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Abstract	
	

	

The dissertation hereby presented is a joint work between IST and EPFL.  

 

The purpose of the following dissertation is to study and design a project proposal for a bridge. It is 

important to present a commercially competitive proposal. Initially, different bridge alternatives to 

implement in “Pont du Tiguelet” (Fribourg canton, Switzerland) will be evaluated. A simplified study 

of the alternatives will be presented and in accordance with the criteria explained, a solution will be 

adopted. 

 

The solution chosen is a concrete Bowstring bridge, which will then be fully designed. The design 

will include the bridge deck, arch, hangers, columns and, finally, foundations. All hypothesis and 

formulas shall be justified as in a commercial project.  The design follows the SIA norms and a F.E.M. 

model (Robot Structural Analysis 2017) of the structure will serve as the basis for the design. 

 

The project is divided in three main parts: Technical Report, Design Calculations and Technical 

drawings. All of the documents complement themselves. Due to the IST’s strict page limits, the 

Design Calculations will not be a part of the Masters dissertation. The report will be, therefore, 

adapted. The project is included in the “Avant-Project” phase, in Switzerland. 

 

The author’s aim is to provide a document for future students to use as a basis to fully comprehend 

the necessary steps when designing a bridge. This may save them precious time. It is also a personal 

wish to help other students and engineers to come, to develop better and more complete bridge 

design dissertations. 
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Resumo	
	
	
 

Na presente dissertação apresenta-se o estudo e dimensionamento de um projecto de uma ponte. 

Considera-se importante a competitividade comercial da proposta. Inicialmente diferentes 

alternativas a implementar na “Pont du Tiguelet” (cantão de Friburgo, Suíça) serão avaliadas. Um 

simples estudo dessas mesmas alternativas será apresentado e de acordo com os critérios 

definidos, uma solução será adoptada. 

 

A solução escolhida é uma ponte Bowstring, que será dimensionada. O dimensionamento incluirá o 

tabuleiro da ponte, arco, pendurais, pilares e fundações. Todas as hipóteses e fórmulas devem ser 

convenientemente justificadas. O dimensionamento será realizado de acordo com o código SIA e 

será modelado num programa F.E.M (Robot Structural Analysis 2017). 

 

O projecto encontra-se dividido em três partes: Relatório Técnico, Memória Justificativa e Desenhos 

Técnicos. Todos os documentos se complementam. Devido ao limite de páginas imposto pelo IST, 

a Memória Justificativa não integrará a dissertação. O relatório entregue será, consequentemente, 

adaptado. O relatório apresentará o contexto em que se situa a ponte, as maiores restrições que se 

impõem, o projecto e seu dimensionamento e por último uma análise crítica sobre a solução 

adoptada. O projecto insere-se na fase denominada Projecto Base, para concurso.  

 

O autor tem o objectivo pessoal de realizar um documento que sirva como base para que os futuros 

estudantes compreendam as diversas etapas necessárias ao dimensionamento de uma ponte. É 

também um desejo do autor, ajudar a que sejam desenvolvidas melhores e mais completas 

dissertações neste tema.  
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Chapter	I) Introduction	
	

The Master’s thesis consists of a concrete bridge design project. The bridge in question is the “Pont 

du Tiguelet”, in Fribourg.  

  

The design will be based on the technical documents kindly provided by the estate of Fribourg, the 

same documents used in 2014 for the project contest. The project is now under construction (2017). 

  

The methodology followed starts with the determination of three possible alternatives according to 

the specific restraints, and, lately, one of them will be carried out to be designed. The decision on 

which option to follow will be made upon the criteria explained in the report. In order to determine 

which project alternatives would fit, a detailed study of multiple bridges will be performed to fully 

understand the behavior of each of them and the typical characteristic (slenderness, cross section).  

 

The alternative chosen will be then designed according to the SIA code.  

 

Ultimately, the dissertation will include the “Technical Report and the “Technical Drawings”. The first 

document will include justification for choices made as well as the analysis of the main results 

obtained. As previously stated, the report will be adapted to include the main elements of the “Design 

Calculations”. This document is the basis of the solutions obtained for each element of the bridge. 

Lastly, the “Technical Drawings”, composed by two A0 papers, present in detail the solution obtained. 

	

Note: It is highly recommended, while analyzing and perceiving the project, to have all three 

documents and the SIA codes at your disposition. Therefore, a link with this information is 

provided: https://goo.gl/zqiqnv 
 

	

Chapter	II) Notation	
	

TPF  -  “Transports Publics Fribourgeois” 

CFF  -  “Chemins de fer fédéraux” 

SIA   -   “Societé Suisse des Ingénieurs et des Architectes” 

EC  -     Eurocode 
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Chapter	III) Project	description	
	

The project comprises the road bridge design of the “Pont du Tiguelet”. This bridge was requested 

by the “Service des ponts et chaussées”, Fribourg Canton, as part of a modernization process 

which will include the removal of the elevated railway crossing and also a new road alternative to 

avoid the industrial zone under development. This project, together with the Givisiez Gare 

remodeling, has the purpose of adapting the region to the road and passenger traffic evolution and 

will make this a strategic location for the Fribourg Canton. 

 

The bridge is located between the municipalities of Givisiez and Belfaux (Figure 1). The total length 

will depend on the project alternative chosen, which should be around 300 metres. It is located 1.8 

km away from the future Givisiez Gare (red circle). This will allow the North side of the commune to 

be connected to the South side. 

	

	

	

	

	

	

	

	

	

	

III.I) Landscape	integration	

	

Fribourg, the region where the bridge will be located 

(Figure 2), is an historic city full of important traditional 

buildings with special catholic influence. Out of these, it 

is possible to point out the Fribourg Cathedral, the 

Notre-Dame Church or even the Gruyeres Castle. This 

is a city that kept their cultural heritage intact, 

particularly in the Historic center. 
Figure	2	-	Fribourg	Canton	

Figure	1	-	Bridge	plan	representation	
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In this region of Switzerland, there is an obvious utilization of the arch as the dominant shape. This 

applies predominantly to bridges (Figure 3). 

	

	
	
	
	
	
	
	
	
	
	
	

Figure	3	-	Pont	St.	Jean,	Pont	du	Gottéron	and	Pont	St.	Apolline	(	From	top	left	to	right	and	then	down).	

	

The landscape surrounding the bridge location is mainly flat, existing only two small hills on each 

side. The constructions situated close to the construction site are primarily small houses (2 storeys) 

and some industrial factories and warehouses.  

The view on the North side (Belfaux) is dominated by the green colour, being the grass and forest 

trees responsible. On the other side, even though the nature is still present, the industrial area 

dominates the scenery.   

For this type of surroundings, it is important to be aware of the scale, in order to respect the landscape 

around and not to make unpleasant contrasts between the nature and the bridge. For example, 

having a construction higher than the hills around would seem aesthetically wrong. 
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III.II) Project	Layout	

	

The road layout is already defined on the road project from CSD Ingenieurs (Figure 4). The bridge 

begins in the intersection of “Route du Belfaux” and “Route de Fribourg” (Belfaux side) and ends in 

a roundabout in “Route Jo Siffert”, next to a Michelin warehouse. As it is possible to observe, a 

portion of the bridge is in a slight turn (Figure 4). This results in an inclined profile section. 

 

	

	
Figure	4	-	Road	layout	

	

These are the suggested cross-section dimensions for the bridge (Figure 5). This cross-section may 

be changed in function of the alternative chosen to present for the Master’s Thesis project.  

	

	
Figure	5	-	Road	Project	cross-section	
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The longitudinal profile also defined in project is presented below (Figure 6). If necessary, the 

layout of the road may be changed only a few centimeters. 

 

	
Figure	6	-	Road	longitudinal	profile	

	
III.III) Constraints	

	

III.III.I) Gabarit	

	

The bridge will need to overcome the railway lines Fribourg-Payerne (CFF) et Fribourg-Morat (TPF) 

as well as the future TPF train depot. From the layout (Figure 7) one can observe the main restraint 

which concerns the available deck depth when crossing the railway. The blue line represents the 

road layout.  

	

The most critical deck depth available happens when crossing the existing tracks, the maximum 

deck height should be inferior to 1.17 meters, in this part of the bridge. This tolerance than 

increases to 1.73 meters over the train depot, which is yet to be built. 

	

From this, another restriction is added. If the bridge system is composed by only a substructure, a 

column may be introduced in-between the railway and the train storage facility. However, if a 

superstructure is the solution chosen, this area is forbidden.  
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Figure	7	–	Deck’s	depth	constraints	

	

III.III.II) Columns	Collision	Design	

	

The other regulation concerns the design of the columns to collision forces. This information is 

obtained in Annex 1, chapters 6 and 8 of “Dispositions d’execution de l’ordonnance sur les 

Chemins de fer” and complemented by the Project Drawings.  

 

According to the Gabarit provided in the project documents (Figures 8,9 and 10), it is completely 

forbidden to have the surface of the column inside the 3-meter distance from the railway axis. This 

condition also stipulates the necessity of designing the columns for collision forces if inside a 

specific perimeter. This perimeter depends on the average speed of the train and if there is a 

railroad switch/cross (“appareil de voie”) nearby.  This collision risk can be mitigated by using 

protection barriers (rails to mitigate the consequences of the accident, making it not concentrated 

and therefore less severe, or deviation elements, as blocks to absorve some collision impact, 

which prevents the direct collision). However this would make the project more expensive to 

realize.  

In case the railway is destined for TPF trains , this distance is 5 meters ( 41< V(km/h) < 60).  For 

CFF trains the distance imposed is of 7 meters (61< V(km/h) < 120). For the train depot, the 

distance considered is 4 meters, since the expected speeds are very low, and track switches are 

expected. It is important to mention these distances are measured from the axis of the railway until 

the surface of the column. 
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Figure	8	-	Collision	design	constraints	

	

	

	

	

	

	

	

	

It is quite clear, having only 4.42 meters wide to build between the CFF track and the depot, if a 

column is placed in this region it will have to be collision designed. It is imperative to stress the angle 

between the bridge longitudinal profile and the railways, creates an illusion of the distances being 

bigger than what in reality really are. The correct procedure is to mark the distances in plan and then 

pass them to the longitudinal profile. It would be wrong if only the longitudinal profile was considered.  

 

It is important to mark the perimeter points, to know where to place the columns and the 

consequences of this placement. It is implied the reduction of costs and time when not having to 

design them for collision forces. 

Figure	9	-	Collision	design	constraint	(TPF)	

Figure	10	-	Collision	design	constraint	(CFF)	

	 Subtitle: 
	 	

	
No	construction	allowed	

	 	
	
	
	 Construction	subjected	
to	train	collision	design	
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III.III.III) 	Geology/Geotechnics		

	

No information is provided in the project. The Swiss Confederation website: map.geo.admin.ch gives 

limited information regarding to the site of construction.  

 

In the construction site, the exact depth of the superficial soil with bad mechanic properties is not 

given.  However it may be roughly extrapolated (Figure 11) as being relatively superficial, in the 0 – 

20 meters category, since it is composed by sedimentary rocks. The subsoil under it is made of Marl 

mixed with Sandstone. 

	

	
Figure	11	-	Superficial	soil	Thickness	

Sandstones have on average a tensile strength of 23 MPa and a compressive strength of 80 MPa 

(B. Amadei). This value cannot be used for foundation design, since the condition of the rock is not 

known. If it is highly fractured, the resistance may be significantly lower. A SPT test is necessary.  

	

	
																			 	 Figure	12	-	Geothecnical	Map	

	

														
0-20	
	
20	-	75	

	 Superficial	deposits	:	
	
	 Sand/Silt	
	 	
	 Rocky	Subsoil	:	
	

Marl	intercalated	with	
Sandstone	

	
	 Conglomerates	
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Chapter	IV) Documents	and	norms	consulted	
	

	This design is done according to the SIA code, particularly: 

 

• SIA 260    - “Bases pour l’élaboration des projets de structures porteuses”, 2013 

• SIA 261    - “Actions sur les structures porteuses”, 2003 

• SIA 261.1 - “Actions sur les structures porteuses – specifications”, 2003 

• SIA 262    - “Construction en béton”, 2003 

• SIA 262.1 - “Construction en béton - specifications”, 2003 

 

These documents serve as the basis for all calculations.  

 

Chapter	V) Loads	
	
The	loads	addressed	in	this	chapter	correspond	to	the	live	loads	defined	in	the	SIA	codes.	

	

V.I) Load	model	1	

	
The live load model corresponds to the live loads caused by the traffic and it is given in SIA 261- 

10.2.2. It is named “Load Model 1” and assumes the following load disposition and values. This 

model is adapted for the road in this project. 

	

	

	

Figure	13	-	Load	Model	1	(adapted)	
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	The remaining surface in this bridge corresponds to the sidewalk/cycle path. The corresponding 

characteristic values are presented in Table 1.	
	

Lane	 qki	 Qki	 a aqki	qki aQki	Qki 

		 [kN/m2]	 [kN]	 	 [kN/m2]	 [kN]	

1	 9	 300	 0,9	 8,1	 270	

2	 2,5	 200	 0,9	 2,25	 180	

Sidewalk/cycle	path	A	 4	 10	 0,9	 3,6	 9	

Sidewalk/cycle	path	B	 2,5	 	 0,9	 2,25	 	

Table	1	-	Live	load	characteristic	values	

The sidewalk (“trottoir”) is separated from the vehicles by rails protecting the hangers, in span 

supported by the Bowstring. Therefore, the load considered is 4 kN/m2 and concentrated load of 10 

kN. In the remaining spans, there isn’t this physical separation, and according to SIA 261 - 9.1.3, 

they should be considered as remaining surface (q = 2.5 kN/m2). 

	

The coefficients	a	applied take into consideration the composition and density of the traffic that is 

usual in Switzerland. The normal value to take is 0.9. However according to the SIA 261 – 10.3.3, if 

the road is up to 6 meters wide, the value may be reduced to a minimum of 0.65. This decrease in 

the coefficient needs to be agreed with the owner of the construction and the traffic control authority. 

Since no contact with these authorities was made, the value 0.9 was assumed conservatively. 

	

V.II) Snow	

	

The snow value was calculated by the SIA 261 – chapter 5 method, and it is function of the 

reference height (SIA 261, annex D), location and roof/bridge deck shape. The characteristic value 

of the load caused by the snow is: 

 

qk	=	 	 0.72	 	 	 	 	 	 [kN/m2]	

 

The value is rather small. The loading scenarios considered, do not include the snow. This is, if 

there is snow, there is no traffic. And, normally, the road is cleaned by a road sweeper. 
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V.III) Wind		

	

The procedure is explained in SIA 261 – chapter 6. For this it is important to notice the building has 

an approximate height of 10 m, so this methodology can be used. The result is a function of the 

dynamic pressure, height ratio, terrain category and deck’s height/ width ratio. The results obtained 

are: 

	

qf1		 =		 1.28		 (	 	)	 	 	 	 [kN/m2]	 	 	

	 	

qf3	 =	 -0.50	 (										 )	 	 	 	 [kN/m2]	 	

	

Where qf1 corresponds to the wind pressure on the sides of the cross-section and columns, and it is 

quite important when determining the column’s design internal forces. The pressure qf3 acts 

perpendicular to the slab, opposing to the dead weight and therefore, not considered in the most 

critical loading scenarios. 

 

V.IV) Braking/Starting	forces	

 
The forces due to the braking/starting of the car are proportional to the forces in Lane 1 of load model 

1. This relation is in SIA 261 – 10.2.4, and has a maximum characteristic limit of 900 kN. The value 

obtained was superior to this limit which means the value assumed is 900 kN. 

 

V.V) Concrete	deformation	

	
The concrete deformation is a sum of three components: temperature(edt), creep(ecc) and 

shrinkage(ecs). This value is particularly important to determine the design internal forces in the 

columns. Since this is a floating bridge and the horizontal stiffness is provided by the columns, the 

concrete deformation allows us to determine the horizontal displacement, and consequently the 

internal forces in each column. This will later be addressed in chapter “Columns”. 

 

V.V.I) Temperature	variation	

 

The procedure to adopt is given in SIA 261 – chapter 7. The strains caused by a temperature 

variation are: 

 

edt	=		(dt1	+	dt2)	.	at		=	0.27	‰	
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Ø dt1	: considering the average temperature and its fluctuation (= ±	15	[°C	],	SIA 261, table 6) 	

Ø dt2	: results from an linear unilateral cooling/heating of short duration (= +	12	[°C],	SIA 261, 

table 7). 

Ø at	  : thermic dilatation coefficient (=1	x	10-5	[1/°C]	). 

	

V.V.II) Creep	
	

The creep deformation	(ecc)	is the result of the multiplication between the creep factor	(j) and the 

elastic deformation	(ec,el)	–	SIA 262, 3.1.2.5. This deformation decreases over time, as the concretes 

settles. The considered value will be for	t=∞.		

	

ecc(∞)	=	j(∞) . ec,el =	0.23	‰ 

	

The creep coefficient (j(∞) )t is obtained as in SIA 262, 3.1.2.5.3, and it is equal to 2.079 , which is 

considered an expected value. The elastic deformation depends on stress in the concrete (sc)	and 

the concrete stiffness at that point in time (Ecm). 

 

V.V.III) Shrinkage	
	

The shrinkage deformation depends on the time period we intend, since it reaches its maximum 

fter 20 years (b	(t	–	ts)	= 1). The shrinkage strain depends on the time of concrete. 

	

ecs	=	b	(t	–	ts)	 . ecs,∞ = 0.4	‰	

	

V.V.IV) Total	deformation	

	

The total deformation is obtained: 

et,k	=	edt	+ ecc	+	ecs	=	0.9	‰	

	

	

	

(12) 
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Chapter	VI) Alternatives	
	

VI.I) Girder	Bridge	

	

The first alternative chosen is a simple girder bridge supported in columns throughout the whole 

bridge (Figure 14). It is the oldest type of bridge used, being originally made out timber, stone and 

an ancient form of concrete. The normal spans vary from 10 to 300 meters. The typical slenderness 

using prestressed concrete are between L/20 – L/25. 

	

	

	
Figure	14	-	Alssund	Bridge	

This is the logical first alternative due to its simplicity as well as clear financial advantages when 

compared to bridges with superstructures.  

 

A hand sketch (Figure 15) was drawn for a more detailed analysis (scale 1/500). The spans have 30 

meters of length, except the main one which is a 39-meter span, necessary to overcome the railway. 

	

	
Figure	15	-	Pont	du	Tiguelet	-	Girder	Bridge	alternative	(Hand	Sketch)	
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The longitudinal profile proposed takes into consideration the deck height limitation as well as the 

commonly used slenderness for this type of bridges.  

Another important consideration when reaching this proposed longitudinal profile was the costs 

minimization. The columns were placed outside the collision design perimeter, in order to have a 

simpler design and to save costs not only directly (materials) but also indirectly (simple design saves 

resources). This was done as far as possible. Due to the slenderness, one columns had to be in 

between the railway and the train depot. If this solution is followed, this column must be design for 

collision. 

 

The optimized span for this type of the bridge, achieving a uniformly looking bridge, is 30 m (h =1.5 

– 1.2). This deck depth is compatible with the railway condition. This relatively short span is also 

possible due to type of soil. Even though superficially it is a weak soil, it can be easily found soil with 

good mechanical properties. Therefore, building the foundation is not difficult nor expensive. This 

span was followed as long as possible. Overcoming the railway meant having to modify the optimized 

solution, with a 39.0 m span. The edge spans correspond to 0.82L of the main span (= 25 m). 

 

The box girder section is not adequate for the limitations of the bridge (hmáx = 1.16 m), since 

constructively it is hard to build a box girder with a depth inferior to 2 meters. Another reason to 

quickly rule out this solution is the guaranteed accessibility for maintenance, which is mandatory by 

the Swiss law. A section with an opening of 1 meter or less would be very hard to work in.  From this 

point two options should be considered: Full section or Girder section. The full section means an 

increased weight if both are compared. However, a girder section for curved bridges with torsion, 

implies being careful while designing it.  

 

The cross section chosen is a concrete girder (Figure 16), with two beams directly supported by 

columns. The number of main beams is defined by the width of the section (10.3 meters). The 

supports vary, and can be movable supports or fixed. This is due to the high stiffness (some columns 

are very short). However, this analysis should be better performed when the design is done.  

	

	
Figure	16	-	Possible	girder	cross-section	
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VI.II) Bowstring	Bridge	

	

Bowstring bridge also commonly named Tied-arch bridge. The tied arch bridges were first used in 

the late XVIIII century, but started to be more commonly used in the middle of the XX century 

onwards. This type of bridge works simultaneously as a suspension bridge and as an arch bridge. 

Normally the solution is made of a steel arch (lighter than concrete), steel profile or cable hangers 

and a composite deck (steel profiles combined with a concrete slab).  

 

This would not be a common solution, since the arch would be made of reinforced concrete. The 

arch is in compression, and so the concrete is serving its purpose, the only disadvantage is the 

increased weight which should be balanced by the cost and construction easiness. An example of a 

concrete arch can be found in the Fenouillet Bridge (Figure 17) in France. 

	

	
Figure	17	-	Fenouillet	Bridge,	France	

A bowstring can achieve long spans, up to 300 meters (Bugrinsky Bridge in Russia is an exception, 

with a 380-meter main span) due to the internal forces distribution. The load is suspended in tension 

by the hangers to the arch which in compression ultimately discharges in the supports. To equilibrate 

the inclined compressive force from the arch, the deck must be in tension. This is exemplified in the 

scheme presented below (Figure 18). 
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Figure	18	-	Bowstring	static	internal	forces	

	

There are two types of slenderness associated to these bridges (Figure 19). The first one relates the 

arch height with the span to overcome	(g1).	The second relates the deck and arch depth with the 

total span (in Steel bridges, Manfred Hirt and Jean-Paul Lebet).		

	

	
Figure	19	-	Bowstring	slenderness	scheme	

	

Where:	

𝛾$ = 	
𝑓
𝑙 		

	

𝛾) = 	
ℎ$ + ℎ)

𝑙 		

	

g1	values vary between 1/6 and 1/5.	

g2	values vary between 1/30 and 1/45.	

	

These values are used as a pre-design basis only and should be used wisely, since the majority of 

this type of bridges are composite constructions (steel arch). In this case, the only composite part 

are the vertical hangers.	

	

	

(1) 

(2) 
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Figure	20	-	Pont	du	Tiguelet	-	Bowstring	Bridge	alternative	(Hand	Sketch)	

	
The proposed solution is a mixed solution between a Bowstring and a simple girder bridge (Figure 

20). The superstructure is necessary where the deck depth has the highest constraint and where 

the columns implantation is less flexible. The rest of the bridge is a concrete girder bridge to make 

the project financially competitive. As mentioned before, the foundation in the soil presents good 

mechanic properties at a relatively shallow depth. 

	

	
Figure	21	-	Pont	du	Tiguelet	-	Bowstring	Bridge	alternative	(Hand	Sketch	II)	

	

In these first sketches, the preliminary dimensions fulfil the commonly used slenderness previously 

presented. However this values may need to be changed throughout the design.  
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VI.III) Extradosed	Bridge	

	

The extradosed bridges were invented by Jacques Mathivat in the late XX century (1988).  The first 

proposal for this type of bridge was “Arrêt-Darré viaduct”, even though it wasn’t accepted. The 

extradosed bridges are an evolution from the fin-back bridges and cable panel. The low rise of the 

tower supporting the cables is considered by many as aesthetically appealing. One of the most 

famous cable panel bridges is the “Ganter Brige” (Figure 22) located in Switzerland, Valais canton 

(by ETH Professor Christian Menn). In Portugal a well-known example of this type of bridge is the 

Socorridos Bridge (1993, by IST Professor António Reis). 

	

 	
Figure	22	–	Ganter	Bridge	(Valais,	Switzerland)	and	Socorridos	Bridge	(Funchal,	Portugal)	–	Left	to	right	

The concrete cover made it harder to do any maintenance to the cables. A natural evolution was to 

leave the stay-cables, protected by a sheath, with no concrete cover. This offers the bridge much 

lighter and simpler look. It also reduces the dead loads which helps the design.  

 

The first bridge of this type of this type was Akio Kasuga’s “Odawara Blueway Bridge” (Figure 23) 

in Kanagawa, Japan (1994). 

 

 
Figure	23	-	"Odawara	Blueway	Bridge"	

Extradosed bridges are characterized by a tower height above the deck with 1/15 - 1/8  ratio of of 

the span’s length (L), as opposed to 1/5 – 1/4 of normal Cable-stayed bridges. This reduction height 
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provides stiffer tower, which ultimately increase the total bridge stiffness. This allows a slender cross-

section when compared to girder bridges. The normal slenderness for this type of bridges are L/50 

– L/30 as opposed to L/25 – L/20 of prestressed girder bridges. The cables’ inclination commonly 

used is 17°. This result in a higher axial load in the bridge deck due to the increase in horizontal 

component of the force. This is beneficial for bending moment resistance. Another consequence is 

the reduction of the vertical component of the cable’s prestress force in the bridge deck which results 

in a lower counter-deflection. This is the reason why cable-stayed bridges have slender cross-

sections when compared to extradosed bridges (L/100-L/50). The cable configurations include fan 

type and harp type (Mermigas 2008). 

 

The “Sunniberg Bridge” (Figure 24) also conceived by professor Christian Menn is a great example 

of this type of road bridges. Located in Klosters, Graubunden canton, Switzerland. The main span’s 

length is 120 meters, and the bridge deck is 12.4 meters wide. It is characterized by a harp type 

cable configuration. It crosses the river Landquart, at a distance of 50 meters above. 

 

The proposed solution is mixed solution Extradosed/Girder Bridge. The cable-stayed span is used 

to overcome the railway. Considering the project constraints and commonly used slenderness 

values, the main bridge span should be around 50 meters to have a 1 meter deck depth (L/50). 

	

	

	
Figure	24	-	Sunniberg	Bridge	(Klosters,	Switzerland)	

	

The remaining secondary spans are 30-meter long. This is considered as the optimal span length 

having in mind the cost-effective analysis (there is no major constraint for building columns) as well 

as an aesthetical integration of the whole bridge. The deck depth for this part would be 1.2 meters 

(L/25) which would only differ 0.2 meters from the remaining. This continuity is important and visually 

desired. The longitudinal profile (Figure 25) is presented. 
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Figure	25	-	Pont	du	Tiguelet	-	Extradosed	Bridge	alternative	(Hand	Sketch)	

	

The solution chosen is a harp type configuration for the cables. A harp type configuration (Figure 

26) is visually more appealing since the cables don’t seem to be crossing each other. It is also a 

more regular construction which also facilitates the design process. The tower height should rise 

6.25 meters (L/8). This height is decided per the relatively flat surroundings of the bridge. It is 

desired that the bridge can be integrated in the environment. 

	

	

	
Figure	26	-	Pont	du	Tiguelet	-	Extradosed	Bridge	alternative	(Hand	Sketch)	

	

The column placement means they must be designed for collision forces from the train accident 

impacts. Comparing to the other alternatives this would be the solution which would provide the 

most slender deck depth and easily would fulfil gabarit required. Nonetheless, since an expensive 

superstructure is being built, the main span is probably too short. A possible solution could be to 

have the same main span length as the Tied Arch alternative (80 meters). 
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Chapter	VII) Project	decision	
	

VII.I) Criteria	

	

The extradosed bridge was ruled out. The high costs and the fact that another student was 

developing that same alternative supported this decision. 

 

Considering the type of road, the environment where it is inserted and most importantly the economic 

advantages, a girder bridge is probably the most adequate. Yet, after some development of this 

alternative the solution found was very similar to the approved project. The bridge is currently being 

built. This would result in a design verification of the real project and not in a project design, which is 

what it is intended. 

 

The decision was to proceed with the development of the Bowstring project.  

 

A Bowstring fits very well in Fribourg, where the arch is a very characteristic shape of the bridges of 

the canton. This would be a modern twist to Fribourg (common use of the arch below the deck), with 

an arch above the bridge deck. This is not just an architectural decision. An arch bridge (arch below 

the deck) would not be possible due to the poor surface soil properties, where horizontal loads should 

be avoided. Therefore, the bowstring appears as the alternative, keeping the arch as the theme.  

 

A simple “maquette” (Figure 27) was developed to confirm the feasibility of this solution. The local 

integration and the scale were approved. The “maquette” enables a better and visual understanding 

of the bridge in its whole.  

 

It is possible to notice an absence of bracing between arches (Figure 29). Despite having some 

negatives aspects in the arch stability, which will be accounted for in the design, it is definitely 

aesthetical beneficial to the bridge. It provides some simplicity which is much appreciated. 
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Figure	27	-	"Maquette"	-	Bridge	profile	

The project also presents some downsides. The arch rise may interfere with the landscape by 

producing a dominant contrast with the remaining surroundings. Nonetheless, the biggest downfall 

is in the financial competitiveness to other simpler solutions. The more complex design, the 

expensive construction method (chapter XII) which includes the formwork necessary and the quantity 

of material needed, all count for this economic disadvantages. Especially considering the type of 

obstacles to overcome (not very significant). Nevertheless, after taking into consideration all aspects, 

this was the solution adopted (Figures 28 and 29). The structural design is the following step. 

	

	

	

	

	

	

	

Figure	29	-	"Maquette"	Bridge	view	 Figure	28	-	"Maquette"	Bowstring	detail	
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Chapter	VIII) Project		
	

The final solution is presented. In this document, a brief description of the solution found will be done. 

The decisions made throughout the design will also be justified. 

 

In the author’s opinion, it is imperative to aim for the most competitive project. This means, decisions 

will be made to facilitate the construction, design and material savings, implying consequently 

financial advantages  

 

VIII.I) Materials	

	

It was considered a 50-year life span for the bridge. Because of this, the materials chosen should 

be the most adequate and of great quality. 

	

VIII.I.I) 	 Concrete	

	

• Strength class:  

a. C40/50 - Bridge deck and arch  

b. C30/37 – Columns, foundations 

 

• Environmental exposition:  XC2 

• Dmáx : 32 mm  

• Chlorides content : CL 0.2 

• Cover :  

(a) 3.5 cm - in general 

(b) 4.0 cm – foundation 

	

VIII.I.II) 	 Steel	

	

• Passive reinforcement : B500 NR SD 

• Prestress : S1770 with HDPE sheath 

• Hangers : S1770 with HDPE sheath 
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VIII.II) Longitudinal	profile	

	

The solution obtained (Figure 30) was a 280-meter-long bridge with a main span of 80 meters (Tied 

Arch span). The remaining spans are 5 spans of 30 meters and 2 spans of 25 meters. The arch rises 

13 meters (»L/6) from the bridge deck.  

	

	

	
Figure	30	-	Bridge	3D	Model	

	

The spans were obtained with different criteria. The main span corresponds to the minimum span to 

avoid the column’s collision design.  The intermediary (length wise) spans were obtained using the 

criteria previously explained in the girder bridge alternative (Figure 31). The assumption is also 

possible for this solution. The shorter spans correspond to the spans on both edges of the bridge, 

and their length is given by the ratio between PL2/8  (Pinned-Fixed M-) and PL2/12 (Fixed-Fixed M-), 

which is 0.82. This is a vastly used optimization measure to obtain similar reinforcement quantities. 

	

	
Figure	31	-	Longitudinal	Profile	of	solution	adopted	
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The section B is not in the middle of the span since according to trial and error, the moment would 

be smaller than where it is, due to the cable absorbing the concentrated forces and not causing 

moment in the deck. This can be compared as if a support was placed instead of a cable, and the 

force is taken by the support causing no effort in the deck. 

	
The commonly used slenderness in the different types of bridges was also one of the key criteria in 

the span length decision. This ensures an overall homogeneous solution. 

	

VIII.III) Cross-section	

	

The cross-section used in the whole bridge is not constant, and corresponds to the following beam 

girders (Figures 32 and 33).  

	

	
Figure	32	-	Cross-section	A	

	

H	 Width	 Slab	Thickness	 A	 Iy	 Concrete	

[m]	 [m]	 [m]	 [m2]	 [m4]	 	

1.20	 12.00	 0.30	 5.30	 0.47	 C40/50	

Table	2	–	Section	A	properties	

The project given by the owner of the construction presents a 10.3-meter wide section. However, 

due to the supporting system chosen for the bridge (Bowstring), the width had to be increased to 

12.0 meters. To make the most commercially competitive project, this increase is only done when 

strictly necessary. The remaining of the bridge presents a 10.3-meter wide cross-section. This also 

allows to reduce the weight of the structure.  

 

y	
z	
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Figure	33	-	Cross-section	D	

H	 Width	 Slab	Thickness	 A	 Iy	 Concrete	

[m]	 [m]	 [m]	 [m2]	 [m4]	 	

1.20	 10.30	 0.30	 5.05	 0.48	 C40/50	

	
Table	3	-	Section	D	properties	

It was designed with constant section height to state the bridge continuity between different types of 

spans and supporting structures. The central part of sections stays constant throughout the bridge. 

This was only possible by placing the sidewalk/cyclist path outside the supporting structure. This 

option also reduces the transversal moments in the section, by bringing the beams closer. The beam 

thickness is determined by the arch’s thickness. Both options are helpful for the construction process. 

 

The slab presents a slope above and below the deck. Above the deck is due to the curve in the 

project and below is a constructive measure which allows to reduce the overall weight of the 

structure. However, this may present a challenge for the formwork. 

 

VIII.IV) Model	

	

The bridge was modelled in Autodesk Robot Structural Analysis 2017. This is a F.E.M software, ideal 

for this type of structures. A few simplifications had to be done to adapt the model to the software. 

These simplifications include: 

 

• Model the slab as horizontal - the 4 % slope, approximately, is considered negligible. The 

implications are: a higher shear effort on the deck and a null reduced axial component acting 

on the bridge deck when compared to the real- life bridge. Nonetheless, the consequences 

are minimal. 
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• Straight bridge – The turn (R=1600) in the end of the bridge is also not considered. For this 

types of radius this is an acceptable solution. For tighter turns, a centrifugal force is 

originated and can be estimated with SIA code. 

 

The initial procedure is to open the Job Preferences tab to define the materials and design codes 

according to the EC. The software lacks the SIA code, and consequently the EC is chosen to be the 

codes that resembles the most. The implications of this are also limited, since the load combinations 

are defined manually. 

 

The structure is modeled in a bottom to top order. The foundations are not considered in the model, 

and have been designed separately. The first step is to introduce the columns (0.6 x 1.8 m2) with the 

respective heights (Figure 34). A fixed support, representing the pile cap foundation, is introduced in 

the lower end of the column. The connections between the columns and the bridge deck depend on 

the static system chosen and need to be introduced in the software. This is done in section 

characteristics, under the option releases (Figure 35). In this option, it is possible to define the type 

of support, depending on the movements and rotations that are defined as possible, and therefore 

not fixed. For the movable bearing, the movement in the longitudinal direction as well as the rotation 

are freed from the connection. The remaining connections followed this logic. 

 

	
	

	

	

	

	

	

	

	

	

	

	

Figure	34	-	Columns'	Model	

	
Figure	35	-	Releases	definition	
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The following step is to build the bridge deck. The bridge deck is divided in two beams (0.9 x 1.3 m2) 

and three slabs (thicknesses of 0.3 in the center and 0.25 on the edges). 

Robot structural works as a bar-to-bar model. This results in beams being modeled as bars, and the 

connection between other bars is done in the center of gravity of each bar. This results in this final 

aspect, where the bars when presenting their full section look overlapped (Figure 36). This also 

applies for the slab which must be drawn from the center of the beams, however this has no real 

implications in the calculations. The additional weight is not considered, since it is defined manually. 

The type of concrete (C40/50) must also be inserted and it is relevant for the displacement 

verification, since different concretes have different stiffness. When running the calculations a F.E.M. 

model (4783 nodes) of the slabs is generated. 

	

	
Figure	36	-	Discrete	connection	-	Section	superposed	

The next step was to draw the arch. The arch was modelled as linear 0.5-meter long beams (Figure 

37). This simplification is necessary in this software. The shorter the length of these beams, the 

better the approximation to reality. The 0.5 meters were considered to give good approximations. 

The connection of the arch with the deck is once again discrete and done in a single point in the 

beam. This has implications internal forces wise. 

	

	
Figure	37	-	Arch	divided	in	0.5-meter	long	beams	

Finally, the only element left are the hangers (Figure 38). This is also the most complex element of 

the structural model, which is responsible for introducing nonlinearities in the structural analysis. The 
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nonlinearities are related to the relation between deformation and internal forces. The software 

incrementally applies the loads and iteratively distributes them throughout the cables. This is a time-

consuming process which slows down considerably the analysis. For these analysis, the cable’s 

stiffness is very important, the value assumed was 160 GPa, taken from commercial catalogues. The 

software does not have this type of material, and therefore a S1770 with this elastic modulus must 

be created (Job Preferences >> Materials). The cross-section is also very important for the axial 

stiffness. The static system of the cables is defined as pinned in both ends. The cables can only be 

solicited to tensile axial internal forces; this is done automatically by the software when choosing the 

bars as cables. Another important parameter to fix is the assemblage conditions, where among the 

possibilities the option chosen is to limit the elongation to 0.1 % of the cable’s length. This ensures 

satisfactory results and assumes a significant importance when modelling the bridge. 

 

	
Figure	38	-	Hangers	detail	

Even though the software allows an automatic load combination generation, the combinations were 

defined manually to generate only the combinations really necessary for the purpose. 

 

The software presents a limitation when introducing the prestress in the cables. The results yielded 

are not acceptable. Therefore, to determine the structure displacements, the steel cables are 

replaced by the steel bars with the same properties (S1770, E=160 GPA, A). It must be ensured no 

compression results from this modification. 

 

It is also important to mention, when running a buckling analysis to obtain the critical coefficients, the 

P-delta effects (second order) must be selected, since by definition they are not selected. 

 

The final model is presented in with different perspectives (Figures 39,40 and 41). 
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Figure	39	-	Final	model	-	Profile	view	

	

	

VIII.V) Design	

	
The design method followed was: 

 
1. ULS - Transversal design 

2. ULS - P.S. reinforcement design 

3. ULS - Shear design 

4. SLS  (Fatigue, Cracking and Deflection) 

 

VIII.V.I) ULS	
	
The live loads distribution throughout the bridge is done according to the influence lines obtained 

from Statik and have the purpose of maximizing the design internal forces. The internal forces 

diagrams used for design purposes are presented. 

 

 

 

 

 

 

 

 

 

Figure	40	-	Final	model	-	30°	view	 Figure	41	-	Final	Model	-	10°	view	

Figure	42	-	Bending	moment	diagram	(section	A)	
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Note: The diagram presented refers to one beam only, the total effort in the section is just a little 

smaller than two times the one in the diagram. 

Figure	43	-	Bending	moment	diagram	(section	B)	

Figure	45	-	Shear	effort	diagram	

Figure	44	-	Bending	moment	diagram	(	Section	C)	
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The main design internal forces are presented (Table 4). 

	

Section	 msd
	 vsd	 h	 Msd	 Nsd	 Vsd	(Z	cotg	a) 

	 [kNm/m]	 [kN/m]	 [m]	 [kNm]	 [kN]	 [kN]	

A	 370.48	 	 0.30	 22851.17	 	 	

B	 -50.91	 62.00	 0.25	 12461.12	 17561.59	 	

C	 -710.73	 213.30	 1.20	 -22546.56	 18681.79	 4129.56	

Table	4	-ULS	Design	internal	forces	

Note: The trasnversal moments – msd in sections A and B, can be achieved in whichever longitudinal 

section of the bridge, but it is related to the transversal section and depends on the transversal live 

load disposition. The association to these sections was made in order to summarize the information 

and be able to present it in one table, only. On the contrary, the moment – msd in section C is only 

possible in this section of the bridge, due to the high stiffness of the support which leads to an effort 

concentration. The same applies for the shear effort. 

 

(i) Transversal	Bending	Moment	(msd)	
	

The transversal design is done in units per meter. The live load combinations for concentrated 

loads are presented in Appendix 1. These are the most complex to analyse. The transversal 

bending reinforcement design is done using the following formula. 

 

𝐴, ≥
./0

1	×	3/0
	×	106	 	 	 	 [mm2	/	m]	 	

	

Where: 

 

• 𝑧	 ≈ 0.9	𝑑 

• d		=	h	–	cmin	-	fstirup	-	ftransv.	/2 

• fsd=		 435.0	 	 	 	 	 	 	 [MPa]	

	
Top reinforcement 

 

d		 	 =		 0.220		 	 	 [m]	

z	 	 =	 0.198	 	 	 [m]	
	

As	 	 =	 576.5	 	 	 [mm2	/m]				=>	f12 // 0.15 (754.0 mm2	/	m)	

(3) 
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Bottom reinforcement 

 

d		 	 =		 0.255	 	 	 [m]	

z	 	 =	 0.229	 	 	 [m]	
	

Amin	 	 =	 3639.65	 [mm2/m]=>	f26 // 0.125 (4247.43 mm2/m)	

	

The only thing worth pointing out is the necessity of a f26 for the positive transversal moment. This 

can be considered excessive and if necessary the slab thickness can increased to increase the lever 

arm. The slab doesn’t require shear reinforcement, which would be an expensive solution. 
 

(ii) Transversal	Shear	(vsd)	
	
The slab shear resistance is used from SIA 262, 4.3.3.2: 

	

𝑉[\ = 	𝐾\	×	t^\×	𝑑	
Where: 

tcd	:	Limit shear resistance  (SIA 262, 2.3.2.4)	

	

t^\ =
0.3 𝑓 _

`

𝛾 	

gc		 =		 1.5	
fck		 =		 30	 	 	 	 	 	 	 [MPa]	

tcd	 =	 1.1	 	 	 	 	 	 	 [MPa]	

	

The coefficient Kd : 

	

𝐾\ = 	
1

1 + 𝐾a	×	𝑑
	

This value is a function of Kv : 

	

	

𝐾a = 2.2	×	𝑚,\ 𝑚[\ 	

(4) 

(5) 

(6) 

(7) 
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Section B 

	

d	 =	 0.25	-	0.02	-	0.01=	 0.22	 	 	 	 [m]	

Kv	 =	 2.20	

Kd	 =	 0.67	

	

vrd	 =	 162.14		 >	 62.00	 	 	 	 [kN]	

	

Note: In this case, the ratio  
𝑚,\ 𝑚[\ assumed as 1, conservatively, is enough to ensure the 

safety. Therefore, the real msd and mrd values are not required. 

 
Section C 
 

Msd	 =		 21.83	 	 	 	 	 	 	 [kNm/m]	 	 	

Mrd	 =	 370.48		 	 	 	 	 	 [kNm/m]	

	 	

Kv	 =	 0.13	 	 	 	 	 	 	 	

Kd	 =	 0.97	

vrd	 =	 286.93		 >	 213.30		 	 	 [kN/m]		

 

 

(iii) Pre-stress	
 
Multiple criteria is accepted to design the prestress reinforcement. The most common include: ensure 

only compression in the concrete, counterbalance 70%-90% of the deformation caused by 

permanent loads and bending moment balance. The criteria chosen is the last one. It is in the author’s 

opinion the best criteria to follow for bridges. Furthermore, it usually leads to fulfilling the second 

criteria. 

 
In order to define the most conditioning live load configurations, influence lines are used. These 

influence lines are particularly intricate in the Bowstring span. They can be consulted in Appendix 2. 

The live load disposition to achieve the critical internal forces is presented in Appendix 3.  

	
	
	
	



	 	 	35	

	
Section A 
	

The design of section A is a simple bending design. 

	

𝑀[\ = 𝐴,	×	𝑓,\	×	𝑧, +	𝐴d	×	𝑓d\	×	𝑧d		

	

Where: 

As :  Passive reinforcement Area  

fsd  :  Design steel resistance (= fsk /gc= 435 MPa) 

zs    : 	 Passive reinforcement lever arm	
Ap :  Prestress reinforcement Area  

fpd  :  Design prestress steel resistance (= fpk / gs = 1320 MPa) 

zp    : 	 Passive reinforcement lever arm	
 

As	 	 ≥											 15658.88	 [mm2]		=>				6	x	19T15S	(17100	mm2) 

 
Sections B and C 
	

It is important to mention the bridge deck, in the bowstring span, has a tension axial effort to 

equilibrate the compression in the arch. This detail implies a design considering the N-M interaction 

caused by the existence of axial effort in the bridge deck (Bowstring alternative, static internal forces 

distribution).  

 

For the bowstring section, the procedure is iterative and therefore more complex. It is solved through 

an equilibrium of forces presented below. 

	

𝑁,\ = 𝐹d + 𝐹, − 𝐹 	

	

𝑀,\ = 𝐹,	. 𝑦, +	𝐹d	. 𝑦d + 𝐹 	. 𝑦 	

	

With: 

	

FP : Prestress resistance force  

yp : Prestress lever arm from center of gravity 

Fs : Passive reinforcement resistance force 

ys : Passive reinforcement lever arm from center of gravity 

Fc : Concrete resistance force 

(8) 

(9) 

(10) 
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yc : Concrete lever arm from center of gravity 

It is then necessary to develop it mathematically. The final result is the equation 11 . This equation 

has only hc as an unknown. However, the solution cannot be determined linearly. It must be 

determined iteratively (Solver function in Excel or in a calculator). 

	

Msd	 =	 𝐴,. 𝑓,\	. 𝑦, +	(	Nsd	–	As	.	fsd	+	fcd.hc.b)	.	yp	+	fcd	.	hc	.	b	.		(	ℎj −
ℎ^

2	)	

	

The option is clear, the P.S. reinforcement is designed to be constant throughout the entire length 

of the bridge. This makes the construction process and schemes easier. To make this possible, the 

passive reinforcement was designed according to this purpose.  

 

Section	 yp	 ys	 As	 hg	 b	

	 [m]	 [m]	 [mm2]	 [m]	 [m]	

	 	 	 	 	 	

B	 0.674	 0.738	 4071.50		(=f18//	0.1)	 0.3634	 5.1	

C	 0.213	 0.284	 39584.07	(=f30	//	0.1)	 0.8363	 1.8	

Table	5	-Reinforcement	Geometric	properties	

Section B - Iteration results 

	

hc	 	 =	 	 0.0044		 	 	 	 	 [m]	

Ap	 	 =	 	 12401.15	 [mm2]				=>	 6	x	19T15S		(17100	mm2)	

 
Section C - Iteration results 

	

hc	 	 =	 	 0.47	 	 	 	 	 	 [m]	

Ap	 	 =	 	 18126.93	 [mm2]		=>	 6	x	19T15S		(17100	mm2)	 	

 

As it is possible to observe, the reinforcement designed in section C is not sufficient to what’s 

required. This is not relevant, since due to the ductility of the section, it is possible to have a bending 

moment redistribution for the other sections (section B, for example) where there is a margin in the 

reinforcement. In this case, the moment redistribution is only 1.3 %, since the majority of the bending 

moment is being equilibrated with the passive reinforcement. The detailing can be checked in the 

“Technical drawings” or Appendix 6. 

 

(11) 
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A conclusion that it is possible to infer is that even though the tension in the bowstring span increases 

the solicitation in the rebars, it also a positive effect on the lever arm (increasing it) by relieving of the 

compression of the concrete.  

 

Another reason to adopt 6 P.S. cables of 19T15s is for constructive purposes. Being such a slender 

cross-section, the anchorage is a critical problem. There must be space for the anchorages (D = 335 

mm). If the cables were of 20 torons, then the anchorage would have a diameter of 370 mm, which 

would make the solution not physically possible. The anchorage detailing can be seen in Appendix 

7 or in “Technical Drawings”, cut E-E’. 

 

 

(iv) Prestress	cables	layout	
	

The cable layout is really important since it’s the document used in the construction site to implement 

the prestress system designed. For this reason, it should be properly done and easily 

understandable. The first criteria the layout should fulfill is the minimum radious (Rmin = 5 m), this is 

specially conditioning in the support regions. 

 

Another important decision is the point of inflection in each span. Where it changes from one 

parabola to the other. This involves a ponderation between where the bending moment is 0 , which 

is usually between  (0.1 to 0.2) . L, and maximization of the counter-deflection caused by the 

prestress. In order to maximize the displacement which counteracts the dead load’s displacement, 

the point should be the closest to the support possible (respecting the minimum radius). Nonetheless, 

these points also work as prestress joints, and they should be subjected to the least amount of 

internal forces, since it is a weak point in the structure. This problem is worsened by the existence 

of a tension force in the deck in the bowstring span.  

 

In the bowstring span it is decided that the second criterion is more conditioning. This is due to the 

existence of the prestressed hangers, which will be able to increase the counter deflection. 

 

After an analysis to the bending moment diagrams in the bowstring span, it is possible to conclude 

that the point with M=0 can vary, depending on the loading scenario used. The point obtained with 

the permanent loads is at 16 meters from the support (0.2 l). This point would result in an arch with 

a huge radius, resembling to a linear progression instead of parabola. The value chosen is 12 meters 

(0.15 l), where the internal forces are still relatively low, and the radius is reduced by more than 30 

% (from over 500 m to a little over 300 m) 

 

The layout and respective equations are given. In the layout, the vertical scale is ten times higher 

than the horizontal scale. This is done to make it easier to understand it. 
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Figure	46	-	P.S.	layout		

	
AXIS PARABOLA EQUATION 

A 1 𝑦 = 0.00352	𝑥) + 0.13 

2 𝑦 = 0.00859	𝑥) + 0.13 

A1 3 						𝑦 = −0.01832	𝑥) + 1.044 

4 						𝑦 = −0.00190	𝑥) 	+ 1.044 

B 5 𝑦 = 0.00079	𝑥) + 0.13 

B1 4 							𝑦 = −0.00190	𝑥) 	+ 1.044 

6 						𝑦 = −0.01352	𝑥) 	+ 1.044 

C 7 𝑦 = 0.00579	𝑥) + 0.13 

C1 6 						𝑦 = −0.01352	𝑥) 	+ 1.044 

Table	6	-	P.S.	cables	geometric	equations 

Note: x in meters. 

 

These equations are important to determine the instantaneous losses associated with the PS due to 

friction. The P.S. cables on the edge are below the center of gravity, in order to have a higher 

horizontal component which will positively affect the longitudinal reinforcement on the edge of the 

bridge. 

(v) Prestress	losses		
	

The prestress has always some losses to be considered. These losses can be divided in instant 

losses (friction, concrete instantaneous deformation and cable reentrance) and long term losses 

(shrinkage, creep and steel relaxation).  These losses are usually around 25% in total. Nonetheless, 

they should be calculated. In this document, only the values obtained will be presented and in the 

end, commented.  
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Friction	Losses	
 

1st prestressing stage 

	

xacc	 bacc P'0	 %	losses	

[m]	 [rad]	 [kN]	 	

0	 0.00000	 21186.90 0 

12	 0.04398	 21016.59 0.80% 

16	 0.18468	 20412.70 2.87% 

24.5	 0.32538	 19401.70 4.95% 

37	 0.40976	 18183.14 6.28% 

Table	7	-	P.S.	friction	losses	(1st	P.S.	stage)	

2nd prestressing stage 

	

xacc	 bacc P'0	 %	losses	

[m]	 [rad]	 [kN]	 	

0	 0.00000	 21186.90 0.00% 

6	 0.07233	 20693.50 2.33% 

18	 0.11631	 20049.11 3.11% 

46	 0.16028	 19228.90 4.09% 

74	 0.20425	 18256.26 5.06% 

Table	8	-	P.S.	friction	losses	(2nd	P.S.	stage)	

	

3rd prestressing stage 

	

xacc	 bacc P'0	 %	losses	

[m]	 [rad]	 [kN]	 	

0	 0.00000	 21186.90 0 

4.5	 0.07233	 20960.22 1.07% 

9	 0.14467	 20514.11 2.13% 

19.5	 0.26193	 19709.23 3.92% 

30	 0.37920	 18588.60 5.69% 

Table	9	-	P.S.	friction	losses	(3rd	P.S.	stage)	
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A weighted average is done to determine the average percentage of losses to use in the remaining 

calculations. 

 

∆𝑃3[o^poqr,taj = 	0.069	𝑃uv  
	

Instantaneous	concrete	deformation	
	

The prestress also has losses due to the concrete deformation which reduce the stresses in the 

cable. 

	

Δ𝑃					 = 																					58.35	 	 	 	 	 [kN]	

	

This value is rather small and it is not relevant. 

 

Concrete	shrinkage	
 

The concrete due to water content variations, may be subject to volumetric deformation. 

 

∆𝑃 =			 	 1333.8		 	 	 [kN]	

 

This value corresponds to 6.3 % of losses. 

 

Concrete	creep	
 

The creep leads to an increase in deformation in the concrete over the life period of the 

constructions. The deformation also influences the stress in the cables. 

 

∆𝑃x =				 	 266.24		 	 	 [kN]	

 

This value corresponds to 1.26 % of losses. 

 

Rebars	relaxation	
	

For cables with low rexation losses, the coefficient	(erel)	is usually smaller than	6%	(the value 

assumed is	5%).	

	

∆𝑃 , =				 	 1059.35	 	 	 [kN] 
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Total	losses	
	

Total immediate losses :	 	 	 ∆𝑃o..y\,taj = 	0.069	𝑃uv 	

Total long-term losses :	 	 	 ∆𝑃zqrj. = 	0.126	𝑃uv 	

Total Losses	 	 :	 	 	 ∆𝑃zqrj. = 	0.195	𝑃uv 	

	
The total losses represent almost 19.5% of the initial P.S. force. This value is lower than the expected 

25%. This can be justified with the low deck height and small sized spans, which lead mainly to low 

friction losses.  

	

The P.S. force in the cables after all losses and used in the calculations is: 

 

P¥		 =	 	 17051.22	 	 	 [kN]	

	
(vi) Prestress	equivalent	loads	

	

After obtaining the prestress force after all losses, it is now possible to determine the equivalent 

loads of each parabola. 

 

Parabole	 f	 L	 a	 c	 R	 q	
	 [m]	 [m]	 [1/m]	 	 [m]	 (kN/m)	

1	 0.5500	 25.0	 0.00352	 0.1300	 142.05	 122.31	

2	 0.6208	 17.0	 0.00859	 0.1300	 58.19	 298.57	

3	 0.2932	 8.0	 -0.01832	 1.0440	 -27.29	 -636.73	

4	 0.2739	 24.0	 -0.00190	 1.0440	 -262.87	 -66.09	

5	 0.6216	 56.0	 0.00079	 0.1300	 630.63	 27.55	

6	 0.2739	 9.0	 -0.01352	 1.0440	 -36.97	 -469.98	

7	 0.6391	 21.0	 0.00579	 0.1300	 86.25	 201.42	

	
Table	10	-	Prestress	equivalent	loads	

Note: The equivalent loads represent the total loads applied in the section, since the prestress is 

divided in two beams, the resultant should be divided in both beams as well. 

	

The deflection coefficient allows us to evaluate the effectiveness of the prestress. This coefficient is 

calculated for the bowstring through: 
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The usual values are around 80 %. The value obtained for section B is very reduced when compared 

to the usual values. An explanation for the fact is related to the low deck height when compared to 

the span it has to overcome (slenderness), in the Bowstring span. However this is not critical, since 

the bowstring allows for this type of slenderness due to the fact there is still the effect of the 

prestressed hangers to consider. The hangers will be responsible to balance the rest of the 

permanent displacement.  

 

(vii) Shear	+	Torsion	
 

The following step to design the bridge deck is to design stirups to resist to the combined actions of 

shear and torsion. The loads are placed to maximize the shear effort. This means the concentrated 

live loads are placed at a distance 2 . z, roughly 2 meters. The design internal forces are considered 

at a z cotg a(	= 0.9	x	1.14	x	cotg	30°=	1.78m)	distance from the support.	

 

Section C 

	

Vsd,c		(z	cotg	a)  =	 	 4129.56	 	 	 	 	 [kN]	

Tsd,c	 	 	 =	 	 1130.24	 	 	 	 	 [kNm]	

VP¥		=		P¥.	tg	f  =  -754.05	 	 	 	 	 [kN]	

	

The force in each web is: 

	

Vweb,c	 	 	=	 	 1857.76	 	 	 	 	 	 [kN]	

	

𝜎^ 							=	 	 4.56		 <	 kc	.	fcd	 	 	 	 	 	 [MPa]	

	

Note: kc factor results from the confinement of the section, which increases the deformation 

capacity 

	
|/�
,
	≥ 		2403.21	[𝑚𝑚)/𝑚]	 	 =>	 	 2	f 10//0.125	(2513	mm2/m)		
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Section D 
 

The section D is located in the curved part of the bridge. In this section, it is imperative to add the 

torsional effect resulting from instability problem. This problematic will be addressed in the following 

chapter “Entretoise”, where the shear design will also be performed. 

 

Support reinforcement 
 

The prestress is chosen on purpose to be under the center of gravity on the edges of the bridge. This 

option increases the horizontal component of the prestress force which relieves the support and 

respective longitudinal reinforcement.  

	

The longitudinal reinforcement should be determined with the equilibrium of horizontal forces in the 

edge support. 

 

𝐹p = 𝑉$	𝑐𝑜𝑡𝑔	𝜃$ − 𝑉)	𝑐𝑜𝑡𝑔	𝛽 

 

As	 >	 	 6919.77	 [mm2]			 =>	 f18	//	0.05	(9160.88	mm2)	

 

The intermediary supports do not need such verification, since both sides carry shear which 

represents a force equilibrium. 

 

VIII.V.II) SLS	

	

The serviceability verifications included cracking control, fatigue and deflections.   

 

(i) Fatigue	
 

Steel reinforcement 
 

∆𝜎,\ 𝑄3tp ��
		 =	 21.5	 	 	 	 	 [MPa]	

∆𝜎,\ 𝑄3tp �t,,oay
	 =	 56.98	 	 	 	 	 [MPa]	

 

Passive reinforcement  :			∆𝜎𝑠𝑑,𝑓𝑎𝑡,𝑝𝑎𝑠𝑠𝑖𝑣𝑒		 =	 120		 	 [MPa]	

Prestress	 	 :			∆𝜎,\,3tp,��	 	 =	 145	 	 [MPa]	

	

	

(12) 
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∆𝜎,\ 𝑄3tp ��
≤ 0.8	∆𝜎,\,3tp	

∆𝜎,\ 𝑄3tp �t,,oay
≤ 0.8	∆𝜎,\,3tp	

	

Slab 
 

𝑣\,.á� ≤ 0.5𝑣[\ + 0.45	 𝑣\,.or ≤ 0.9𝑣[\  

125.12 ≤ 153.59 ≤ 258.24 

 
Beams 

 

𝜎^\,.á� < 	0.5	𝑘^	𝑓 \ + 0.45 𝜎^\,.or ≤ 0.9𝑘^𝑓 \  

4.6 < 	18.27 ≤ 32.89	

	

It is possible to conclude the fatigue does not present itself as a safety issue since the cross-section 

is stiff enough to distribute the concentrated forces throughout.  

 

(ii) Cracking	
		

The cracking safety verifications (SIA 262, 4.4.2) ensure the stresses in the reinforcement are 

acceptable when the cracking of the concrete is achieved (Mcrack) and for the frequent loading 

scenario. 

	 	 	  

The results obtained: 

	

Mcrack
C	 =	 	 -14299.74	 	 	 	 [kNm]	

Nc
crack.	 =	 	 3498.74	 	 	 	 [kN]	

Mcrack
A	=	 	 17338.82	 	 	 	 [kNm]	

	

When cracking is achieved, for a spacing (s) of 100 mm, the stress in the rebars should be inferior 

to 435 MPa	(ss,adm).	

	

ss,crack
C	=		 	 49.4	 	 <	 ss,adm	 	 [MPa]	 	 	

ss,crack
A	=	 	 59.5	 	 <		 ss,adm	 	 [MPa]		

	

(14) 

(13) 

(15) 
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For the frequent combination scenario	(y1=0.75),	the condition is:	

	

ss,adm	<	fsd	–	80	

MC
freq.	 =	 	 -15576.12	 	 	 	 [kNm]	

Nc
freq.	 =	 	 3811.81	 	 	 	 [kN]	

MA
freq.	 =	 	 14692.54	 	 	 	 [kNm]	

	

The hyperstatic moments should also be added when inserting the internal forces in the software 

(Fagus-7) since the program has only access to the section and reinforcement, and not the structure 

itself and static system. 

	

ss,freq.
C	=		 	 59.0	 	 <	 ss,adm	 	 [MPa]	 	

ss,freq.
A	=	 	 31.3	 	 <		 ss,adm	 	 [MPa]	

	

The passive reinforcement disposed is enough as minimum reinforcement. 

 

(iii) Deflection	
	
Regarding the deflections, the main results obtained can be observed (Table 11). 

	

Section	 L	 Long-term	

displacement	

L/700	 Short	term	

Displacement	

L/500	

	 [m]	 [mm]	 [mm]	 [mm]	 [mm]	

A	 25.0	 24.64	 35.71	 14.00	 50.00	

B	 80.0	 25.69	 114.29	 17.00	 160.00	

D	 30.0	 33.88	 42.86	 17.00	 60.00	

Table	11	-	SLS	displacements	

A conclusion from the results obtained, specially concerning the complete absence of fatigue and 

deflection issues in the Bowstring span, can be the cross-section in this part of the bridge is very stiff 

and there is room for a possible reduction in the cross-section height. However, this would also 

present other problem of visual compatibility with the rest of the bridge. The remaining of the bridge 

presents an optimal section. If the height of the Bowstring span is reduced, the transition zone would 

have to be made in 6 meters, in order to fulfil the train gabarit demanded. This would result in an 

obvious dominant contrast with clear implications in the overall aesthetics of the bridge. A constant 

section was, therefore, chosen, with benefits from the constructive point of view. 
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VIII.VI) Entretoise	

	

An entretoise is proposed where the columns intersect the bridge deck. This is usually adopted for 

curved bridges. Nonetheless, this bridge is solely curved in the final spans and the curvature radius 

is considerable (R = 1600 m). Consequently, the added torsional effect derived from the distance 

between the center of stiffness and center of mass is negligible.  

 

Both beams form a diaphragm above the support area.  The reason for including these transversal 

beams is mainly constructive and related to durability of the supports. The added torsional stiffness 

will protect the POT bearings from scratching between upper part and lower part, which will wear 

them out. Another structural consequence of this solution is to relieve the slab from the torsional 

moments. A representation of this may be seen in Appendix 9. 
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Chapter	IX) Arch	
	

The final arch cross-section was a rectangle of 0.9 x 1 m2 (Figure 47). 

	

	

	

	

	

	

	

	

	

	

H	 Width	 A	 Iy	 Concrete	

[m]	 [m]	 [m2]	 [m4]	 	

1.0	 0.9	 0.9	 0.075	 C40/50	

Table	12	-	Arch	properties	

IX.I) Stability	

	

The section of the arch is critically conditioned by the stability conditions. The absence of bracing 

between both arches worsens this issue.  

 

To evaluate the structure stability, a buckling analysis was performed in Robot structural. This 

analysis consists essentially in defining a load combination for the analysis. The next step is to run 

the analysis, and the software will increase the loading until the respective buckling modes are 

reached. The results obtained are the critical coefficients (eigenvalues), which were the multipliers 

of each loading to achieve each buckling mode, as well as the graphic representation of the buckling 

modes (eigenvectors).  The P-d effects or second order effects are considered. 

 

Multiple live load combinations were used to look for the most critical scenario (Appendix 4). The 

safety is verified if the lowest critical coefficient is higher than 1.5 (gq), which is the expected ultimate 

limit state.  The main results obtained were all above the inferior limit (Table 13). This signifies that 

the cross-section obtained won’t have buckling. 

	

Figure	47	-	Arch	cross-section	
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Case	 Mode	 lcrit	 Precision	

	    

B	 1	 1.67E+00	 7.37E-05	

C	 2	 1.86E+00	 4.64E-06	

B	 3	 2.48E+00	 4.16E-05	

B	 4	 2.95E+00	 1.43E-04	

B	 5	 4.72E+00	 5.84E-04	

Table	13	-	Minimum	eigenvalues	for	each	buckling	mode	

The buckling modes are represented graphically (figures 48 to 57) : 

	

Buckling Mode 1 

 

 
Figure	48	-	Buckling	mode	1	–Longitudinal		Profile	view	

	

Figure	49	-	Buckling	mode	1	-	Plan	view	(Hangers	+	Arch	ony)	
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Buckling Mode 2 

 

 
Figure	50	-	Buckling	mode	2	–	Transversal	profile	view	

 

Buckling Mode 3 

 

 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
	

	

Figure	52	-	Buckling	mode	3	-	Profile	view	
Figure	51	-	Buckling	mode	3	-	Plan	view	
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Buckling mode 4 
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Buckling mode 5 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 Figure	56	-	Buckling	mode	5	-	60°	view	

Figure	55	-	Buckling	mode	5	-	Plan	view	

Figure	54	-	Buckling	mode	4	-	60°	view	Figure	53	-	Buckling	mode	4	-	Plan	view	
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Figure	57	-	Buckling	mode	5	–Transversal	Profile	view	

As expected, the first mode is reached long before the others. The off-plane is also the predominant 

buckling mode. Due to the absence of bracing, the arches act independently of one another. This 

way, the buckling mode repeats itself in each of the arches. The most conditioning arch is the left 

arch, due to the asymmetry of the live-loads. 

 

The cross-section was iteratively modified to obtain satisfying results. To increase the inertia for off-

plane actions, increasing the width and decreasing the height is more effective. This is the reason 

why an almost squared shape is obtained.  

 

A conclusion possible to reach is if a bracing system was used, with transversal beams between 

both arches, the final cross-section would be reduced.  
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IX.II) Design	

	

The following step was to design the arch cross-section for shear internal forces. Being a concrete 

element in compression, this is necessary to determine the confinement that is subjected to. This 

increases the resistance as well as the deformation capacity. The design internal forces for the arch 

(Table 14) will then be used to design the necessary reinforcement. 

	

Section	 Vsd	 Nsd	 Msd	

	 [kN]	 [kN]	 [kNm]	

Middle	 829.47	 -14671.95	 3371.99	

Table	14	-	Arch	design	internal	forces	

For the shear reinforcement design it is necessary to be careful with stirrups designed and ensure 

the longitudinal reinforcement is stabilized. The rule followed is the same as for columns: every 

longitudinal bar which is at a distance higher to 0.15 meters from a stabilized longitudinal bar, must 

have proper stabilization (stirrup). This detail can be checked in Appendix 8. 

 

IX.II.I) Shear	
	

The shear design is usually performed after the moment bending design. However, for concrete 

compressed elements (e.g. columns, arches) the stirups designed provide confinement to the 

section. This confinement increases the resistance of the concrete up to 60% higher than the normal 

resistance. 

 

The live load configuration that maximizes the shear effort was the loading scenario B. 

 

	
Figure	58	-	Arch	shear	diagram	
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Note: The diagram is not continuous due to the way it was modelled (composed by small linear 

bars) and the changing slope characteristic of an arch. 

	
The shear design results in a reinforcement superior to: 

	

|/�
,
		>			716.96	 	 	 [mm2/m]		=>			4	x	f 10	//	0.2			(3141.59	mm2	/m)	

	

Stirups with a diameter lower than 10 milimeters are not considered. The crushing of the concrete 

must also be checked. With a high resistance concrete used, it is not expected to be the conditioning 

criteria. 

	

sc	 =	 0.69	 <	 25.4	 	 	 	 	 [MPa]	 	 	

	

The	value	used	as	limit	stress	(fcd,c)	is	higher	than	the	design	value	(fcd)	due	to	the	confinement	+	

compression	in	the	arch	(fcd,c	=	kc	fcd).	

IX.II.II) N-M	interaction		

	
The maximum internal forces acting on the arch can obtained through the corresponding diagrams. 

 

	
Figure	59	–	Arch’s	axial	force	diagram		(N	-	ULS)	

	
Figure	60	-	Arch's	bending	moment	diagram	(M	-	ULS)	
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Note: The software notation for bars takes compression as a positive effort. For slabs it is the 

opposite. In the bibliography a link with the software’s force notation can be found. 

 

The internal forces correspond to loading scenario B, which maximizes them. The internal forces 

obtained are the one presented in table 14. The N-M interaction diagram of the arch with the 

respective reinforcement is presented in figure 61. 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

 

 

The ULS internal forces of the arch are marked (black) in the diagram. As is it possible to confirm, 

they’re inside the red line. This means the safety is verified. 

 

As is it possible to confirm, the axial force in the arch corresponds almost to the axial force where 

the bending resistance is close to its highest. This means the design is also close to the optimal 

design.  

 

 

 

 

 

 

 

 

 

Figure	61	-	Arch's	N-M	interaction	diagram	
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IX.II.III) Construction	internal	forces	

	
The construction method proposed must be considered for the arch design. The simple models 

originated from the crane suspension through 3 cables can be observed in figure 62. A very simple 

and summarized analysis is performed. 

 

	
Figure	62	-	Construction	phase	I	-	static	model	

The second phase corresponds to when the arch is already in place and is supported in the edges 

while the construction joint is being built. The horizontal displacements are blocked. This makes the 

first phase more critical when comparing both. 

	
	

	
Figure	63	-	Construction	phase	II	-	static	model 

 

The load combination considered is the permanent combination. The bending moment diagrams for 

both scenarios are presented in figures 64 and 65. 
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Figure	64	-	Bending	moment	diagram	-	Construction	phase	I	

	
The internal forces obtained are: 
	
Mcp		 =	 	 -1309.93	 	 	 	 	 [kN]	
Ncp		 =	 	 -389.90	 	 	 	 	 [kN]	
	
	

	
Figure	65	-	Bending	moment	diagram	-	Construction	phase	II	

	
Mcp		 =	 	 -266.19	 	 	 	 	 [kN]	
Ncp		 =	 	 -1689.99	 	 	 	 	 [kN]	
 

The construction internal forces are marked in red in the N-M interaction diagram. The safety is 

ensured. 
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Chapter	X) Hangers	
	

The bowstring requires hangers to carry the load from the deck to the arch. A safety coefficient of 

2.5 is applied. This guarantees robustness and redundancy to the cable system in place.  

 

The cross-section of each hanger is determined by the maximum tensile force in this element. The 

cables used are composed of 1770 MPa strands. In suspended bridges, according to some authors 

it is normal to have a safety factor of around 2.5 in the cables’ allowable tension (»700 MPa). This 

was the case in Verrazano Narrows Bridge (2.5) ,Humber Bridge (2.2),Akashi Kaikyo Bridge (2.2) 

and Great Belt East Bridge  (2.0)1.	Other authors2 defend a safety factor of around 4. In the author’s 

opinion a safety factor of 4 is too conservative. The factor adopted is 2.5.	
 

 These elements only resist to tensile axial internal forces. The design criterion was to ensure the 

resistance to the axial design internal forces (Table 15). 

	

Section	 Nsd	

	 [kN]	

Hanger	 1538.93	

Table	15	-	Hanger's	internal	forces	

The adopted solution are 4 x FLC 28 (“full locked coil”) cables in each hanger (Figure 66). These 

cables are protected individually by an HDPE sheath and in the end another HDPE sheath covers 

all of them. 

	
Figure	66	-	FLC	28	

																																																								
1 Harazaki, I., Suzuki, S., Okukawa, A. "Suspension Bridges." ,chapter 18, Bridge Engineering Handbook. 
Ed. Wai-Fah Chen and Lian Duan, Boca Raton: CRC Press, 2000 
2 John Edward Finke,  “Static and dynamic characterization of tied arch bridges” , chapter 2, Missouri University of 
Science and Technology, 2016 
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These cables are obviously prestressed. The criterion to determine the prestress in the cable is to 

guarantee an almost zero deflection for permanent loads. The force applied in each hanger is 800 

kN. A good parameter to analyze the cable in use is the stress percentage to the cable resistance 

when subjected to the permanent loads is: 

	

a	=	40	%	

	

This is an acceptable value. The common values are between 40 and 50%. If strictly necessary, the 

cable section may be reduced up to achieve 50 % of the resistance stress. The cables were also 

verified for fatigue. Due to the high stiffness of the section, this does not present any safety problems. 

 

	
Figure	67	-	Permanent	loads	deflection	

	
X.I) Fatigue	

	
The position of the concentrated load Qk1 intends to maximize and minimize the axial force demand 

in the cables. Since this is a cable, no compression is possible. The cable under analysis is the 

center cable. This is the critical cable, where the axial effort is the highest. 

	
Fmáx	 =	 	 141.80		 	 	 	 	 [kN]	

Fmin	 =	 	 0.00	 	 	 	 	 	 [kN]	

	
The load disposition can be verified in Appendix 5. Considering the total area of the cable: 
	

∆𝜎,\ 𝑄3tp �trjy[
	 	 =	 68.04	 	 	 	 [MPa]	

	

∆𝜎,\,3tp	 	 	 =	 145	 	 	 	 [MPa]	

	

∆𝜎,\ 𝑄3tp ��
≤ 0.8	∆𝜎,\,3tp	 	 	 	

 

This represents a relatively low stress variation. 

(16) 
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Chapter	XI) Columns	
	

The bridge profile is characterized by short columns. It is also important to keep in mind this is a 

floating bridge, where the horizontal stiffness is only provided by the columns. For these reasons, 

the column’s cross-section should be flexible in longitudinal direction. This allows to reduce the 

design internal forces specially due to the volumetric deformation of the concrete. In the transversal 

direction, the cross-section should accommodate enough reinforcement for the design internal forces 

(Figure 68).  

	

	
Figure	68	-	Column's	cross-section	

	

H	 Width	 A	 Iy	 Iz	 Concrete	

[m]	 [m]	 [m2]	 [m4]	 [m4]	 	

0.6	 1.8	 1.02	 0.2498	 0.0286	 C30/37	

Table	16	-	Column's	properties	

The following step is to obtain the static system of the columns.  Due to the relatively short length, in 

order to decrease even more the design internal forces, the combinations fixed-pinned and fixed-

movable for the static system are used. These pinned connections are made with VF1300-130, fixed 

type (hinge) and unidirectional type (movable bearing). Another reason for the use of these POT 

bearings is due to the width difference between the beam (0.9 meters) and the column (1.8 meters). 

This difference in the most critical columns (C2 and C3) would make it very hard to have a monolithic 

support, since the internal forces continuity would demand the column’s reinforcement would have 

to enter the beam. However, since the beams have only half of the width of the column, only half of 

the reinforcement could continue to the beam. This would be a problem. Many solutions would be 

possible for this. The solution adopted was the use of the POT bearings.  

 

For the remaining connections, the main criterion was to reduce the number of bearings as much as 

possible. These connections present problems related to durability and it is even hard to perform 
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maintenance. Also, the section was kept constant, since a different section would be visually not 

appealing and the internal forces distribution would be concentrated on the stiffest ones. The static 

system obtained was respects all of these conditions(Figure 69). 

	

	
Figure	69	-	Column's	static	system	

After the static system is defined, it was now possible to design the reinforcement. For this it is 

necessary to determine the design internal forces for both ULS and SLS. In the ULS, all effects are 

considered and two scenarios are studied: Scenario A - maximum axial force	(gg	=	1.35,	gq	=	1.50)	

and Scenario B - minimum axial force	(gg	=	0.8,	gq	=	0	). While on SLS, the load combination is the 

quasi permanent combination, being dead load and volumetric strains considered. A summary of the 

method will be presented here. 

 

XI.I) 	ULS	

 

Scenario A 

 

Nsd
C2	=	Nsd

C3	 	 	 	 	=	 -10105.27	 	 [kN]	

Nsd
C4	=	Nsd

C5	=	Nsd
C6	=	Nsd

C7	=	Nsd
C8	 	=		 -4552.95	 	 [kN]	

 

Scenario B 

	

Nsd
C2	=	Nsd

C3	 	 	 	 	=	 -4430.73	 	 [kN]	

Nsd
C4	=	Nsd

C5	=	Nsd
C6	=	Nsd

C7	=	Nsd
C8	 	=		 -2378.88	 	 [kN]	

	

The wind load acting in the longitudinal, along the section’s weak axis: 

	

Windk		=		 1.28	x		1.6		 	 =		 	 2.05		 	 [kN/m]	

Windd,1=	 1.5			x		 2.05	 	 =	 	 3.08	 	 [kN/m]	

etot,d2				=											1.5 x		 0.9		 	 =		 	 1.35	‰	

QA,d1		 =		 1.5			x			900	 	 =		 	 1350,0		 [kN]	
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The next step is to determine the Euler’s critical load of each column.  

	

𝑄^[ = 	Π).
𝐸𝐼
𝑙^[)
			

	

For this we must consider not only the static system (Figure 70) but also the type of bridge (Floating 

bridge). 

	
	

Figure	70	-Euler's	Critical	Length	

The first diagram applies to columns C4 and C5. The second diagram is related to C2, C3 and C6 

while the third one represents the rest. The difference between the first and second types are the 

horizontal force which is completely released in the third diagram. The only horizontal force acting in 

this type of bearing(sliding type) are the frictional forces. 

	

The stiffness can be determined through the M-c	diagrams (Fagus software).	It depends not only of 

the cross section but also of the reinforcement configuration and the fact we are in ULS (the failure 

criteria changes). The stiffness used is the cracked stiffness where the second order effects are 

higher and due to high axial forces can cause significant moments.		
	

(45) 
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The following step is to determine the design internal forces on the top of each column. For this it is 

necessary to calculate the horizontal internal forces on each column which can be done with a 

horizontal force equilibrium. This horizontal force is a function of the stiffness of the column as well 

as the deformation of the bridge deck (top displacement of the column). The equation varies for each 

static system and is obtained with, for example, the unitary load method. 

	

	
Figure	71	-	M	- c	diagram		(N	=	-11829	;	5916	kN)	

Note: The red dots symbolize when the limit of uncracked condition. The triangles mark the complete 

cracked section. These are the points to be used for determining both types of stiffness (EIuncracked 

and EIcracked).  

 

Since this is a floating bridge, and there isn’t any fixed point, it is required to determine the center of 

stiffness. This allows us to calculate the deformation (Wt) in each point. The horizontal deformation 

is the sum of the initial imperfection (W0) plus the concrete volumetric deformation (Wi). These 

parameters are important to consider the second order effects. 

	

Fixed-Fixed connection  (C3, C4 and C5) 

	

𝑀,\ = 	
𝑤. 𝑙)

3 	+	
𝐻,\. 𝑙
2 +	

𝑁,\.𝑊p

2 	

	

𝐻,\ =
$)¦§
z¨
	×	 1 − ©/0

ª«�
×	𝑊o 	−

$
)
𝑤𝑙 −	 $)

¬`
×	𝑁,\×	

®
z
		

	

𝐻,\,o = 𝑘o	𝑊o + 𝐻¯o 	

(17) 

(18) 

(19) 
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Fixed-Hinged connection  (C2 and C6) 

	

𝑀,\ = 	
𝑤. 𝑙)

2 	+	𝐻,\. 𝑙 +	𝑁,\.𝑊p	

	

𝐻,\ = 3	
𝐸𝐼
𝑙6 	×	 1 −

𝑁,\
𝑄^[

×	𝑊o 	−
3
8𝑤𝑙 −	

12
𝜋) ×	𝑁,\×	

𝑊u

𝑙 	

	

𝐻,\,o = 𝑘o	𝑊o + 𝐻¯o 	

	

Fixed-Movable support  (C1,C7,C8 and C9) 

	

𝐻,\,o = 𝑁,\	×	𝜇	

	

For a movable support, the only horizontal resistance is provided by friction	(µ).	

The initial imperfection are calculated according to SIA 262, 4.3.7.5. 

	

𝑊u = 𝑚á𝑥	(𝛼o.
𝑙^[
2 ;

𝑑
30)	

Where: 

d		:	lever arm		

and, 

1
300 < αµ 	= 	

0.01
𝑙
<

1
200	

	

The horizontal displacement due to the concrete strains is written having as a reference x = 0. This 

will later allow us to determine the center of stiffness. 

	

𝑊o = 	𝑊^yrpy[ − 𝜀. 𝑥	

	

The sum of horizontal internal forces needs to be equal to the exterior horizontal loads (Braking force, 

QAd). The breaking load is resisted by both columns on each support and therefore must be divided 

by 2. This way the center of stiffness is determined as well as the horizontal deformations of each 

column. 

	

	

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 
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Σ𝐻,\,o = 𝑄𝐴\ 	

	

𝑊^yrpy[ = 	
𝑄𝐴\ + Σ𝜇o. 𝑁,\,o − ΣH¹µ − 𝜀. Σkµ𝑥o

Σkµ
	

	

The next step is to calculate the design bending moment.  This is also a sum of the different load 

effects and the equation has been previously given. 

	

XI.I.I) Loading	scenario	A	

	

Column	 		 C2	 C3	 C4	 C5	 C6	 Total	

x	 [m]	 25.00	 105.00	 135.00	 165.00	 195.00	 	

l	 [m]	 9.50	 9.00	 11.00	 11.00	 10.48	 	

lcrit	 [m]	 19.00	 18.00	 11.00	 11.00	 20.96	 	

Eicrack	 [kN.m2]	 518000.00	 518000.00	 439000.00	 439000.00	 439000.00	 	

Qcrit	 [kN]	 14161.93	 15779.18	 35807.90	 35807.90	 9862.38	 	

Nsd	 [kN]	 10105.00	 10105.00	 4552.00	 4552.00	 4552.00	 	

ki	 [kN/m]	 519.22	 766.55	 3454.78	 3454.78	 616.09	 8811.44	

a 		 0.00324	 0.00333	 0.00333	 0.00333	 0.00333	 	

W0	 [m]	 0.03	 0.03	 0.02	 0.02	 0.03	 	

Wind	(w)	 [kN/m]	 3.07	 3.07	 3.07	 3.07	 3.07	 	

Hqi	 [kN]	 -50.81	 -51.32	 -26.12	 -26.12	 -30.52	 -184.89	

ki	. e . X	 [kN]	 11.68	 72.44	 419.76	 513.04	 108.12	 -1125.04	

Wi	 [m]	 0.26	 0.19	 0.16	 0.14	 0.11	 	

Hsd	 [kN]	 85.43	 94.62	 538.36	 445.08	 36.87	 	

Msd	 [kNm]	 3913.15	 1622.26	 3498.46	 2923.97	 1212.08	 	

Table	17	-	Column’s	design	internal	forces	calculation	-	Loading	scenario	A	

	

Note: The axial internal forces are compressive. 

With: 

	

e d	 Hext	 Sum	µiQi	 Wcenter	

	 [m]	 [kN]	 [kN]	 [m]	

0.0009	 0.52	 675.00	 525.36	 0.28	

Table	18	-	Column's	design	internal	forces	parameters	-	A	

(28) 

(27) 
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XI.I.II) Loading	scenario	B	
	

Column	 		 C2	 C3	 C4	 C5	 C6	 Total	

x	 [m]	 25.00	 105.00	 135.00	 165.00	 195.00	 	

l	 [m]	 9.50	 9.00	 11.00	 11.00	 10.48	 	

lcrit	 [m]	 19.00	 18.00	 11.00	 11.00	 20.96	 	

Eicrack	 [kN.m2]	 518000.00	 518000.00	 439000.00	 439000.00	 439000.00	 	

Qcrit	 [kN]	 14161.93	 15779.18	 35807.90	 35807.90	 9862.38	 	

Nsd	 [kN]	 4430.00	 4430.00	 2378.00	 2378.00	 2378.00	 	

ki	 [kN/m]	 1245.54	 1533.22	 3695.08	 3695.08	 868.31	 9862.14	

a 		 0.00324	 0.00333	 0.00333	 0.00333	 0.00333	 	

W0	 [m]	 0.03	 0.03	 0.02	 0.02	 0.03	 	

Wind	(w)	 [kN/m]	 3.07	 3.07	 3.07	 3.07	 3.07	 	

Hqi	 [kN]	 -28.42	 -28.32	 -21.71	 -21.71	 -21.71	 -123.51	

ki	. e . X	 [kN]	 28.02	 144.89	 448.95	 548.72	 152.39	 -1164.01	

Wi	 [m]	 0.19	 0.12	 0.09	 0.07	 0.04	 	

Hsd	 [kN]	 210.24	 155.07	 320.50	 220.73	 11.82	 	

Msd	 [kNm]	 3121.31	 1112.16	 2018.56	 1437.74	 467.44	 	

Table	19	-	Column’s	design	internal	forces	calculation	-	Loading	scenario	B	

And, 

e d	 Hext[kN]	 Sum	µiQi	 Wcenter	

	 [m]	 [kN]	 [kN]	 [m]	

0.0009	 0.52	 675.00	 243.36	 0.21	

Table	20	-	Column's	design	internal	forces	parameters	-	B	

With the internal forces calculated, we only need to verify in the ULS N-M interaction diagram if the 

columns are safe. This diagram is also obtained in Fagus software, and it depends essentially on the 

concrete, geometry and designed reinforcement. The wind resultant bending moment around the 

strongest axis (My) of the column must also be considered.	The obtained design internal forces are 

in table 21. 

N	 V	 My	 Mz	

[kN]	 [kN]	 [kNm]	 [kNm]	

-10105.20	 85.43	 				3913.15	 -1538.28	

-4552.00	 538.36	 3498.46	 -1538.28	

-4430.00	 210.24	 3121.31	 -1538.28	

Table	21	-	Column	design	internal	forces	
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The N-M interaction diagram of the designed column (obtained by fixing My) is given below. 

	

	

	

	

	

	

	

	

	

	

	

	

The corresponding resistances for the axial force of loading scenario A (which is the most critical) 

are marked in the diagram. The condition Msd < Mrd is verified. This is the optimal solution. For the 

highest axial effort, the confinement provided maximizes the resisting moment. 

 

XI.I.III) Temporary	state	

	

The provisional state is usually conditioning for fixed bridges. This is due to a significant difference 

in the critical length from the provisional condition to the definitive (a fixed-pinned system can vary 

from 0.7l to 2l, in the provisional state). This, combined to bigger sized columns (which is not the 

case) and the second order effects can be important. However in this type of bridge, this is usually 

not critical for design purposes.  

	

XI.II) SLS	

	

The only situation left for the safety check of the columns is the serviceability limit states. This safety 

verification is done according to SIA 262, 4.4.2 and basically consists in a cracking control. This 

cracking control is done by limiting the stresses in the reinforcement when the structure is in 

serviceability states. There are three requirement levels (normal, increased and elevated). This case 

corresponds to an increased exigence level, since no waterproof requirement is necessary but 

aspect wise it is important to control them.  For a spacing (s) equal to 0.1 meters, the stress in the 

reinforcement should be lower than 435 MPa	 (ss,adm).	 This parameter must be	 defined in the 

software.	

Figure	72	-	N-Mx	interaction	diagram		(My	=	-1538.28	kNm)	
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For this, the load combination will be: permanent loads + volumetric strains.  The first step is to 

determine the axial internal forces due to permanent loads.  

	

Nsd
C2	=	Nsd

C3	 	 	 	 	=	 -5759.6	 	 [kN]	

Nsd
C4	=	Nsd

C5	=	Nsd
C6	=	Nsd

C7	=	Nsd
C8	 	=		 -2556.5	 	 [kN]	

	

The next step is to determine the stiffness (EI) of the section. As opposed to the ULS, the stiffness 

used is the non-cracked stiffness (EIuncracked). This stiffness maximizes the internal forces while in the 

other verification the second order effects were maximized. It is also realistic and desired to have an 

uncracked section while in SLS. 

	

EIuncrackedI	=	EIuncrackedII		=		 1.19	x	106	 	 [	kNm2]	

	

The final step is to determine the SLS design internal forces. These internal forces depend on the 

displacement on the top of each column (W) and the static system. The center of stiffness is assumed 

to be at X = 125 m (the geometry is almost constant, so it shouldn’t be far from the geometric center 

but closer to the first part of the bridge due to higher width).  

	

Fixed-Fixed 

𝑀 =	
6	𝐸𝐼
𝑙) .𝑊	

	

Fixed-Pinned 

𝑀 =	
3	𝐸𝐼
𝑙) .𝑊	

	

The internal forces obtained for each column are given in table 22. 

 

Column	 	 C2	 C3	 C4	 C5	 C6	

x	 [m]	 25.00	 105.00	 135.00	 165.00	 195.00	

h	 [m]	 9.50	 9.00	 11.00	 11.00	 10.48	

Eiuncrack	 [kN.m2]	 1.25E+06	 1.25E+06	 1.25E+06	 1.25E+06	 1.25E+06	

W	 [m]	 0.0900	 0.0180	 -0.0090	 -0.0360	 -0.0630	

Nsls	 [kN]	 -5759.60	 -5759.60	 -2556.50	 -2556.50	 -2556.50	

Msls	 [kNm]	 3739.61	 833.33	 -557.85	 -2231.40	 -2151.04	

Table	22	-	Column's	design	internal	forces	parameters	-	Provisional	state	

(29) 

(30) 
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With the internal forces determined, the only thing missing is to confirm the safety through the SLS 

N-M diagram.  

	

	
	

	

	

	

	

	

	

Figure	73	-	N-Mx	interaction	diagram		(SLS)	

The	safety	is	verified.	
	

	

XI.III) Shear		

	

The only thing missing is the stirups reinforcement design. As the columns are compressed, the 

stirups provide confinement (as in the arches). 

	

The design shear force obtained previously is:	

	

Hsd	 =	 	 538.4	 	 	 [kN]	

	
|/�
,
				≥ 																						2475.41			[mm2/m]		 =>	 4	x	f	10	//	0.15		(4188	mm2/m)	

	

𝜎^ = 																				1.1			<	 fcd,c	 	 [MPa]	
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Chapter	XII) Foundation	
	

There is a lack of information with regards to the soil’s properties (layer thickness, mechanical 

properties). The only information known is that the superficial soil is of poor quality. And that was 

also one of the reasons why the bowstring was adopted (instead of an arch bridge with non-

recommended horizontal internal forces). Consequently, the foundation chosen which depends less 

on the characteristics of the soil and we have higher flexibility to change the column’s height which 

allows us to control the design internal forces are the piles. The columns are considered fixed in the 

pile cap. 

 

The piles and pile cap layout obtained are presented in figures 74 and 75. 

	

	
Figure	74	-	Pile	cap	layout	(C2	and	C3)	

	

	
Figure	75	-	Pile	cap	layout	(C1,	C4	to	C9)	
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Since the columns are not too far apart (d=7.5 meters), the option adopted is to design a single pile 

cap for both. This is advantageous, since it introduces some redundancy. The differential settlements 

is not an issue due to the use of piles. The layout is kept fairly constant for all of the columns. However 

due to smaller design internal forces in the columns which are not a part of the Bowstring span, the 

number of piles per column is reduced to 4 and the diameter to 0.7 meters. The concrete cover used 

in the foundations is 4 cm. The design internal forces transmitted from the columns were: 

	

	

Column	 Nsd	 Msd,y	 Msd,z	

	 [kN]	 [kNm]	 [kNm]	

C3a	 -10105.2	 -3913.2	 -1538.28	

C3b	 -9314.91	 -3810.2	 -982.04	

C4a	 -4552.2	 -3498.5	 -958.06	

C4b	 -4467.6	 -3498.5	 -332.5	

Table	23	-	Design	internal	forces	transmitted	from	the	columns	

The main bending internal forces are longitudinal (volumetric strains). This is one of the reasons for 

an almost symmetric pile cap for each column (4 x 5.4 m2), the other factor necessary to consider  is 

the column’s cross-section, which has the highest dimension on the transversal direction.  

 

The pile cap should transmit the internal forces directly to the piles, meaning no shear reinforcement 

should be in theory necessary, even though for constructive purposes it will most definitely be placed 

there. To fullfil this condition the angle of effort transmission must be higher than 45°.  

	
	

	

	

	

	

	

 

Figure	76	-	Pile	cap	-	longitudinal	direction	 Figure	77	-	Pile	cap	-	Transversal	view	
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With a total thickness of 1.8 meters (Figures 76 and 77), the transmission of internal forces angle 

was: 

q2,long.	 =	 55	°	

	

q2,transv.	=	 47	°	

	

The transversal direction is the critical one. 

 

The maximum axial effort in each column was determined. 

	

RA	 =	 	 2191.83	 	 	 [kN]	 	 	

RB	 =	 	 1474.31	 	 	 [kN]		 	

	

The resistance value considered for each pile was a value commonly assumed for good quality soils 

and considering only a point resistance (no friction is considered which adds a safety margin). This 

wasn’t determined with any SPT or another soil characteristics test. The value is 5 MPa. 

	

Nrd,A	 =	 	 2513.27	 	 	 	 [kN]	

Nrd,B	 =	 	 1924.23	 	 	 	 [kN]	

	

	

The only thing left is to determine the reinforcement necessary in each direction. This is done easily 

with a simple force equilibrium. The final solution can be consulted in the technical drawings. 
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Chapter	XIII) Construction	Process	
	

The construction process should be chosen per the type of bridge and the environment where it is 

inserted. Alongside the physical suitability, an economic analysis should be also performed. This is 

usually the ruling factor, and the most economic advantageous usually is the method chosen.  

 

The first step will be the foundation construction. The type of foundation chosen are bored piles 

(Figure 78). The holes should be penetrated until good quality soil is reached. Then the reinforcement 

is inserted and connected to the pile cap’s. The column’s reinforcement must also be connected to 

the pile cap.  

The pile cap is important to a proper effort distribution and it also marks where the columns are fixed. 

An adequate detailing of this section is highly important. After the reinforcement is put in place, the 

concrete is poured.  

	

	
Figure	78	-	Bored	piles	

 

The second main step is to build the columns. The reinforcement is already in place, the only thing 

missing is the formwork around the steel cage. And ultimately the concrete is poured and vibrated.   

 

The project presents a bridge crossing nothing but a valley in most of its length (200 meters out of 

280 meters). The valley has no watercourses in between.  Another factor to be considered is the 

reduced distance, a little under 11 meters, from the deck to the ground level. Ultimately, the span 

necessary to overcome is between 25 and 30 meters.  

 

Having these characteristics in mind, the logical construction process is scaffolding the formwork 

from the ground level. This is the simplest and most used method, which makes it the most 

economically competitive. The fact that it has a high number of spans with the same size (5 x 30 and 
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2 x 25) allows the formwork to be reused. This also minimizes the formwork necessary. One last 

advantage is in the design of the structure, since the weight of the structure is always supported until 

it is self-bearing.   

The scaffolding should either have temporary foundation or be supported in the bridge’s columns.  

The first option is chosen. In spite of the superficial soil being of bad mechanic properties, the 

scaffolds present a good internal forces distribution due to a high number of supports. The bracing 

of the scaffolds is also an important element due to high axial loads they will be subjected to but 

mainly due to the slenderness of these elements. 

	

	

Figure	79	-	Bridge	Scaffolding	

	

The concrete is poured in the entire bridge except for the main span. For this span the construction 

method will be later explained.   

	
Figure	80	-	Bridge	scaffolding	(Profile)	 	

	 	 	

Figure	81	-	Bridge	scaffolding	(Aerial)	

The main span of the bridge, however, presents a more complex construction. The ground is not 

accessible since the railway is below the deck, and this would imply to stop the passage to the trains, 

which is not acceptable.  

 

Nonetheless, since the train depot is not yet built, the span to overcome is only around 20 meters 

instead of the final 80 meters. For this, a Shoring mixed system with a truss attached to the column 

25.0	30.0	
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will support the framework (through temporary hangers) as well as the recent concrete indirectly 

(Figure 82). The weight of the structure already built is favorable for a counter-balance of the bridge. 

The inclusion of the truss involves extra costs to be considered and relatively higher to the other 

process of construction.  

	

	
Figure	82	-	Shoring	technique	for	railway	overcome	

On this section (Figure 82), the arch is not yet in its position since it is necessary to have the bridge 

deck built to balance the tensile force in the longitudinal direction. 

 

The final stage to finish the bridge construction is the arches installation. Each arch will be divided 

into two halves that will be pre-casted on the side of the bridge. It weighs around 90 tons, each half. 

Two cranes (e.g. model Liebherr – Ltm 1100-2, with 120 tons capacity) will be responsible for lifting 

both halves of arch and put it in place. The connection between the deck and the arch is very 

complex. Multiple reinforcement bars would have to be left outside to connect to the precast arch. 

 

The procedure is exemplified through simple schemes (Figures 83 to 87). 

	

	
	

	

	

	

	

Figure	83	-	Arch	erection	(stage	1)	
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Figure	84	-	Arch	erection(stage	2)	

	
	

To conclude, the hangers will be attached to the deck and arch. The section of the bowstring above 

the rail track presents constraints to work below the deck. As a result, the cables will be prestressed 

on the top, in the arch section. The installation of the cables should be done symmetrically(from the 

center to the extremities or the other way around) due to the arch’s natural instability for asymmetric 

loadings. By introcuding the prestress forces in a symmetrical disposition this problem is avoided. 

	

	
	

	
Figure	85	-	Hangers	instalation	(stage	3)	

	

This is merely a simple installation example. Other construction methods may also be considered. 

The main criteria to choose is the cost comparison between methods that enable to finish the 

construction on time. 
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Chapter	XIV) Conclusion	
	

The conclusion focuses mainly on analysing the solution obtained and possible improvements to 

optimize it. 

 

The bridge deck cross-section obtained for the remaining of the bridge (Bowstring span excluded) is 

a suitable solution. The slenderness is chosen according to the values used in the bridge construction 

market, these days. To reduce the deck depth, it would mean to adopt a stiffer section  (e.g. full 

section) or even use considerable amounts of prestress. This would make the project financially less 

competitive. When analyzing the Bowstring span, the conclusion is different. The solution obtained 

may be considered overly stiff which can be attested by the fatigue verifications and even the 

displacements obtained. If given more time, a detailed study could modify slightly the solution 

proposed. One possible idea could be the increase of the span in the Bowstring, which would allow 

for more space for a transition zone of the deck depth (currently it is only 6 meters for a decrease of 

30 cm, which is visually not appealing). This way the deck would have different depths in the 

remaining of the bridge and in the Bowstring span. Another possible suggestion would be to increase 

the distance between the hangers. Both proposals could decrease the overall cost of the bridge. 

 

The arch presents a slender cross-section. Despite of being made of concrete, the solution obtained 

is slender and fits the overall profile of the bridge. This is particularly important to achieve, 

considering the absence of bracing which increases the stability problems of such arch. 

 

The hangers, specifically important for the SLS verification present a slim cross-section with enough 

redundancy to prevent any accident from happening.  

 

The columns designed have a reinforcement and cross-sectional design close to the optimal in the 

most critical columns. Another benefit resultant from the design is the low longitudinal stiffness which 

reduces significantly the design internal forces. A detail to be studied in the future is the monolithic 

connection between the beams and columns. The width difference between these elements should 

be carefully studied and detailed. 

 

The foundation designed unifies both transversal columns underground. This is due to the small 

distance between columns. The cross-section obtained takes into consideration the higher 

longitudinal internal forces as well as the non-symmetric column cross-section.  

 

Finally, the overall conclusion of the project presented is performed. The solution obtained is a 

structurally efficient bridge which suits the location but most importantly the cultural influence from 

the region. Moreover, the dimensions obtained for the various elements are very pleasing and 
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provide a satisfying transparency. The aesthetics is therefore one of its main advantages and should 

be highlighted. 

 

On a concluding note, this type of bridges is highly recommended by the author for this type of spans. 

Hopefully, its construction will be increasingly more common for the benefit of us all, bridge users. 

Especially since bridges not only unite different sides of a river or a natural obstacle, but more 

importantly bring cultures closer together. This enables a multiculturalism which is highly beneficial 

for the evolution and development of the world we live in.  
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XV.II) Commercial	Products	

 

Hangers: Redaelli FLC 28 – Catalog : 

http://www.redaelli.com/fileadmin/documents/Cataloghi/Redaelli_for_Engineering.pdf - page 117. 

 

POT bearings: FIP industrial Vasoflon bearing 130 – 13, fixed and/or unidirectional type  

Catalog: http://www.fipindustriale.it/index.php?area=106&menu=30&lingua=1 

 

Expansion Joints : Granor SFEJ 200 A – Catalog: 

http://granor.com.au/uploads/products/expansionlarge/GRANOR_ETIC_-

_SFEJ_Steel_Finger_Expansion_Joint.pdf 

 

Anchorage : VSL Anchorage Type Gc 6-19 C40/50 spiral reinforcement : 

https://goo.gl/2VbCLc - VSL Strand post-tensioning systems page 20. 
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XV.III) Appendix	 1	 –	 Transversal	 design	 –	 Concentrated	 Live	 load	

configurations	

	
m+ 

	

	
Figure	86	-	M+	concentrated	live	load	placement	

	
V 

	

	
Figure	87	-	V	concentrated	live	load	configuration	
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The loads previously presented have the characteristic values of (Table 24) : 
	

Load	 [kN]	

Qkt	 9.0	

Qk1	 135.0	

Qk2	 90.0	

Table	24	-	Concentrated	live	loads		(characteristic	values)	

	
XV.IV) Appendix	2	–	Longitudinal	design	–	Influence	Lines	

	
M+

sd,A 

	

	
Figure	88	-	Influence	lines	-	Msd,A	

	

	
	
	
	
	
	
M+

sd,B 

	

	
Figure	89	-	Influence	lines	–	Msd,B	
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M+

sd,C 

	
Figure	90	-	Influence	lines	–	Msd,C	

	
XV.V) Appendix	3	–	Longitudinal	design	–	Live	load	configurations	

	
Section A 

 

 
Figure	91	-	Live	load	configuration	(Section	A)	

Section B 

 

	
Figure	92	-	Live	load	configuration	(Section	B)	
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Section C 

 

	
Figure	93	-	Live	load	configuration	(Section	C)	

	
	

XV.VI) Appendix	4	–	Arch	stability	analysis	–	Live	load	combinations	

	
	

Loading scenario A 

	

	
Figure	94	–	Buckling	loading	scenario	A	

	
Loading	scenario	B	

	

	
Figure	95	-	Buckling	loading	scenario	B	
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Loading	scenario	C	

	

	
Figure	96	-	Buckling	loading	scenario	C	

	
Loading scenario D 

	

	
Figure	97	-	Buckling	loading	scenario	D	

	
	
Loading scenario E 

	

	
Figure	98	-	Buckling	loading	scenario	E	

 

Note: The cables’ scale is merely representative. 
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Where: 

	
Table	25	-	Instability	load	configuration	subtitle	

And: 

 

Load	 [kNm/m]	

qkt	 3.6	

qk1	 8.1	

qk2	 2.25	
Table	26	-	Uniformly	distributed	live	loads	(characteristic	values)	

	
XV.VII) Appendix	 5	 –	 Hanger’s	 fatigue	 analysis	 –	 Concentrated	 loads	

disposition	

	

	
Figure	99	-		-	Critical	hanger	load	disposition	for	maximization	of	axial	effort	

	
Figure	100	-	Critical	hanger	load	disposition	for	minimum	axial	effort	
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XV.VIII) Appendix	6	–	Prestress	detailing	

 

	
Figure	101	-	Prestress	detailing	

	
XV.IX) Appendix	7	–	Anchorage	detailing	

 

	
Figure	102	-	Anchorage	Detailing	
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XV.X) Appendix	8	–	Arch	detailing	

 

	
Figure	103	-	Arch	Detailing 

 

XV.XI) Appendix	9	–	Entretoise	

	
Figure	104	–	Entretoise	
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XV.XII) Appendix	10	–	Column	detailing	

	
	

	


