, which gislative maximal vertical acceleration
values, correspond with the ones shown are appedgignL/6 and L/3.

8. FUTURE LINES OF STUDY

» Dynamic loading in existing codes and guidelinesusth be revised for SABs.

» The high vertical accelerations of SABs, togethé&hwhe fact that dynamic loading in
one direction causes acceleration in all directiarthis bridge type, highlight the need of
a deep research of the dynamic behaviour of thigbrtype.

* In relation to SABs spatial behaviour and differemddes the statement in EC1 UK NA
(“When the vertical deck modes are not well sepayaimasideration should be given to
the use of more sophisticated methods of analyswder to determine combined mode
responses. In all cases, it is conservative totheevector sum of the peak accelerations
for those modes that need such combinatiahijuld be observed and further defined.
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» Torsional vibration occurs with vertical loads. &ivthat the bridge is already sensitive to
vertical or transverse vibrations, it is importé&minclude the torsional dynamics study in
a further research.

* Influence of the stiffness of different elements tbe dynamic behaviour of different
SAB bridge types.

* In the present research it is established whichmpaters are determinant for an efficient
behaviour of SABs with a curved under static logditConducting an equivalent
parametric study under dynamic loading is recomradnd

» Studying possible solutions for diminishing theglawertical accelerations of SABs under
dynamic loading of pedestrian crowds is necessary.

e Study for SABs if the locations where the pedesfiaause the largest accelerations are
coincident with the load position which causesl#ngest deformation
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V1. CONCLUSIONS

The present doctoral thesis presents an extensiteaf-the-art of Spatial Arch Bridges (SABSs),
gives a clear and compact definition of this bridigge as well as a classification. This state-of-
the-art makes clear the necessity of developingesearch of this bridge type, due to the
increasing number of built examples and the scanreber of systematic research studies on the
subject.

A very scarce number of published papers deals thghbehavior of some examples this bridge
type and there are no design criteria recommenusataad no studies of their stability or dynamic
behavior. However, there are several papers deaithgantifunicularity obtention methodologies
for this bridge type.

The present thesis research achieves to extergiébent knowledge of SABs, since this thesis:
« Gives a clear definition for this bridge type ataksification.

* Explains the structural behavior of SABs of theetyqf inferior deck arch bridges with
imposed curvature (defined in chapter IlIl.A) andBSAwith a superior curved deck,
especially those supported by a planar verticah,diar which a thorough parametrical
study has been conducted.

e Develops conceptual models and simplified formalai which help clearly
understanding the behavior, before undergoing itheat numerical analysis for which
various series of models are analysed.

» Clarifies several aspects of the behavior of SABswhich an answer was not given on
previous research studies.

e Compares the structural behaviour of SABs with e deck, with planar, vertical arch
bridges with a straight deck, given a bridge spath @ arch vertical rise employing the
same cross-sections. SABs, in general, presentrl@axel forces, larger bending
moments (both in- and out-of-plane) and torsiomading moments.

* To control the structural behavior and the amodtisteel needed for the SABs structures,
it is important to control the out-of-plane behavaf this bridge type. Given a plan
curvature, this can be achieved by:

o carefully selecting the key geometrical parameteasnely the vertical rise and
the arch/deck eccentricity,

0 keeping the arch cross-section to the strictly seaey dimensions in order to
mainly stand in-plane forces, and employing a b#ifiiger/struts-deck system.

o Creative ways to control the out-of-plane behavsoch as employing secondary
hangers system lead to interesting solutions.
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*« To control the structural behavior of SABs withuaved deck under both, vertical loads
and temperature variations, it is recommended straim displacements in all directions
and torsional rotations at the deck abutments arfiktthe deck/struts or deck/hangers
joints connections.

« Instability of this bridge type has also been stddivith buckling and geometrically non-
linear analyses. A state-of-the-art of arch bridgstability has been presented and
formulation in the codes and research is comparigd thie numerical results in the
studied bridge models.

* The dynamic behavior of an example of SABs has bé&sn checked and demonstrates
that SABs present accelerations in all directionden dynamic vertical loads, with far
too large vertical acceleration values.

e The research of the aforementioned SAB types leadssign criteria recommendations.

* Following the design criteria recommendations giuerthis thesis, employing a SAB
instead of a traditional planar vertical arch watlstraight deck implies a significant but
not important steel mass increase. As an order agnitude, for a 100m bridge span,
employing a steel planar vertical arch with a cdrsaperior with a 20m (L/5) horizontal
sag, increases the total mass of the bridge a 16&%nwompared with a steel vertical
planar bridge with a straight deck of the same spdimen employing another geometry
but with the same cross-sections main dimensitresiriass could be about 5 times more
than for a steel vertical planar bridge with aigttadeck of the same span.

All'in all, it can be concluded that SABs not omplsove to be architecturally interesting, but also
present a bearable structural behaviour when enmgay geometry that enhances the arch/deck
interaction and the correspondent adequate bourdaditions.

The conclusions derived of this document are sunzedrand grouped for each chapter and at
the end a series of design criteria are summarised.

Chapter |I1:

In this chapter spatial arch bridges have beew fidfined and classified, and the variables that
define both the geometrical and structural congon have been presented.

* Under the global concept of “spatial arch bridgéSABs) we understand both, bridges
supported byarch ribs and byshells.

» SABs employing arch ribs are arch bridges in which vertical deck loads poedbending
moments and shear forces not contained in the plaie due to their geometrical and
structural configuration. Moreover, the arch itsaly not be contained in a plane.

* Their definition can be developed furthetrue spatial arch rib bridges’ are those in which
vertical deck loads centred on the deck inducerialdorces not contained in the arch plane,
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due to their geometrical and structural configurati

» Shell arch bridges have a completely different configuration and atnzal behaviour. In
such bridges the main bearing element is an anssisting of a shell with double curvature

» Atype oftrue spatial arch rib bridges are Arch Bridges With Imposed Curvature (ABWC).
In these SABs, the arches are forced to have thee saurvature in plan as the deck.
Therefore, the arch and deck centroid lines aréanoed in the same vertical cylinder. They
can have an inferior or superior deck (IDABWIC &dABWIC). ABWIC can have either
planar (inclined arch) or non-planar.

* The spatial arch bridge type has its origins in esoofi Maillart's bridges built at the
beginning of the 19th century, whose rationale Wwased on functional considerations. Its
use has reached its peak in the 1990s and untihdays, becoming increasingly popular in
urban areas as a means of creating city landmarks.

Chapter 1V and corresponding annexes:

In the context of the study conducted in chaptefd¥inferior deck arch bridges with imposed
curvature (ID-ABWIC), we can conclude:

* Non-planar arches with imposed curvature can beaoxppated by inclined planar
arches with imposed curvature with the same risé) an error for internal forces
inferior to 1,3% for uniform distributed loading [@igd on the whole deck span and to
2% for uniform distributed loading applied on hédé length of the deck span, in both
cases for f/gl.

» The minimal total bending moment in the arch, wieemploying a deck cross-section
with large torsional rigidity, is obtained with M3fixed at hanger/deck joints. By fixing
M3-3 at hanger/deck joints, when employing a stifforsion deck and stiff hangers, the
total bending moments can be reduced 6 times therncof the arch and 9 times at the
arch springings, the maximal torsional bending muse32 times, whereas the axial
force compression increases 6 times in the arolircemd changes from being tensioned
at springings to compressions slightly larger ath@arch crown.

» If the hangers most stiff direction is orientediadigl to the arch plan curve the behaviour
of total bending moments and axial forces improaespringings (83% decrease and
12% increase, respectively).

* There is a value for the out-of-plane arch rigidity which the distribution of axial
forces along the arch changes, tending to condergither at mid-span or at springings,
and also a bound for which the internal forces defliections converge. Increasing the
balcony beam rigidity above this bound has no athgeat all.

e Given a vertical rise of the arch, and employingngid hangers, the higher the plan
curvature, the lower the axial forces and the hidgiwh, the out-of-plane and in-plane,
bending moments in the arch.
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* To enhance the arch behaviour in an ID-ABWIC, emipig a rigid hanger-deck system
(a deck with high torsional rigidity and hangerghnhigh transverse flexural rigidity)
and an arch with low flexural rigidity is more &fént than increasing the rigidity of the
arcH. This ‘ideal configuration’ is the simplest wayrt@ke the arch tend toward its anti-
funicular form.

* For ID-ABWIC with a large g/f ratio, the criticaivke load case is obtained when the
uniform distributed loading is applied on the whaolkeck span, whereas for a
conventional vertical arch bridge (g=0) the maximah shear forces, bending moments
and deflections are higher for a uniform distrilsuteading applied on half the deck
span.

» Employing a compensatory hanger system with an wategdistribution increases the
axial forces compressions in the arch (160% iratich crown and 95% at springings for
the studied models), because it increases theaimepbehaviour of the arch, and
diminishes the out-of-plane and total bending masé40% in the arch crown, 65% at
L/3 and 22% at springings for the studied moddisj;ause it controls the out-of-plane
behaviour of the arch.

« These conclusions are valid for a linear behavdub-ABWIC.

! As a quantitative example: giving the arch crosgisa an out-of-plane rigidity equal to the decktical
rigidity-ie 20 larger as the arch in-plane rigiditthe out-of-plane bending moments of the arch are
multiplied by 10 and the in-plane bending momemésdoubled in comparison with an arch with the same
in-plane and out-of-plane rigidity 20 times lowbkah that of the deck
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Chapter V. A:

From the analyses of the results of the studiedscaE SABs with a superior deck (Figure 1), the
following conclusions can be inferred:

(@) (b) (c)

(d) (e)

Figure 1: Studied bridge geometries. (a) Vertical planar arch bridge with superior gt deck (reference model); (b)
Vertical planar arch with superior curved deck;Ac3h and deck with symmetrical curvature in plé); Arch and

deck with coincident curvature in plan (imposedvature); (e) Arch curved in plan with superior gt deck (both
contained in the same plane)

« The highest total 1 ={/MZ,+M2Z,) and out of plane (M2-2) bending moments in L/4

of the arch and in the arch springings under acatrtiniform loading are obtained for
model (b). M3-3 bending moments are very high talo(t fifty times larger than for
model (a) in the deck and a hundred times in thR)ar

« The highest total and out of plane bending momintie mid-span of the arch under a
vertical uniform loading are obtained for model (e)

¢ Models (c) and (d) show the best structural beha¥bithe longitudinal displacements of
the deck abutments are restrained.
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» Spatial arch bridges have an improved structurabbeur under temperature increments
with respect to conventional vertical arch bridgesodel (a)) when restraining the
longitudinal displacements of the deck abutmenigalXorces in the deck decreasdy.:
for model (c) with r.l.d. the axial forces in theak are nearly a hundred times smaller
than those for model (a). In exchange, signifidd@t2 bending moments appear in the
deck, but they are resisted by the deck’s widthichis its highest dimension.

* For models with a curved deck (models (b), (c) &y, it is convenient to restrain
longitudinal displacements of the deck abutmentdeurboth vertical and temperature
increments. This is a very important differencewgbnventional vertical arch bridges.

» For models with a straight deck (models (a) and ifd)s obviously better to release
longitudinal displacements of the deck abutmenteutemperature increments.

« In general, the restriction of the twisting rotatcat the support sections on the abutments
does not have a significant impact on the struttesponse

Chapter V. B:

The most efficient model for spatial arch bridgethwa curved superior deck sustained by
a planar vertical arch is displayed in Figure 2.

0 The anglep for the strut distribution is measured taking eference the model
obtained from equal divisions of arch and deck.

1
0,81*f

from L/6,67 to L

F

0,28*L

ey

fromg/1,3 to g/1,

(&

‘N\LM

0,28*L

Figure 2: Most efficient model for spatial arch bridgeswith a curved superior deck
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Parameter conclusions

e and B (Figure 3) are key parameters for spatial arcligas with a curved superior deck
sustained by a planar vertical arch.

Regardince (the arch/deck eccentricity in plan view, Figuije 3

Whatever the deck curvature, the valud @Figure 3), the stiffness of the strut-deck systam
that of the arch:

Results for all the different indicators are lowoagh in the range of/1,3<e<g/1,1,
approximately in the range in which there is thmesaumber of hangers at each side of
the arch.

Given ag value, in the rangg/1,36<e< g/1,2 the internal forces in the whole bridge are
reasonable.

The valuee=g/1,2=0,83) is the most efficient value for the arch/eccentirim plan view
according to all of the studied efficiency indiagtoFor this value internal torsional
moments in the arch and the deck under a uniforok dead are minimal and the
maximal in-plane and maximal out-of-plane displaeata acquire the same value
e=0/1,2=0,83 is at a distance of approximately 0,28L of lenapid at 0,81 of height of
the springings of the arch (Figure 2), whateverghalue. It is a key point to control the
arch behaviour, since at this point controlling the-of-plane behaviour is most critical.
Therefore, it is the most efficiestvalue because it obtains the stiffest struts iat kby
point.

For highg values, ie: when spatial behaviour increases,rthgeince ofe is larger.

The higher thé value, the higher the importance of choosing ayadte e value.
Regarding the stresses in the arch, the influeheenploying a stiff strut-deck system is
lower for values o€ betweerg/1,30 andy/1,20.

Given ag andf values, choosing the adequatgalue can mean a decrease of between
242 and 307% of the sum of stresses in the bridgpending on the cross-sections
employed.

Given ag and bridge cross-sections, choosing the adeguedtie can mean a decrease
of between 216 and 652% of the sum of stressdibiidge, depending on thealues
employed.

Regarding/ (the vertical distance between the arch crownthedleck mid-span, Figure 3):

Depending on the stiffness of the strut-deck systemght be worth or not adjusting the
value ofe.

v=0 is the most convenient value, since it stiffdresstruts at key poinesg/1,2.

Increasing the verticality of the struts by inciagghe vertical distance between the arch
crown and the deck mid-spav),(decreases the efficiency of the system, sintceitase
the length of the struts and thus decreases fttiffiress.

For an efficiente value,v has a significant influence in the internal forceisesses and
mass of the bridge. However, most important isoiatrol e.
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Given ag and bridge cross-sections, and given adeqeadrd f values choosing the
adequater value can mean a decrease of 12% of the sumesssts in the bridge.

Regardind (the rise of the arch, Figure 3):

Whatever the value df, values off between L/6,67-L/4 give a negligible difference of
the total mass of the bridge, so they can be cersiblwith an equivalent efficiency.
Employing a vertical rise f>L/4 for the arch is metommendable.

The range of adequate valued @r SABs is smaller than for g=0.

For g=0, choosing the adequdtealue can mean a decrease of 8,7% in the totad ofas
the bridge. Ifg=20m is employed together with adequatend v values, a similar
influence is obtained: 9,1% variation in the tatass of the bridge.

Regarding’ (the inclination of the struts in longitudinal vig

It is convenient to employ a convergent distribmtad struts (ie: a distribution of struts in
which each strut axis elongation converges aboeaétk with its symmetrical), in order
to reduce the total material employed for the k#idg spite of being the longest ones.
Controlling key points proves to be more efficighain verticality or stiffness small
variations.

A small B variation leads to an important mass variatior?43fiven g and adequagev
andf values). Thereford} is a key parameter for the efficiency of SABWCSD.

Regardingz (deck height, Figure 3):

From a structural point of view, it is convenienoteémploy an intermediate deck crossing
the arch at 0,28L of its abutments (in plan viesvcoincident 0,8flheight), if the ground

is strong enough to bear horizontal loads. If thiermediate deck position cannot be
obtained and there are no ground limitations, egiptpa superior deck is more efficient
than an inferior one.

Employing a middle deck improves the in-plane béhavof the arch, but not the out-of-
plane behaviour, causing a displacement increaspaat center. This behaviour has been
studied with a linear analysis, but a geometricallyn-linear parametrical analysis
(GNLPA) has not been conducted. The described aseimis should be verified with a
GNLPA due to the described large displacements®iodel which has shows a stress
reduction.

Given ag and bridge cross-sections, and given adeggiateandf values choosing the
adequate value can mean a decrease of 35% of the sumesfsgls in the bridge.

Regardingy, (curvature of the arch in plan measured by its:sag)

If employing an efficient value oé, it is convenient to employ a planar vertical arch
(ga=0) instead to a curved in plan arch in order thuoe the total stresses in the bridge.
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Figure 3: Nomenclature of variables

Efficiency criteria conclusions
Regarding the different comparison criteria whi@vé been studied in order to decide the most
efficient value of the different parameters:

» It has been demonstrated that, for spatial arafgbs with a curved superior deck, given
a certain stiffness of the bridge elements, comgatiie maximal displacements of the
arch under permanent loads is always equivalent to comparirg total mass of the
bridge. Therefore, reducing the maximal displacemeinthe arch is equivalent to
reducing the total mass of the bridge.

» It is remarkable that for efficient parameters $%Bs with a planar vertical arch with a
superior curved deck, the out-of-plane maximal afidplacements have a similar value
to in-plane maximal arch displacements. This isirapke and representative enough
criterion for easily evaluating the efficiency ofnaodel without doing a parametrical
study.

e Given anf and cross-section values of the bridge, redudiegdtal bending moments of
the arch, ie: tending to its antifunicular underrpanent loads, is also a valid criterion to
reduce the total mass of the bridge.

* When studying the stiffness of the system, thd totess of the bridge must be compared.

e It must be noted that the mass of the bridge cammesleading criteria in order to choose
the most efficient parameters if it is not corngeinployed. Two different procedures can
be defined to employ this criterion correctly:

o0 the cross-sections of the different elements shbeldarefully chosen in order to
minimise the mass of each specific studied modely @en can the masses be
compared, regardless of employing or not the saamaeters for the different
elements.

0 Fix the diameter (for CHS) or width and depth (#ox girders) under an
aesthetical criterion and only vary the plate thiess when dimensionening the
cross-sections.
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In order to obtain the most efficient parameteugak linear analysis is enough in all the
studied cases, except for the z parameter, whégddn intermediate and superior deck
SABs where compared. For this case study a fuglkemetrically non-linear analysis

should be conducted.

Critical loading combinations conclusions
Regarding the critical loading combinations it baen proved for the different parameters that, in
comparison with a planar vertical arch with a gfindideck, asymmetrical loading in half the deck
loses importance for SABs with a superior curveckde

The higher the importance of the out-of-plane bairaaf the arch, the lower the influence of an
asymmetrical uniform live loading on half the degan.

The worst loading combination in ULS for the moSiceent model described in Figure 2 is Al
(see definition in the bookmark) except at spriggimnd approximately around/B, where the
worst loading case is A2 (see the bookmark).

Chapter VI. A:

e The hanger/strut and deck system can have a gtabilbr destabilizing effect on the
arch buckling

» Codes and research give buckling formulation batipothesis under which these
formulae are valid are no clearly stated and rataaes for arch bridges are included.

» There are no equivalent European buckling curvesafoh bridges. According to
several researches, the coded buckling curvesiocBde 3 Part 1.1 chapter 6.3.1.2
are conservative for arches.

« The values of the imperfections and geometry foh dridges in order to conduct a
geometrically non-linear analyses can be obtaindgdo different ways according to
Eurocode 3 (EC3): as complex structures with thenggry based on the buckling
shape (EC3 Part 1.1 chapter 5.3.2) or specifi¢aliyarches (EC3 Annex D.3.5). The
latter separates in- and out-of-plane imperfections

0 Buckling curves in EC3 Part 1.1 chapter 6.3.1.2camservative for arches
(Backer et al, 2009)

0 coded imperfections in EC3 Part 1.1 chapter 5.3€ amnservative for a
straight beam with respect to the buckling curve€063 Part 1.1 chapter
6.3.1.2 according to the benchmark developed imptasent study.

0 Therefore,EC3 Part 1.1 chapter 5.3.2 calculation method can be safely
used for arch bridges.

* There are hardly no published construction impéidacmeasures as far as the
authors know.
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* When imperfections measured in the constructienasié compared to those stated by
the codes for the design analyses, the differetmild correspond to residual
stresses. However the value is very large, codeeifections might be far too much
on side of security. Empirical studies should beduwted.

Chapter VI.B:

SABs with a curved deck buckle in- and out-of-platéhe same time, even if a planar
vertical arch is employed. This is so becauseafeertical loading, the deck undergoes
horizontal and vertical displacements due to sptiteageometry of SABs.

Critical buckling loads for a uniform distributedad on the whole deck lengthu) are
lower than for a uniformly distributed loading oalhthe deck lengthld) as expected,
sincelu causes larger axial forces in the arch tlaan

Geometries which give lower critical buckling loadsually coincide with geometries
which bear larger axial forces in the arch. Howet/@alues approximately in the range
L/6<f<L/4 buckle for a larger load thdnL/4, in spite of undergoing larger axial forces.

For largef values the arch buckles nearly independently efdifck because the struts are
longer and thus less stiff.

For lowf values the arch and deck buckle together becankeaad deck tend to work as
a truss.

For planar vertical arches with a superior straigbtk, restraining torsional rotations
improves the buckling behaviour, since it diminishiee destabilizing effect of the deck.

SABs with a planar vertical arch and a superiovedrdeck buckle in both planes of the
arch symmetrically except for lofwalues:

The larger thé value, the larger the out-of-plane component.

The buckling shapes are equivalent whatever theevaf the cross-sections employed
and of the bearing conditions.

The geometry that best resists buckling is emplpgionvergent struts (ie: each strut axis
elongation converges above the deck with its symoa), since for this geometry the
arch bears the lowest axial forces and stressegxpected, this is coincident with the
most efficient model for spatial arch bridges witlturved superior deck sustained by a
planar vertical arch regarding the minimum mas®ida employing design cross-sections
as concluded in chapter V. B chapter.

However, when employing the design cross-sectioranalyse the buckling, not only the

geometry has influence, but also the stiffnessridigion in the bridge. Since models

employing vertical struts need stiffer struts, eoypig vertical struts happens to be more
favourable for avoiding buckling.
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Employing a stiffer deck or struts improves the kg behaviour of the arch, since the
deck has a stabilizing effect. This is more effitithan increasing the arch stiffness.

Not only need formulae for SABs be developed, ltet an improvement of the existing
formulae for planar arch bridges with a straightldés required, since the existing
formulae are very conservative.

If the total load on the bridge is calculated foe buckling coefficient. under the load
case (1,35w+pl)+ a-lu) and al (al-[1,35-(v+pl)+1,51u]) very similar values are
obtained, but the error of employing. instead ofa is non-negligible (approximately
6%). Strictly correct method and most realistic ldobe to calculater, employingal
gives insecure (larger) buckling load values.

Chapter VI. C:

NLG effects have a high influence on the behavidABs with a superior curved deck.
A NLGA must be conducted for this bridge type, sirtbe design obtained with LA can
give values which will not resist ULS when considgrGNL effects and elastic material
failure.

For SABs, results obtained with a LA are nearah&toNLGA than for planar arch bridges
with a superior straight deck. This is so becanggortant bending moments are already
obtained for SABs with LA due to their geometry atidictural behavior.

The influence of NLG effects is lower when emplayfrvalues L/5=20m (recommended
in chapter V.B) than for arches with larger ristues.

The value of imperfections has a lower influencedches with large rise values than
when employind values recommended in chapter V.B.

These conclusions are quantified in Table 1 andr *fe@ding moments: w-loo,

LA

similar for other internal forces or stresses

Table 2, which summarise some results obtained in thisishesearch study. The % influence
refers to the ultimate live load variation due tmsidering geometrical non-linearities (with
or without imperfections) with respect to a lineaalysis.

g (m) 0 20 20

f(m) 20 20 50

% influence of geometrical non-linearities

without imperfections 6.04 17,32 37,05

% influence of geometrical non-linearities with

EC3 complex structures imperfections 6.04 19,48 arrt

% influence of geometrical non-linearities with

EC3 arch bridges imperfections 31,68 37,66 28,13
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Table 1: Influence of geometrical non-linearities and imperfections fot modelswith different gand f

valuesfor a 100m span, e=g/1,2 (see Figure 3) and employing design cr oss-sections

Arch internal force/ Stress

Out-of-plane
bending
moments

In-plane
bending
moments

Torsional
moments

Axial forces

Stresses

Maximal variation due to to
geometrically non-linaer effects
without imperfections* and place

h

of the arch where it takes place

40% at L/8

40% at L/8

30% at arch
springings

-1% at arch
springings
and crown

37% at L/8

*For bending moments: w- 100, similar for other internal forces or stresses

LA

Table 2: Influence of geometrical non-linearities on the ar ch internal forces and stresses of a SAB
with superior curved deck and L=100m, g=20m, f=20m, g=e/1,2 and employing r efer ence cr oss-

Chapter VII:

sections

* When comparing the dynamic behaviour of a plandiczd arch with a straight superior

deck with an equivalent planar vertical arch witltuaved superior deck, the first one
shows to be sensitive to transverse acceleratlutspot to vertical ones, whereas the
SAB is highly sensitive to vertical dynamic loadst Imot to transverse ones. Under a
transverse crowd loading according to Sétra Guidslia planar vertical arch with a
superior straight deck of 100m span and a 20m ssffers 1,8m/fs transverse
accelerations, whereas a SAB with a superior cudemk and a planar vertical arch with
the same rise and span and e=16,67m undergoesrida@nsverse accelerations but
3,9m/¢ vertical accelerations.

Whereas planar vertical arch bridges with a sttaifck mobilise masses only in one
direction for each natural mode, SABs mobilise raass different directions for the
same natural mode. Some guidelines (Sétra, 2086 sbt to apply dynamic loads in
different directions simultaneously. This critestaould be revised for SABs.

For SABs with a planar vertical arch with a supedorved deck, dynamic loading in one
direction causes acceleration in all directionserehs for planar vertical arch bridges
with a superior straight deck, dynamic loading me alirection only causes acceleration in
that same direction.

Existing codes or guidelines do not consider thatiapeffects of arch bridges with a
curved deck, in which dynamic loading in one dii@ttcauses acceleration in all
directions.

The studied planar vertical arch with a straighpesior deck presents a too large
transverse acceleration (1,8f)/ander transverse dynamic loading, which surpasses

threshold that assures comfort. Mass or viscouspdaesnmust be employed for the
studied model.

Arch bridges with a curved deck under vertical dyi@aloading reach very high vertical
accelerations (3,9nf)s for the geometry (very large deck curvatufeg) and cross-
sections employed in the present research, butrgodew transverse accelerations
within the maximal comfort range (0,066R)/sMass or viscous dampers must be
employed for the studied model.
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* The acceleration increases remarkably when thesprgites reach certain locations.
» These locations do not depend on the load or opébestrian frequency.

* These vertical dynamic load locations, which gefative maximal vertical acceleration
values, correspond with the ones shown are appetziynL/6 and L/3.
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|X. DESIGN CRITERIA RECOMMENDATIONS.

Inferior deck arch bridgeswith imposed curvature:

For this bridge type the main conclusions for an efficient design are the following:

»  Stiff hanger-deck system:
0 deck cross-section with ahigh torsional and flexural rigidity

0 hangers cross-sections with a high flexural rigidity in the radial direction of the deck
curvature. Employing a secondary hanger system is an interesting solution to supply
stiffnessin this direction.

» Slender arch, with low flexural rigidity

» Itisimportant to keep the dynamic behavior of this bridge type under control when employed as a
footbridge, since they can reach large vertica accelerations. The use of tuned mass dampers is
probably necessary.

In the following figures the aforementioned recommendations can be appreciated:




I1X. DESIGN CRITERIA RECOMMENDATIONS

Spatial arch bridgeswith aplanar vertical arch and a curved superior deck:

Given adeck with aspan L and a horizontal sag g supported by a planar vertical arch, it is recommendable
to employ the following values for the parameters in Fehler! Verweisquelle konnte nicht gefunden
werden.:

Figure 1: Nomenclature of variables

* e=0g/1,2=0,83qg is the most efficient value for the arch/eccentricity
e v=0
o L/667<f<-L/4

* Itisconvenient to employ aconvergent distribution of struts (ie: a distribution of strutsin which
each strut axis elongation converges above the deck with its symmetrical)

* Torsiond rotations and displacements restrained at deck abutments.
« Fixed arch springings.
« Strutsfixed to arch and deck

It is important to keep the dynamic behavior of this bridge type under control when employed as a
footbridge, since they can reach large vertical accelerations. The use of tuned mass dampers is probably

necessary.
b
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IX. FUTURE LINESOF STUDY

In the following lines we recommend a series oedirof study to extend the research study
conducted in this thesis about Spatial Arch Brid@5sBs).

Regarding Inferior Deck Arch Bridges With Imposedrzature:

* In a future research the Inferior Deck Arch Bridy®ih Imposed Curvature (ID-ABWIC)
study could be widened for more cross-sections,l@&my real cross-section values to
guantify the improvement of increasing the stifies

* A parametrical relationship of the horizontal sagl @he torsional and flexural stiffness of
arch, hangers and deck could be found.

* The study of second hanger systems could be breddéncomparison between model (a)
(Figure 1) studied in chapter IV and the bridgerdte Galindo river (Figure 1b) employing
the same cross-section values would be interesting.

(a) (b)

Figure 1: Frame modelsfor IDABWIC employing a secondary hanger system. (a) Model purposed in
chapter V. (b) Galindo bridge

Regarding SABs with a superior curved deck:

» Considering the importance of the point at 0,285t ¢ontrolling the structural behavior
of SABs with a superior curved deck supported hylamar vertical arch, it would be
interesting:

o Conducting a parametrical analysis of the strusdribution concentrating the
struts in the area 0,28*L of the arch and deck.

o Consider varying the stiffness of the differentigtralong the bridge, varying the
stiffness within each strut and along the archyfed).
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Figure 2: Variable stiffness possibilitiesfor arch and struts




X. FUTURE LINES OF STUDY

» Conduct a new the parametrical analysig employing geometrically non-linear analysis
(Figure 3).

* The case study of chapter V.B is devoted to plamatical arch bridges with a curved
deck. A study of arch in plan view curvature hasrbeonducted in chaper V.A and V.B
section 7, to determine which arch shape is néar@more efficient solution. A next step
would be to study the optimealvalue for each shape, determine the antifunicadértion
and compare the mass variation of the most efficsefution with the most efficiers
(Figure 3) in each case in order to determine wdretinding the antifunicular shape is
worth the mass variation it implies.

This last step involves developing a software whgchot contained in the scope of this
thesis since it has been developed in previous sv@irquera 2007, Lachauer 2014 and
Todisco 2014). It is also not necessary for theecbjes of the present thesis since the
present case study is enough to understand thetstl behaviour and determine easy
design criteria. However, due to the considerahlenbrer of researches developing
antifunicularity-finding-softwares, it would be @resting to determine whether the
improvement structural efficiency due to antifurésity is valuable or not. If the
differences of the mass of the dimensioned bridgenagligible, planar arches can be
employed and further researches are not necessary.

Figure 3: Nomenclature of variables

Regarding instability analysis of SABs:
« Development of analytical formulae for the critibaickling load of SABs

* Improvement of the existing formulae for the catiduckling load of planar arch
bridges with a straight deck, since existing foraeudre very conservative.

e Codes and research give buckling formulation, bathypothesis under which these
formulae are valid are not clearly stated and rbtcases for arch bridges are
included. In an improved formulation this shoulddbearly stated.
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Model the studied bridge types with sectional FEllshmodel in order to introduce
residual stresses, transverse bracings and diapbramd sectional changes that
might cause load eccentricities.

Obtainment of construction site imperfection measurand tolerances and
comparison with those stated by the codes for #wmgd analyses. The difference
should correspond to residual stresses. CompasevHiue with residual stresses
introduced in analytical models and their equivalemperfection. On such a basis
new code imperfection values could be set.

Development of a series of curves for arch bridgased on empirical values
equivalent to the European buckling curves in EC3.

Compare the behavior of different imperfection ssapbtained by the positive and
negative buckling deformed shapes, by conductiNi@A. In the present study only
the imperfection shape for one sign of the buckiihgpe has been employed.

Consider material non-linearity as well as geomatrinon-linearity, in order to
observe the formation of hinges and the bearingqa@gpmargin of these structures
with respect to the material linear analysis.

Regarding the dynamic behaviour of spatial archifiadges:

Dynamic loading in existing codes and guidelinesusth be revised for SABs.

The high vertical accelerations of SABs, togeth@&hwhe fact that dynamic loading in
one direction causes acceleration in all directiarthis bridge type, highlight the need of
a deep research of the dynamic behaviour of thigertype.

In relation to SABs spatial behaviour and differemides the statement in EC1 UK NA

(“When the vertical deck modes are not well separaigasideration should be given to

the use of more sophisticated methods of analiysiwder to determine combined mode
responses. In all cases, it is conservative totheevector sum of the peak accelerations
for those modes that need such combinatighijuld be observed and further defined.

The arches have been considered to have rigid loyrmbnditions, with fixed springings. Of
course the flexibility of the foundations will chga the boundary conditions of the arches. A
study of the flexibility of the foundations and itsfluence on the bridge behaviour should be

conducted.
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A specific in depth study of shell SABs could bsoah very interesting field of research, due to
the scarce number of built examples and reseauclest A proposal of research study line would
be continuing the already published studies andydgsoposal published in Sarmiento-Comesias
et al, 2013 and 2014 (see Figure 4).

Figure 4. Shell arch solutionsfor (a) Salford M eadows Bridge. S-shapein plan IDABWIC (b) C-
curved in plan IDABWIC
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