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Abstract 

A constant research of more ecological and efficient structures has enabled bridges to 
be more innovative through the years. Nowadays, as the need is greater than ever, a 
new kind of bridge is expanding in the entire world: the network arch bridges. The 
concept was developed by professor and engineer Per Tveit in 1955 and has been 
improved since then. But it is only for 10 years that many bridges of this sort have 
been built. 

The aim of the thesis is to investigate the structural behavior of these bridges and their 
efficiency comparing to traditional bridges. It is also proving the efficiency of the 
network arches used for rail traffic. To do so, a single-track railway network arch has 
been designed according to the Eurocodes. A 2D model has been designed to be 
optimal and tested under Abaqus for the loads defined in the Eurocodes. Guidelines 
from the literature and Per Tveit’s work have been used to determine the optimal 
geometry of the bridge.  

The steel weight needed for the 75 meters long bridge is assessed from the final design 
and is the main parameter to compare and evaluate the network arch structural 
efficiency. These results are compared with Tveit’s statements and with other 
structures.  

 

Keywords: network arch bridge, design, railway bridge, Per Tveit, finite element 
analysis, tied-arch, comparison. 
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Introduction 

1.1 What is a network arch? 

The network arch is a tied-arch bridge with inclined hangers that cross each other at 
least twice. This definition is the one given by the Norwegian professor and engineer 
who developed this idea of bridge: Per Tveit. Figure 1.1.1 shows such a structure: 

 

Figure 1.1.1: an example of a network arch bridge: the Flora Bridge [TNA]. 

In such a configuration, the network arch acts like a truss, with little bending in the 
chords and the hangers working in tension. 

Network arches are adapted to both railway and roadway bridges. 

The following sections are results and recommendations from the existing literature, 
most of it written by professor Per Tveit. All the literature can be found in the 
bibliography and all Per Tveit’s work is available on his website: 
http://home.uia.no/pert/index.php/Home. 

1.1.1 The arch 

The arch is made of steel and for practical reason, such as fabrication, is often circular. 
A recommended shape is a universal column or an American wide flange beam, which 
are cost-effective and easy to find on the market. For longer spans, i.e. with bigger 

Chapter 
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axial forces, a box section may be necessary. However, the latter is more expensive, 
needs more work for joints between the arch and the hangers and is usually less slender 
than universal columns. Per Tveit presents a comparison of different profiles for the 
arch in The Network Arch (TNA). The conclusion is that a universal column is 
preferred, with its weak axis in the vertical direction “because in the plane of the arch 
the support of the arch is better than the support out of the plane of the arch”1(see 
figure 1.1.2). 
 

 

Figure 1.1.2: a recommended arch profile with fastening of hanger [TNA] 

Niklison in his Master’s thesis (2010) studied the effect of the shape of the arch. He 
considered two shapes: circular and parabolic. The conclusion is that the results - 
bending moments and stresses in the deck and arch - are quite similar. 

In their thesis, Brunn and Schanack (2003) found out that bending moments could be 
smoothed out if the radius of the arch is smaller near the ends. This will be detailed 
later in this project’s model. 

The arch is made of high-strength steel, such as S 460 ML, to take up the compression 
forces and to make the bridge slender. 

1.1.2 The hangers 

The hangers can be wires or rods. They do not take up compression, but relax instead. 
As more hangers relax, the network acts less like a truss, bending moments increasing 
in the lower chords. This should be avoided and thus the hanger arrangement is most 
important. 

Many different arrangements have been tried over the years, more or less successfully. 
Brunn and Schanack (2003) developed an efficient hanger arrangement called the 
radial arrangement. This arrangement will be illustrated and studied in the model 
part. 

To dampen the vibrations of the hangers and to prevent them from banging each 
other, they are usually protected with plastic tubes and tied together with rubber 
bands. A picture of crossing hangers is shown on figure 1.1.3. 

                                            

1
An Introduction of the network Arch, Per Tveit, p.7. 
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The hangers are usually made of high-strength steel too, such as S 460 ML, to take up 
the high tensile forces. The diameter is small, usually between 40 and 60 mm 
depending on the span and the functionality of the bridge, thus making the network 
arch elegant and integrated in the environment. 

 

 

 

Figure 1.1.3: crossing hangers 

On the left picture, a device allows the fastening of the hangers and free turns of the 
cables. On the right picture, taken from a recent network arch in New Zealand, 
hangers are tied together to prevent them from bumping into each other.  

The German railway company prefers hangers made of flat steel plates because of their 
higher fatigue strength. 

1.1.3 The lower chord 

The lower chord is usually a concrete slab. It is more effective than the traditional steel 
tie due to the specificity of the network arches: as mentioned before, the hangers must 
not relax; the dead weight of the concrete contributes to the tensioning of the hangers. 

As the tie is in tension, the concrete slab is normally prestressed both in the 
longitudinal and transverse directions. Some alternatives without transverse 
prestressing have been designed in Brunn and Schanack (2003) for example. 

For railway bridges, with heavier loads, or wide bridges, steel beams in the transverse 
direction can be added.  
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The advantage of a concrete deck is that, with high strength like C50/60, the tie can be 
very slender. It has to be noted that the most slender bridge in the world is the 
Brandanger Bridge in Norway2. 

Figure 1.1.4 shows an example of a concrete deck. 

 

 

Figure 1.1.4: an example of a concrete slab [TNA] 

1.1.4 Common misunderstanding 

Another kind of bridges with inclined hangers exists. They are called Nielsen bridges. 
Nielsen bridges’ hangers cross each other once at most. Figure 1.1.4 shows a Nielsen 
bridge (note the difference with figure 1.1.1). 

 

Figure 1.1.5: a Nielsen Bridge over Øster-Dalelven in Sweden [TNA] 

This idea of configuration was developed in the 1920’s and inspired Per Tveit. The 
original idea is roughly the same, although in Nielsen bridges hangers relax and thus 
important bending moments arise. 

The results are quite different, as shows a comparison that Per Tveit carried out in 
1998. He calculated the steel weight necessary for an equivalent network arch called 
the Åkvik Sound. The Nielsen Bridge was designed by an independent engineering 
firm. 

                                            

2
About the Network Arch, Tveit (2011), if the slenderness is defined as the span divided by the sum of 

the height of the chords. 
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The Nielsen Bridge needed 679 tons of steel. The network arch bridge needed 193 tons 
of steel, so 3,5 times less. More details can be found in The Network Arch (TNA). 

So these two kinds of bridges are different and should not be mixed up. Confusion 
comes from Japan. They have network arch bridges, i.e. with hangers crossing each 
other at least twice, but the Japanese call them “Nielsen-Lohse” bridges. This appella-
tion is not fully correct as Nielsen never built or designed a bridge with multiple hanger 
intersections. They should be referenced under network arches, even though the hanger 
arrangement is different from what Tveit recommends. 

1.2 Why a network arch? 

The Network Arch is obviously an alternative to the bowstring with vertical hangers, 
or even Nielsen bridges. To overcome those traditional and long-established kinds of 
bridges, Per Tveit claimed that many arguments are in favor of his idea.  

1.2.1 Structural 

Per Tveit started to study this structure for his PhD and has developed this idea until 
now. He observed that in a structure the most restrictive parameter is bending. Indeed, 
the easiest way to break a structure is to apply a bending moment. Therefore, to save 
material bending moments should be minimized. 

In a traditional bowstring bridge, where the hangers are vertical, the members have 
mostly axial forces for an evenly distributed load (see figure 1.2.1a). This structure 
works very well for this type of load. However, if the load is only applied on one side of 
the bridge, deflections and bending moments will arise greatly (fig.1.2.1b). 

 

Figure 1.2.1a: an evenly distributed load on a “traditional” bowstring bridge [TNA]. 

 

Figure 1.2.1b: an evenly distributed load on a “traditional” bowstring bridge [TNA]. 

 



CHAPTER 1. INTRODUCTION 

 6 

As it is well known, in a truss structure there is only little bending. Per Tveit tried to 
adapt this kind of structure for an arch bridge. Using an appropriate hanger arran-
gement, the loads can be transferred to the arch in such a way that the bending 
moment is dramatically reduced in the chords. 

Below (figure 1.2.2) are the influence lines for bending moment calculated by Per Tveit 
in 1980 for a tied-arch bridge and its equivalent network arch. As we can see, the 
moments are much smaller for the network arch, hence the possibility to have a 
concrete deck. 

Because of the small bending moments, the chords are mostly subjected to axial forces: 
tension in the tie and compression in the arch. 

 

Figure 1.2.2: influence lines for an arch bridge with vertical hangers and a network arch 
[TNA]. 

1.2.2 Environmental 

Steel saving: 

Due to the decrease of the bending moments, great amount of steel can be saved 
comparing to a traditional bowstring. In The Network Arch (TNA), Tveit announces a 
ratio of steel saving from 2 to 3,5. 

However, this ratio has to be considered carefully. It comes from theoretical cal-
culations (article, theses) when a network arch was compared to an existing or already 
designed traditional arch bridge. The other way around, i.e. the comparison of a design 
of an optimal traditional bowstring bridge with an existing network arch, has not been 
carried out. So more steel, neglected or unexpected, might be needed. It would be 
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interesting to see what the difference is between the preliminary design and the actual 
construction. 

Concerning roadway bridges, in 2001 two students from Germany compared a network 
arch they designed with other German arch bridges with vertical hangers. This is 
shown in figure 1.2.3. S means that the arches slope towards each other, N means there 
is no wind bracing. 
As we can see, for a similar span, the network arch bridge uses less reinforcement steel 
and 3 times less structural steel. 

 

Figure 1.2.3: Comparison of steel weight for different roadway bridges [TNA] 

As for railroad bridges, Brunn and Schanack (2003) compared their design with other 
railroad bridges - mostly tied-arch bridges - and found that a network arch was also 
competitive for this type of bridges (see figure 1.2.4). Number 16 is their network arch, 
situated well below the average steel weight per track. 

 

Figure 1.2.4: Comparison of steel weight for different railway bridges [B&S 2003] 

As soon as 1973, Tveit predicted steel weight for railway network arches of various 
spans. This, added with the predictions of Herzog, gives the figure 1.2.5. 
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All this saving of steel has a positive environmental impact, according to Per Tveit. It 
has nevertheless never been calculated or estimated in a proper way, like in a life cycle 
assessment (LCA). 

 

Figure 1.2.5: Prediction of steel weight for different types of railway bridges [TNA] 

Aesthetical: 

Another argument concerning the network arches is that they fit better in the 
environment. The slenderness and the elegance of the network arch make the bridge an 
excellent structure to be integrated in its surroundings. Here are a few pictures of 
network arches in their environment: 

 

 

 

Boldstatstraumen Bridge in Norway (1963) 
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Lake Champlain Bridge in the US (rendering, under construction, 2011) 

 

 

Brandanger Bridge in Norway (2010) 

Figures 1.2.6: pictures of different network arch bridges in their environments. 

These pictures show that the network arch offers a beautiful and elegant alternative. 
On the last picture, you can see the world’s most slender bridge in the world: the 
Brandanger Bridge. Its span is 220 meters and it carries road traffic on two lanes. In its 
initial design by Per Tveit, the concrete slab was only 21 cm thick and 40 cm thick at 
the edge beams. 
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The choice of the arch bridge over the other types for aesthetical reasons is quite 
frequent. The design of the Lake Champlain Bridge in the US is a perfect example. The 
former truss bridge could not be rehabilitated, so the construction of a new bridge was 
considered. The choosing of the design was participative and the residents could give 
their opinions during public meetings. Six different designs were considered: 2 beam 
bridges, 2 cable-stayed bridges and 2 network arch bridges. Here is the result of a 
survey: 

 

Figure 1.2.7: Lake Champlain survey results (New York State department of 
transportation). 

As we can see, the first two options with the most favorable and the least unfavorable 
answers are two network arches. As a result, a network arch bridge won this project 
and is currently under construction (completion expected in September 2011). 

This is a perfect example of the attraction of network arches among the public. Several 
network arch bridges have also won prizes and design awards: ACENZ award for the 
Mangamahu Bridge in New Zealand3, Best Designer and Best Project of the Czech 
Republic Transport Infrastructure Awards for the Trinec-Baliny Bridge4. 

                                            

3
http://www.holmesgroup.com/mangamahu-bridge-157/ 

4
 http://www.mottmac.com/aboutmottmac/awards/awardslist/  

http://www.holmesgroup.com/mangamahu-bridge-157/
http://www.mottmac.com/aboutmottmac/awards/awardslist/
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1.2.3 Practical 

An important aspect, often neglected in theoretical analyses, is the fact that network 
arch bridges have some advantages concerning the construction and the maintenance. 

Construction 

The argument concerning the construction stage is of course that less steel is needed to 
be manoeuvred and carried. The lightness of the network arch makes engineers able to 
find some new and innovative ways to erect the arch. For instance, in many cases of 
bridges over a river or sea, it is possible to assemble the steel skeleton on shore and hire 
one or two floating cranes to lift the whole structure and put it on the piers. 

This method was used for the Brandanger Bridge in Norway (see figure 1.2.8) and for 
the Providence Rhode Island Bridge in the US, among others. In Norway, two floating 
cranes transported the steel skeleton on 5 km, which weighed 1862 tons. This operation 
took only 6 hours. 

The skeleton in the US weighed 2200 tons. Thanks to technical advances, it is now 
possible to carry heavier structures with floating cranes, thus making this erection 
method possible. 

 

Figure 1.2.8: Lifting and transportation of the steel skeleton by floating cranes. 

After being positioned in place, the concrete deck is cast. 

It is hard to evaluate or compare the duration of the construction for different types of 
bridges. One would think that if the skeleton is assembled on shore and lifted in a few 
hours, the construction stage can be much shorter in time, but data are difficult to find 
and right parameters for comparison are hard to pick. 

Per Tveit devised other methods of erection, like erection on ice or erection on side 
spans. He himself designed the two first network arches in Norway in 1963 and has 
been working on this since then. More information can be found in his various papers 
and articles on his website: http://home.uia.no/pert/index.php/Home.  

http://home.uia.no/pert/index.php/Home
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A problem that has to be highlighted and thoroughly thought about before is the final 
adjustment of the tension of the hangers as the design company mentioned about the 
River Luznice Bridge in Czech Republic5.  

Fabrication 

Per Tveit in The Network Arch (2011) assures the elements of a network arch are 
easier to produce. Bowstrings with vertical hangers need 15 to 30 times more welds and 
usually have more complicated details. This is even truer when universal columns 
compose the arch and the tie is a simple prestressed concrete slab. 

Maintenance 

Network arch bridges need less maintenance than bridges with vertical hangers. 
According to Tveit, a prestressed concrete slab and concrete in compression need little 
maintenance. 

Due to the littler amount of steel, the surface to protect against corrosion is also 
smaller. Tveit evaluates 3 to 7 times less surface to protect against corrosion in a 
network arch6.  

As an example, the Steinkjer Bridge in Norway was built in 1963. More than 40 years 
later, the bridge is still in good shape and is likely to last 45 more years. This is the 
oldest network arch so it is difficult to be able to judge the quality of the bridge after 
more than 50 years. 

An important point to underline here is the connection of the hangers to the deck. 
Several variants are available, the main problem being the use of the hanger and the 
possibility to change it. Indeed, when the rods are set in the concrete, it is impossible 
to change them and must have a good corrosion protection. A solution with replaceable 
rods through the edge beam exists and can be more satisfying for the client. 

More can be found on the different solutions for hangers in The Systematic thesis on 
network arches (2011) written by Per Tveit. 

1.2.4 Economical 

Finally, often the most important criterion in the design of a structure: the economical 
aspect. As we saw in the previous parts, the saving of steel is of course here too the 
predominant reason for saving money. The other reasons are the ones cited previously, 
such as the practicalities or the lower maintenance costs. 

This is no efficient way to assess the cost saving comparing to a bridge with vertical 
hangers, the cost depending on too many factors and their variations. That is why 
usually it is preferred to quantify the saving in amount of steel. 

                                            

5
http://www.transportcareers.mottmac.com/projects/bridges/luznicebridge/ 

6
The Network Arch, 2011, p.93a. 

http://www.transportcareers.mottmac.com/projects/bridges/luznicebridge/
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Some have tried to quantify this economical saving. Tveit, in The Network Arch 
(2011), declares that 35 % to 45 % can be saved on the cost per m2. This is an 
impressive figure. Holmes Consulting Group, from New Zealand, designed and built a 
network arch. They say that according to the client’s estimation, a cost saving of 30 % 
was achieved7. Maintenance is not included in these estimations, and only a life cycle 
cost (LCC) could tell us the exact saving for a particular case. 

1.3 The development of the network arch 

The mentioned arguments seem to be convincing as network arch bridges have been 
recently developed all over the world. It is interesting to have a look at the history of 
the expansion of the network arch. 

The original idea was developed by Per Tveit during his studies in the mid-fifties. 
Tveit went on studying this concept and in 1963 he supervised the design of two arch 
bridges in Norway: Steinkjer and Bolstadstraumen Bridges. Around the same time, the 
Fehmarn Sound network arch in Germany was built. Per Tveit suspects that one of the 
designers and a former professor might have been influenced by his work. He also 
attributes the expansion of network arches in Japan to one of his presentations8.  

Then, nothing happened for 40 years. Per Tveit continued his research on network 
arches but no bridges are referenced during this period (except one in Taiwan in 1996). 

In the early 2000s, many bridges started being built all around the world (see table 
1.3.1) and many are still in preliminary design. 

Year Name Country Type Span Remarks 

1963 Steinkjer Bridge Norway Road 80 m First network arch 

1963 Bolstadstraumen Bridge Norway Road 84 m Second network arch 

1963 Fehmarn Sound Bridge Germany Railway 248 m Inspired by Tveit's work 

        1996 Mei-Shywe Second Bridge Taiwan Road 210 m   

2003 Dziwna Most Bridge Poland Road 180 m   

2004 Bechyne Bridge Czech Republic Road 41 m   

2005 Bridge in Saxony Germany Road 88 m   

2007 Providence River Bridge USA Road 122 m 3-arch bridge 

? Flora Bridge Germany Railway 133 m Steel tie 

2008 Blennerhasset Island Bridge USA Road 268 m   

2008 Palma del Río Arch Bridge Spain Road 130 m   

2009 Mangamahu Bridge New Zealand Road 85 m ACENZ award 

2009 Trinec-Baliny Bridge Czech Republic Road 150 m Best Project and Best Designer prizes 

2010 Brandanger Bridge Norway Road 220 m World's most slender bridge 

2010 Waikato River Bridge New Zealand Road 100 m 400 tons of steel 

2011 Lake Champlain Bridge USA Road 122 m   

Table 1.3.1: List of network arch bridges in the world 

                                            

7
http://www.holmesgroup.com/mangamahu-bridge-157/ 

8
 Genesis and Development of the Network Arch Concept (see bibliography). 

http://www.holmesgroup.com/mangamahu-bridge-157/
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To this list must be added several network arches in Japan but that are hard to find. 
Concerning the Flora Bridge, quoted several times by Per Tveit, there is no date 
available on the Internet yet. However, the construction must have been completed 
after 2000. 

Only two bridges are railway bridges. The vast majority are designed for roads or 
highways. 

The 40-year gap seems surprising. Per Tveit, in The Network Arch, confesses that the 
building of the two first network arch bridges might have been finalized because a 
relative was at that time permanent secretary to the minister of transport. It is not 
sure, but after his uncle retired, no more network arches could be built. 

It does not seem to be due to a structural flaw since the two bridges have worked 
perfectly and the concept is now expanding in the world.  
It is more plausible that this gap was due to a lack of communication. Early 2000s 
corresponds to the first Master’s theses on network arches available to the public and 
the expansion of the Internet. It is now easily possible for anyone to have access to Per 
Tveit’s work. Another reason may be the economical and environment factors. 
Companies and public organisms are looking for new concepts to save money and 
material as well as construct the most elegant and environmentally friendly structure. 

1.4 Aim and scope  

1.4.1 Aim 

To conclude this literature review, the important development of network arch bridges 
during the last decade and the new projects are undeniably a proof of success.  

However, the vast majority - 2 out of 16 - are roadway bridges despite a thesis in 2003 
proving the efficiency of the application for railway. This lack of railway application 
appears odd and needs to be investigated. Besides, most works and papers have been 
written or supervised by Per Tveit whereas the actual bridges have been designed by 
independent companies. An “objective” study, conducted without any help or 
influence, could help support the real advantages of the network arch.  

It would therefore be interesting to check if Per Tveit’s assumptions about the network 
arch bridges are right, for both the steel savings and the application for a railway line. 
So this thesis aims at proving that the network arch is an efficient concept structurally 
and applicable for railroad bridges. In order to do this, a single-track railway bridge 
will be designed and the steel weight will be assessed and compared to other bridges. 

Another indirect aim of this thesis is to lay the foundations of this “new” kind of 
bridge. New because despite being developed in the fifties the network arch is really 
expanding now, and also because it is the first thesis on this subject at KTH. Much 
work on this concept has to be carried out and other theses could investigate further in 
the future. This is why this thesis could help other research to go deeper.    
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1.4.2 Scope 

The bridge will be designed according to the European Standards, the Eurocodes. The 
thesis will investigate only the structural behavior and no other steps that should 
normally be included in a full bridge design such as the methods of construction or the 
price. Only the superstructure is studied and the goal is to design it and assess the steel 
and concrete quantities needed for the loads in the Eurocodes. 

The span of the bridge is 75 meters, which is in the range of usual arch bridges and 
appropriate span for a railway network arch according to Per Tveit. 

A fully detailed list of all the assumptions and limitations of the project is described in 
the following chapter, as it is quite extensive. 
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2  
 
Preliminary design 

2.1 Assumptions 

In this part are presented all the different assumptions from the specifications of the 
bridge to the assumptions concerning the loads and the guidelines followed. As it is a 
Master’s thesis, the scope of the work is limited. The omitted parameters and 
simplifications will be listed in the present part. 

2.1.1 Requirements 

The structure that will be designed is a railway network arch. Its span is 75 m long and 
it will carry only a single track for passenger trains. The location is not specified and 
thus the structure will be built according to a general design based on assumptions.  

The bridge must be accessible to workers only for the maintenance. 

The speed of the trains will not exceed 200 km/h for the design of the network arch. 

It should try to maximize the following criteria: 

 Durable 

 Economical 

 Ecological 

 Practical 

 Aesthetic 

2.1.2 Codes and guidelines 

The bridge will be designed according to the European Standards, the Eurocodes. 

As the network arch is a particular structure, the work of Per Tveit and his students 
will be used. It is assumed here that their results about the optimal geometry are right. 
The goal is not to check their calculations but to have a deeper understanding and 

Chapter 



CHAPTER 2. PRELIMINARY DESIGN 

 18 

hopefully to continue the study of a specific part of such a bridge. Their results about 
the optimal geometry will therefore be used and considered as right. 

For railway bridges, Brunn and Schanack (2003) designed a 100 m two-track railway 
bridge and have many guidelines for designers. This will be the main base for the 
design of this bridge. An article summarizes the guidelines. They wrote it with 
Steimann, a former student of Per Tveit too and the article is called Network Arches 
for Railway Bridges. 

2.1.3 Calculations 

As the time for this thesis is limited, only some aspects will be considered: 

 A 2D model will be studied. The forces on the other axis (wind, nosing force…) 
will be neglected and the windbracing will be assessed on a realistic ratio of the 
total steel. 

 Fatigue will not be studied. 

 The bridge is simply supported. 

 The hangers cannot take up compression. Instead, they relax. 

 A linear analysis is carried out. It might be non-linear geometrically, in case 
hangers relax, but the material properties are assumed to be elastic linear. 

 Construction methods will not be included in the project. 

 Shear is not taking into account for the design and calculations. 

2.1.4 Actions and material 

The following actions will be included in the design of the network arch bridge. 

Dead weight 

The dead weight of concrete, the arch and sleepers, rails and the ballast are considered 
with the respective densities (see materials). The dead weight of the hangers is 
neglected. 

Shrinkage: 

In a simply supported beam, the shrinkage has no influence because there is no 
restraint. In this case, however, the arch is tied to the deck. Therefore, constraints will 
arise near the end. However, it is assumed that these stresses and moments are 
negligible comparing to those caused by the loads due to the boundary conditions and 
the small coefficient assigned to shrinkage. 

Yet, shrinkage will be included in the time-dependent losses of the prestressing force. 

Creep 

When creep is taken into account, its design effect should be evaluated under the 
quasi-permanent combination of actions. As a simplification, in this project only the 
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characteristic and the frequent combinations will be studied. The effect of creep will 
thus be omitted in this project. 

Traffic load 

The model used here for the train is the load model LM 71, taken from EN1991-2, 
illustrated in figure 2.1.1: 

 

Figure 2.1.1: presentation of load model LM 71 

The distributed load qvk is 80 kN/m and the concentrated loads Qvk are 250 kN/m. The 
distributed load is infinite and should be placed at the most unfavorable positions. 

To find the design values, two coefficients have to be included. 
The first one, α, is a coefficient taking into account the heavy or light railway traffic. 
This factor α should be chosen among different values, depending on the country. In 
this project, α = 1,33 is on the safe side (1,0 is for normal traffic). 

The second factor is a dynamic factor. This dynamic factor is defined as followed for a 

carefully maintained track:  

 

 


2

1,44
0,82

0,2φ

φ
L

 (EN1991-2 eq. 6.4) 

 

The determinant length Lϕ is different according to the member of the bridge. They, 

and their dynamic factors, are summarized in table 2.1.1: 

 

Element Determinant length Lϕ Dynamic factor φ2 Reference in 
EN1991-2 

Deck, 
longitudinal 

Span = 75 m 0,99 so φ2= 1 
Table 6.2 case 5.1 

Deck, transverse 
Twice span + 3 m = 
14,3 m 

φ2= 1,222 
Table 6.2 case 4.3 

Hangers/arch Half span = 37,5 m φ2= 1,063 
Table 6.2 case 5.4 

Table 2.1.1: dynamic factors for the different elements 
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When the dynamic factor is used, it means a dynamic analysis is not required. To fulfil 
this requirement, the first natural bending frequency of the bridge loaded by 
permanent actions, n0 (Hz), is assumed to be within the range [1,83 ; 3,75] Hz. This 
will be checked with the finite element model. 

Another assumption is the distribution of the concentrated loads due to the thickness 
of the ballast and sleepers. 
As a result each concentrated load is in the longitudinal direction distributed on 1,6 m. 
In the transverse direction, the concentrated loads are distributed as well with a slope 
2:1 and for a depth of 0,6 m as can be seen on figure 2.1.2. The length 1,435 m is the 
standard gauge. It is on the safe side here because normally it is longer due to the 
width of the rails. 
 

 

Figure 2.1.2: transverse distribution of the concentrated loads of LM 71 

All the geometry imperfections of the track are neglected in this project. 

Non-public footpaths 

The load applied on the two non-public footpaths are defined in EN1991-2 6.3.7 as a 

uniformly distributed load with the intensity            .  

Braking and traction force 

The braking and traction force should be included as a horizontal force. This force will 
be distributed all over the span of the bridge. It is taken as the maximum of traction or 
braking and should be multiplied by α. In this project, the value is              (see 

EN1991-2 6.5.3).  

Temperature 

As shrinkage, in a network arch bridge the effect of temperature is expected to be 
predominant near the ends. The effect of temperature is included in the analysis 
because the temperature changes and the coefficients are more important than in 
shrinkage. The effect of temperature will be briefly described with the finite element 
model. 

The effect of temperature is composed of 2 parts: the uniform temperature change and 
the vertical linear temperature difference. 
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The uniform change is considered from a reference temperature         . The 
maximum and minimum temperatures are assumed to be                and         
      since the bridge location is unknown (see Annex A of EN1991-1-5). 

Then the characteristic values of the maximum contraction and expansion range of the 
uniform bridge temperature component are respectively: 

 0 e,minN,con 37°CΔT T T  (EN1991-1-5 eq. 6.1) 

 e,max 0N,exp 32°CΔT T T
 

(EN1991-1-5 eq. 6.2) 

For the vertical difference, two cases should be considered: a warmer top surface 

M,heatΔT and a warmer bottom surface M,coolΔT . For a concrete slab deck with ballast, 

their values are: 

 M,heat 15 0,6 9°CΔT  (EN1991-1-5 6.1.4.1) 

 M,cool 1,0 8°CΔ 8T
 

(EN1991-1-5 6.1.4.1) 

These two components should be combined to simulate a realistic effect as mentioned 
below: 

 NM,heat M,cool N,exp N,con(or Δ ) (or Δ )Δ ΔT ω TT T  (EN1991-1-5 eq. 6.3) 

 M M,heat M,cool N,exp N,con(or Δ ) (or Δ )Δ Δω T TT T
 

(EN1991-1-5 eq. 6.4) 

And the most adverse combination should be chosen. The values of the reduction 

factors are N 0,35ω and M 0,75ω . 

Omitted forces 

As the scope of the work is limited, some other actions will not be included, such as 
shrinkage and creep as mentioned above and other actions like the wind forces, snow 
load, and accidental case. In a real project though, they have to be considered. 

Material 

Here is a table with all the materials used in this project and their characteristics. 

 

Material Quality 
fck  / fy 
(Mpa) 

γ 
(t/m3) 

E (Gpa) ν 

Deck Prestressed concrete C50/60 50 2,5 37 0,2 

Hangers High-strength steel S 460 ML 430 7,85 205 0,3 

Arch High-strength steel S 460 ML 440 7,85 210 0,3 

Table 2.1.2: Materials used in the project 

The yield strength is different for the hangers and the arch because it depends on the 
thickness of the element. The Young modulus of the hangers comes from an actual 
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example found in the literature, hence the small difference with the arch’s. The rest 
comes from the values advised by the Eurocodes.  

The Poisson’s ratio of the deck corresponds to uncracked concrete. 

Combinations 

According to EN1990 annex 2, different combinations have to be considered to find the 
most unfavorable effects. 
 

  
Self-weight 

Prestressing 
Traffic load Horizontal 

Thermal 
  

Arch Deck Hangers Ballast LM71 Footpaths 
Braking and 
traction 

Ultimate Limit States 
      

* if 
dominant   

  

Persistent or 
transient 

g 1,35/1 1,35/1 1,35/1 1,35/1 1 1,45 1,35/0 1,45/0 1,5 

STR_a y - - - - - 0,8* 0,8 0,8 0,6 

Persistent or 
transient 

g 1,35/1 1,35/1 1,35/1 1,35/1 1 1,45 1,35/0 1,45/0 1,5 

STR_b y/x 0,85/1 0,85/1 0,85/1 0,85/1 - 1* 0,8 0,8 0,6 

           
Serviceability Limit 
States           

Characteristic g 1 1 1 1 1 - - - - 

  y - - - - - 1* 0,8 0,8 0,6 

Frequent g 1 1 1 1 1 - - - - 

  y - - - - - 0,8* 0 0 0,5 

Quasi-permanent g 1 1 1 1 1 - - - - 

  
y - - - - - 0 0 0 0,5 

Table 2.1.3: Load combinations (* if dominant action) 

Besides these combinations, Eurocode 0 Annex A2 defines group loads for rail traffic. 

 
LM 71 Traction, braking Comment 

Gr11 1 1/0 Max. vertical with max. longitudinal 

Gr13 1/0,5 1 Max. longitudinal 

Table 2.1.4: Group of loads for rail traffic 

Only 2 groups are relevant in this project, to determine the maximum vertical and 
longitudinal displacements. Each group has to be applied as single variable action in a 
combination. 
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2.2 Geometry 

2.2.1 Arch rise 

The only requirement for the bridge is the span that should be 75 m long. The rise of 
the bridge, important factor for both the structural behaviour and the aesthetic, is free 
to choose. Per Tveit advises a rise between 15 % and 17 % of the span: “The arch rise 
should be about 15 % of the span; larger arch rises decrease internal forces but 
respecting aesthetics it should not exceed 17 % of the span” in The Network Arch 
(2001) and Network Arches for Railway Bridges. A rise of 15 % is chosen, so a rise of 
11,25 m. 

2.2.2 Hanger arrangement 

The hanger arrangement is one of the most important factors to optimize in the design 
of a network arch. As said previously, if hangers relax for a certain loadcase, these 
hangers will not work in the structure and bending moments will arise greatly in the 
chords. It is not the goal of the thesis to find a new optimal arrangement. The hanger 
arrangement developed by Brunn and Schanack (2003) will be used because it seems to 
be the best found so far. This arrangement is called the radial hanger arrangement. 

The radial arrangement 

The concept of the radial arrangement is very well described in Brunn and Schanack 
(2003). The concept is illustrated in figure 2.2.1. 

 

Figure 2.2.1: the radial hanger arrangement [Network Arches for Railway Bridges] 

To have the best distribution of efforts, the upper hanger nodes should be placed 
equidistantly (shown with the distance d on the figure) and the hangers should cross 
the arch with the same angle (represented by α). This angle is actually the angle 

between the hanger and the line starting in the middle of two hangers to the center line 
of the arch (the dotted line on the figure 2.2.1). 
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Arrangement for a circular arch 

The method on how to find the adequate hanger arrangement is described in Brunn 
and Schanack (2003) page 69. Applying these instructions, for a single-track network 
arch with a span of 75 m, the following geometry is obtained: 

 

Figure 2.2.2: radial arrangement for a circular arch 

In this case, the arch is part of a circle with a constant radius. However, Brunn and 
Schanack (2003) recommend having a smaller curvature of the arch near the ends 
because it reduces the moments in the wind portals. 

Arrangement with wind portals 

The arrangement with wind portals should be the following: 

 

Figure 2.2.3: geometry for wind portals 

I applied: R1/R2 = 0,8 and         still following the guidelines. 

At the end, with the radial arrangement, the following geometry is obtained: 
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Figure 2.2.4: radial arrangement with wind portals 

2.2.3 Deck cross section 

The deck is a concrete slab, as advised by Per Tveit. Indeed, when the distance 
between the arches is less than 18 m, the deck should be made of concrete and 
prestressed. This gives a slender structure, less noise and saves materials. Besides, the 
dead weight of concrete acts in favor of the bridge. The deck has two edge beams to 
support the hangers and that will carry the prestressing tendons. 

As there is only one track 4,20 m are dedicated for the track with a layer of ballast of 
60 cm. A footpath for maintenance is on both sides of the bridge with a width of 85 cm. 
The slopes usually required for drainage are not considered here.  

The assumed thickness of the slab is 40 cm in the middle and 60 cm for the edge 
beams. 

The cross section can be seen on figure 2.2.5. The unit is the centimeter. The part in 
green is the ballast. 

 

Figure 2.2.5: cross section of the deck 
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2.3 Deck 

For the preliminary design, the prestressing tendons for the longitudinal and the 
transverse directions have to be calculated. 

2.3.1 Longitudinal direction 

In the network arch, all the deck is in tension. As concrete cannot take up tension, the 
deck needs to be prestressed. A prestressed structure is used here because of the high 
strength of the prestressing tendons. With normal reinforcement, it would take much 
more steel. 

The longitudinal prestressing has been determined at the ultimate limit states 
(maximum of STR a and b) and the serviceability limit state (combination charac-
teristic) with the self-weight and the traffic loads. It is indeed difficult in the 
preliminary design to estimate the effect of the braking force, the temperature and 
shrinkage. 

Per Tveit developed a formula to calculate the axial force in the deck.  

   
   

  
 

 

 
     

 

         
 

Where Ku is the tensile force, L the span, f the rise, vh the average angle of hangers and 
q the uniformly distributed load [TNA]. 

This one is used at midspan, where the axial force is assumed to be the largest. As no 
bending moment can be estimated, stresses of 75 % of those induced by the axial force 
are assumed from experience. 

The tendons used are from the VSL system and have the following characteristics: 

Type of 
reinforcement 

Steel quality 
fp0,1k/fpk(MPa) 

Strength (kN) Dimensions of 
anchorage plate or 
block (mm) 

Strand 12Φ13 1630/1860 2200 250*250 

Table 2.3.1: characteristics of the longitudinal prestressing tendons 

With this choice, 7 tendons are necessary at each edge beam. So it is makes an steel 
area of 111,5 mm2 per edge beam. 

These prestressing tendons should be placed at the gravity center of the edge beam, i.e. 
without eccentricity, as a straight line along the edge beam since the whole deck is in 
tension.  
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The stresses have been checked at the serviceability limit state as well to make sure 
that the deck will never be in tension. To do so, the different losses after tensioning 
have been included in the calculation. 

2.3.2 Transverse direction 

The choice for a prestressed solution is the same as for the longitudinal reinforcement. 

The deck in the transverse direction is considered a simple supported beam, with its 
supports on the center lines of the hangers. On this simple supported beam, the traffic 
loads and self-weights induce bending moments which are predominant in this case. 

The transverse prestressing has been determined at the ultimate limit states 
(maximum of STR a and b) and the serviceability limit state (combination 
characteristic) as well. Once again, the moments are calculated at midspan. 

As the efforts in the transverse direction are less important than those in the 
longitudinal direction, small wires with lower strength are used. The characteristics are 
taken form the BBRV system and are the following: 

Type of 
reinforcement 

Steel quality 
fp0,1k/fpk(MPa) 

Strength (kN) Dimensions of 
anchorage plate or 
block (mm) 

Wire 12Φ6 1500/1770 600 140*140 

Table 2.3.2: characteristics of the transverse prestressing tendons 

With this choice of reinforcement, 6 tendons are necessary per meter of slab. 

This time, as the moments are predominant, a parabolic shape can be used with an 
eccentricity at midspan of 10 cm and no eccentricity at the supports. 

The stresses have been checked at the serviceability limit state as well to make sure 
that the deck will never be in tension. To do so, the different losses after tensioning 
have been included in the calculation. 

2.3.3 Reinforcement 

According to Eurocode 2, a minimal reinforcement area is necessary for crack control 
in the deck (EN1992-2 7.3). The minimum crack width is assumed to be the most 
restrictive case, i.e. w = 0,2 mm. 
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The minimum reinforcement area for crack control is presented in table 2.3.3. 

Element Minimum reinforcement Corresponding area 

Transverse deck Φ10 s=20 cm on top and 
bottom. 

3,93 cm2/m x 2. 

Longitudinal slab Φ8 s=15 cm on top and 
bottom. 

3,35 cm2/m x 2. 

Longitudinal edge beams 5 bars Φ10 on top and 

bottom x 2. 
3,93 cm2 x 4. 

Footpaths 5 bars Φ10 on top and 
bottom x 2. 

3,93 cm2 x 4. 

Table 2.3.3: minimum reinforcement for crack control 

The shear is not included in these calculations for the determination of the stirrups and 
neither are other steel bars necessary for covering, construction, etc. This is the reason 
why a coefficient of 1,25 will be applied for the assessment of the reinforced steel. 

2.4 Arch 

At first, two arch profiles are assumed for the calculations. As advised by Per Tveit, 
universal columns are used. The bigger profile will be used for the wind portals, where 
the moments are supposed to be larger. To simplify the preliminary design though, the 
self-weight of the heavier one is applied all along the bridge and the properties of the 
lighter one are used. The profiles are presented in table 2.4.1. 

Designation Dimensions Section properties 

 G 
(kN/m) 

h 
(mm) 

b 
(mm) 

tw(mm) tf 
(mm) 

Area 
(10

2
 

mm
2
) 

Iz 
(10

4
 

mm
4
) 

Wplz 
(10

3
 

mm
3
) 

fy 
(Mpa) 

Class 

W 360x 410x 509 5,09 446 416 39,1 62,7 649 79400 5552 440 1 

W 360x 410x 382 3,82 416 406 29,8 48 487,1 53620 4031 440 1 

Table 2.4.1: properties of the arch profiles 
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Figure 2.4.1: arch profile with notations 

These data are from the Arcelor Mittal catalogue and the other values can be found on 
the file on the internet9. The weak axis z is horizontal in the network arch and is the 
one used in the calculations for the bending moments as all the forces are in a plane. 

The arch is checked at the ultimate state limits. Once again, only the axial force can be 
calculated with Per Tveit’s formula at midspan: 

      
   

  
 

 

 
     

 

         
 

The ratio found for the resistance is: 

     

   
          

The important margin (43 %) will be kept for the moments, since the arch should 
satisfy (EN1993-1-1 equation 6.2): 

   

   
 

     

     
 

     

     
   

It is also important to remind that holes will be drilled in the arch for the hanger 
connections, so the margin will also compensate for this. 

The buckling resistance of the arch, only member of the bridge in compression, will be 
checked with the finite element model. 

 

                                            

9
http://www.arcelormittal.com/sections/fileadmin/redaction/PV_ES/american_sections/W.pdf 

http://www.arcelormittal.com/sections/fileadmin/redaction/PV_ES/american_sections/W.pdf


CHAPTER 2. PRELIMINARY DESIGN 

 30 

2.5 Hangers 

There is no method to calculate the minimum section for the hangers. It is said that all 
hangers undergo the same stresses more or less, so all the hangers are the same. From 
other bridges, a diameter of 5 cm for each hanger is chosen. As seen in the material 
table, it is made of high-strength steel S 460 ML. As it is only subjected to tension 
(they relax under compression), the only check resistance should be (EN1993-1-1 
equation 6.5): 

   

     
     

With yield strength of 430 MPa (EN1993-1-1 table 3.1), the maximum admissible 
stress in a hanger is therefore: 

             

This will be observed in the finite element model results. 

In the model, only the cross-section area is needed. As fatigue is not considered in this 
project, the hangers could as well be round or steel plates. 
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3  
 
Finite element model 

3.1 Establishment of a model 

In order to have realistic and accurate enough results on all the bridge, a finite element 
analysis must be carried out. This model aims at checking the preliminary results and 
assumptions. Real load cases can be simulated with all the actions considered in this 
project to see their influence on the structure, such as a possible relaxation of hangers 
or local unfavorable efforts. 

The model has been created with Abaqus, which is a powerful finite element analysis 
software. 

3.1.1 Choice of parameters 

Given that Abaqus is an extensive program, the choice of the different parameters to 
create the model is essential. The results are affected greatly by this definition of the 
model. 

Geometry 

The geometry of the model is given by the assumptions described in the “preliminary 
design” chapter. For practical reason, the model is programmed by hand and imported 
in Abaqus CAE to check it. 

Property 

In the property module, the geometry and characteristics of the elements should be 
defined as inputs. 

First, the type of elements should be chosen. It is clear to take beam elements for the 
arch and the deck as we want the moments and truss elements for the hangers and 
they do not take up bending moments but only tension.  

As it is not possible to create the exact profile of the deck, it is assumed to be a 
rectangular shape with the same values for the area and the second moment of area. 
For the arch, as the I-section is available only with the strong axis horizontal (when it 

Chapter 
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is wanted vertical), a generalized shape is created with the same properties. The results 
are thus not altered. The material properties are the same as described in table 2.1.2. 

For hangers, the definition of a profile is not necessary. Only the area and the 
definition of the material are needed. The properties of the steel of the hangers are the 
same as described in “Materials”. Abaqus has a very useful option that can allow no 
compression for the hangers. As soon as it calculates a negative stress, it inputs zero in 
the hanger, thus making it ineffective. The option is selected for the hangers. 

Loads and boundary conditions 

A step load is created to input the different loads and the boundary conditions. The 
step created is from the category “Static general”. A static linear perturbation cannot 
be used in this case because of the non-linearity caused by the option “no 
compression”. 

The loads can be created as defined in the Eurocode. The boundary conditions are a 
simple support on the right end and pinned at the left end. There is thus a longitudinal 
deflection. 

Mesh 

The mesh is probably what is most characteristic and particular of a finite element 
model. 

First, the element type for the mesh must be selected. For the hangers, truss is the 
obvious choice. To model 2D beams, Abaqus offers two main choices: Euler-Bernoulli 
beams or Timoshenko beams. Timoshenko beams take into account the shear 
deformation and are thus more precise. Usually, in simple model where shear can be 
neglected, Euler-Bernoulli beams are an efficient solution.  
Mellier (2010) in her thesis found out that for a time step larger than 0,003 s, the 
analysis time does not depend on the type of element. That is the reason why I choose 
Timoshenko elements for the arch and the deck, even though the shear will not be 
studied in this project. 
As it is in two dimensions, the choice is more limited than for a 3D model. 

The second important parameter is the size of the mesh. An analysis of a simple 
supported beam of 75 m has been carried out for different mesh sizes. In table 3.1.1 are 
the results for the bending moments with a concentrated load at midspan with the 
same parameters as described in the above sections. 

As we can see, the results are very accurate even for a small number of elements. For a 
distributed load, the results are even more accurate, as we can see in table 3.1.2. 

As the stress is calculated with the moments, the accuracy is the same. 

For a more efficient data processing, a small number of nodes is better. The mesh size 
of 2 meters seems appropriate for both the degree of accuracy and the number of nodes. 
Besides the distance between the upper nodes of the hangers is 2,15 meters (they are 
equidistant), so more nodes between those needed are not required. 
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Load 1000 N 
 Span 75 m 
     

Theoretical moment at midspan -18750 N.m 

Meshsize Numberof points Moment at midspan Accuracy 

7,5 m 11 -16875 90,00% 

5 m 17 -17578,1 93,75% 

3 m 27 -18028,8 96,15% 

2 m 39 -18256,6 97,37% 

1 m 77 -18503,3 98,68% 

0,5 m 151 -18625 99,33% 

0,3 m 251 -18675 99,60% 

Table 3.1.1: comparison of different mesh sizes for a concentrated load 

Load 1000 N/m 
 Span 75 m 
 

    Theoretical moment at midspan -703125 N.m 

Meshsize Numberof points Moment at midspan Accuracy 

7,5 m 11 -6,89E+05 98,00% 

5 m 17 -6,98E+05 99,22% 

3 m 27 -7,01E+05 99,70% 

2 m 39 -7,02E+05 99,86% 

1 m 77 -7,03E+05 99,97% 

0,5 m 151 -7,03E+05 99,99% 

0,3 m 251 -7,03E+05 100,00% 

Table 3.1.2: comparison of different mesh sizes for a distributed load 

The tables show only the comparison at midspan. Nevertheless, this is the less accurate 
point since the other points are 100 % accurate. 

It has to be noted that the goal is not to have results 100 % accurate for the efforts in 
the structure, but to have a realistic amount of steel necessary for the construction the 
network arch bridge. 

Outputs 

As often as possible the output for integration points, more precise, are used. The 
interesting parameters in the design are the horizontal and vertical deflections 
(respectively u1 and u2), the section forces and moments (SF and SM) and the stress 
in the axial stress (S11). 
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3.1.2 Check of the model 

To make sure the chosen parameters are correct, the model has to be tested and 
checked. 

One model in the available literature has been really detailed, for the input used and 
the results obtained. This model is a network arch bridge designed by Per Tveit and 
presented at the IABSE congress at Vienna in 1980.  

Presentation of the bridge 

Two models were designed with different hanger arrangements. The one used to 
compare the Abaqus model is called Vienna 200A and is illustrated in figure 3.1.1. 

 

Figure 3.1.1: Vienna 200A 

The span is 200 meters and the rise 30 meters (so a ratio of 15 %). It is a roadway 
bridge, which has been designed according to the Danish codes of the time.  

The calculations were made with the use of an optimization program called FEMOPT. 

The different values used to design the network arch, such as the properties are 
available in the Appendix C.  

These values have been used in the Abaqus model as well. 

A simple loadcase is studied: the dead weight all along the bridge of 69 kN/m and the 
live load of the same intensity on 54 % of the span. This configuration and Tveit’s 
results are illustrated on figure 3.1.2. 
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Figure 3.1.2: Per Tveit’s loadcase and results [TNA] 

For this simulation, as the calculations were not as sophisticated as today, it is 
probable that Per Tveit used Euler-Bernoulli beams. This is what is used in Abaqus as 
well. 

Comparison of results 

For the Abaqus model, the 14 same hangers relax too (dotted lines in figure 3.1.2). 

The results for the axial forces in the arch and the deck are quite similar, with an 
average error for the deck of 10,3 % (with a peak of 40 % on the edge) and 8,95 % for 
the arch. Per Tveit’s results are always higher than the Abaqus results. The error 
along the chords is showed figure 3.1.3. 

 

Figure 3.1.3: Error for the axial force in the Abaqus model 
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For the moments, it is more difficult to read the values on the graph. Thus the results 
have to be considered carefully since errors due to misreading and rounding figures 
must be included. 

Below are the graphs comparing the Abaqus results to Tveit’s for the bending 
moments:

 

 

Figures 3.1.4: Comparison of the bending moment in the chords 

The shape is the same but the values are a bit different: lower than Tveit’s in the deck 
but higher in the arch. It can be understandable because Tveit used different arch 
profiles for his design, big at the ends and smaller towards the middle. In the Abaqus 
model, for simplicity, only the biggest profile has been used all along the arch. 

The results for the influence lines for bending moments in the deck are compared (see 
table 3.1.3). 

 
Abaqus Per Tveit Error 

Midspan (m) 1,67 1,4 19,29% 

Quarterpoint (m) 1,57 1,3 20,77% 

Table 3.1.3: Comparison of maximums of influence line 
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An important error of 20 % can be found for the moments, which explains the 
difference in the graphs. All the results were taken from The Network Arch (2011). But 
it is worth remarking that in 1992, in a report called Network Arches in perspective the 
results were 1,5 m for quarterpoint and 1,7 m for midspan which is really close to what 
the Abaqus model found. The reason why the values were changed in the later reports 
is unknown; Per Tveit might have tried a more accurate model or it might have simply 
been a mistake. 

The results are quite satisfactory for the structural behavior or the network arch. The 
axial forces are very close and the number of hangers relaxing is the same despite some 
simplifications. It has to be kept in mind that the calculations in 1980 must have 
included several simplifications in the first place and that the computations were less 
advanced than today. 

3.2 The wind portal frame 

As advised by Brunn and Schanack (2003), the arch should not be circular but be 
composed of two arcs with different radii. In this part, the difference in terms of 
internal efforts is analyzed. 

Two geometries are compared: one with a constant radius and the other one as advised 
by Brunn and Schanack (2003) in order to quantify the supposed advantage. The 
loadcase is a simple one: the dead weight of the structure and the traffic load all along 
the bridge. 

An important thing to note is that the geometry of the optimized arch with smaller 
curvature near the ends needs to be found and is empirical. Indeed, if the same rules as 
for a circular arch are applied, the resulting stresses in the hangers are worse. It is what 
Brunn and Schanack call adapting “maverick hanger forces” by shifting the upper 
hanger nodes. However, this step is purely empirical and has to be found by iterations. 

After several tries, figure 3.2.1 shows the final structure for the network arch with wind 
portal frame: 

 

Figure 3.2.1: the finalized wind portal structure 

As can be seen, the upper hanger nodes need to be shifted and gathered in the smaller 
radius arc. This configuration was the best found but it is possible that it is not the 
most effective as there is no formula. See Annex A.1 for the coordinates. 
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The comparison for the internal efforts between the circular arch and the wind portal 
arch is illustrated in the following graphs (figures 3.2.2): 

 

 

Figure 3.2.2: Comparison of efforts for wind portal and circular arches 

The axial forces near the ends are a bit lower for the wind portal solution: 3% decrease 
at most. So the axial force does not change. The bending moment, however, changes 
dramatically at the ends, decreasing by more than 50 % for the wind portal. A peak is 
noticeable just after the smaller curvature. The intensity of the peak is not high 
though. 

As an overall result, the stresses are diminished by 10 % at the ends and are thus 
smoothed over. It is visible for the resistance check of the arch. When checking that: 
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The following curves are obtained: 

 

 

Figure 3.2.3: Check of the resistance of the arch for different configurations 

It is obvious that, as Per Tveit had predicted, for a circular arch some problem due to 
the moments arises at the ends. With a configuration with smaller curvature near the 
ends (called “wind portal” here), the resistance check along the arch is almost constant 
with no problem near the ends. 

Concerning the hanger forces, small irregularities appear in the wind portal model. 
When all hangers seemed to undergo the same stresses in the circular configuration (a 
maximum variation of 8 % except for the first hanger), for the wind portal model the 
hanger forces vary more in the smaller curvature part. The maximum hanger force 
increases in the latter configuration by 7 % (see figure 3.2.4). 

Conclusion 

The configuration with smaller curvatures near the ends, called with wind portal, 
appears to have better structural results with a decrease of the moments and no local 
increase near the ends. There is a slight increase in the hanger forces but it is very 
small (less than 10 %). 

However from a practical point of view, the solution with wind portal seems much 
more costly with different arcs to be fabricated and assembled. From an aesthetical 
point of view, the solution with different radii is questionable too: with one radius the 
structure is regular and can appear more attractive at first sight. For the loadcase 
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studied, the structural results are indeed better but the improvements are almost 
negligible: stresses reduced by 10 %, resistance ratio reduced by 5 %.  

 

Figure 3.2.4: Comparison of the hanger stresses 

It would be interesting to check the extra price for the construction and the erection of 
an arch with smaller curvatures at the end and to compare it with the steel saved in 
that case. 

As a criticism for this analysis, it is true that the load case studied is quite simple and 
does not represent the reality. Besides the final arrangement might not be the optimal 
one. That is one of the reasons why the wind portal configuration will be the one used 
in the study of the bridge, the main reason being that the cost of the construction is 
not included in this project. 

It is also important to note that in this load case, for both the circular and wind portal 
configurations, a stronger arch profile does not seem necessary. That is why in the rest 
of the project, the smaller profile will be modeled all along the arch and, if necessary, 
the stronger one will be added at the ends. 

3.3 Check of the design 

With a proper model established, the preliminary design can be checked and modify if 
necessary. 

3.3.1 Influence lines 

As it is difficult in such a bridge to predict where the loads should applied to have the 
most unfavorable position, the influence line for several parameters are drawn. These 
influence lines are valid only if no hanger relaxes. If one or more does, the analysis is 
not linear anymore and therefore the influence lines are not applicable. 
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Three points are chosen for the chords: one at the end of the chord, a quarterpoint and 
at midspan. The structure being symmetric, it should be enough to describe the whole 
bridge. 

In order to be clearer the load applied was of a magnitude of 1 kN downwards. 

Deck 
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Figure 3.3.1: influence lines for the deck 

Several remarks can be already made about the behavior of the deck. 

The first one is that the maximum vertical deflection appears at midspan, which is 
obvious for a simply supported beam. The maximum deflection is expected with the 
traffic load all along the bridge. 

Although it may not be obvious when we look at it, the bending moment will give the 
most unfavourable case. The positive area for the axial load is around 56,5 m and the 
negative area for the moment is around -8,18m2. Compared like this, it does not mean 
anything, but the stress induced in the edge beam by the moment is 58,5 Pa for 1N/m 
when it is 36,7 Pa. 
Here is a table presenting the stresses if a load is applied according to the influence 
lines of the axial force or of the bending moment. 
 

According to axial force End Quarterpoint Midspan 

Due to axial force (Pa) 36,27 36,78 36,71 

Due to moment (Pa) 0,59 17,51 16,18 

Total (Pa) 36,86 54,28 52,89 

    According to moment End Quarterpoint Midspan 

Due to axial force (Pa) 31,02 17,59 16,43 

Due to moment (Pa) 34,12 51,88 58,53 

Total (Pa) 65,14 69,47 74,96 

Table 3.3.1: Stresses in deck under several load configurations 

So the most unfavourable load configuration for stresses is, according to the influence 
lines, of the bending moment at midspan. 

This is applicable for the traffic load only. The dead weight is, of course, distributed all 
over the bridge. As its value is bigger than the traffic load, the configuration with the 
load all over the bridge will be studied too (at quarterpoint according to the influence 
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So the bending moment is sometimes dominant in the deck. 

Arch 

The influence lines for the arch are presented in figure 3.3.2. The different points are 
situated at the end of the arch, around the quarterpoint and around the middle. 

 

 

Figure 3.3.2: Influence lines for the arch 

The same analysis as for the deck can be done as well (see table 3.3.2). It was clear 
from the curves that the axial force is largely predominant in the arch. Thus, for the 
arch, only the traffic loads will be applied all over the span. The amplitude of the 
stresses is also very large comparing to those in the deck, hence the arch in high steel 
material. 
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According to axial force End Quarterpoint Midspan 

Due to axial force (Pa) 1348,93 1375,19 1399,93 

Due to moment (Pa) 128,19 45,60 36,74 

Total (Pa) 1477,12 1420,80 1436,67 

    According to moment End Quarterpoint Midspan 

Due to axial force (Pa) 1148,86 674,55 644,99 

Due to moment (Pa) 130,58 105,17 97,81 

Total (Pa) 1279,44 779,72 742,80 

Table 3.3.2: Stresses in arch under several load configurations 

3.3.2 At SLS 

As said previously, only the characteristic and frequent combinations will be studied 
for the serviceability limit state. The characteristic combination, in this project, is used 
for checking the prestressing tendons in the deck. The frequent combination is used to 
check the deflections of the bridge. 

Check of the prestressing tendons 

The longitudinal prestressing tendons need to be checked since many loads could not 
be included in the preliminary design and the concentrated loads were softened. A 
probable redesign is therefore expected. 

As stated in the previous paragraph, two different load configurations will be studied.  

The first one is with the traffic load all over the bridge and the axle loads around the 
quarterpoint. For such a configuration (configuration 1), the following graph is 
obtained (figure 3.3.3): 

 

Figure 3.3.3: Stress in the deck in configuration 1 
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The peak reaches 9,55MPa for a prestress force of 8,96 MPa for the long-term effects. 

The second configuration (see figure 3.3.4) is the one with the traffic load placed to 
have the highest negative moment at midspan. The axle loads are in the middle of the 
bridge. 

 

Figure 3.3.4: Load configuration 2 

 

Figure 3.3.5: Stress in the deck in configuration 2 

In configuration 2, the efforts are much larger, the center of the deck being even in 
compression. The peak reaches 10,93 MPa. 

More prestressing tendons need to be added to counteract the local effects due to the 
axle loads. For the final design of the prestressed deck, 9 tendons per edge beams are 
needed. With this, the prestress in the deck including long-term effects is 11,68 MPa 
which exceed any stress encountered in the deck. 

This design is probably on the safe side or even overdesigned. In other projects, the 
characteristic combination is not used to design the structure. 
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Concerning the transverse tendons, no problem such as for the longitudinal direction, 
is expected, given the concentrated loads were considered during the preliminary 
design. Therefore, the number of tendons remains 6 per meter of slab. 

Relaxation 

A case worse than the ones studied and not foreseen could happen, if a load 
configuration makes some hangers relax. With the characteristic combination, no 
relaxation occurs in the hangers. 

Design criteria 

According to En1990 Annex 2, the deflections of the bridge should not exceed certain 
limits. 

The vertical deflection has two different limits: for traffic safety and for passenger 
comfort. 

 For traffic safety, the Eurocode states “for all structure configurations loaded with the 
classified characteristic vertical loading in accordance with EN 1991-2, 6.3.2 […] the 
maximum total vertical deflection measured along any track due to rail traffic actions 
should not exceed L/600”. The vertical loading is LM 71 as shown in figure 2.1.1 with 
the coefficients φ2= 1 and α = 1,33. 

For passenger comfort, the limitation depends on several parameters such as the span 
length, the configuration of the bridge and the speed. For a level of comfort “very 
good” and a maximum speed of 200 km/h, the limitation of the bridge studied is 
 

 
             and the vertical deflections δ should be determined with Load 

Model 71 multiplied by the factor φ2 and with the value of α = 1,0 (EN1990 A2.4.4.3). 

For the longitudinal deflections, there are 2 limits as well. The first one, due to braking 
and traction only, should not exceed 5 mm. The second one, due to vertical actions 
Load Model 71, should not exceed 8 mm. These limits are the most severe ones, 
considering no expansion devices at the ends of the bridge. 

The loadcases Gr11 and Gr13 are used to determine the maximum deflections due to 
rail traffic actions. 

The maximum deflections compared with their respective limits are presented in the 
following table: 

 
Deflection (mm) Limit (mm) 

Traffic safety 64 125 

Passenger comfort  48 134 

Traction and braking  0,7 5 

Longitudinal due to LM71  6,5 8 

Table 3.3.3: Deflections and their limits 

All the deflections are under the limit values. There is no problem concerning the 
deflections.  
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Check of the previous assumption 

In the preliminary design, a number of assumptions were made. They have to be 
checked with the finite element model. 

It was assumed that buckling of the arch was not a problem. A buckling analysis on 
Abaqus revealed the first modes with the values of the buckling loads. The first one, 
with the lowest buckling load, is represented in figure 3.3.6.The intensity of the 
buckling load for a distributed load all over the bridge is 942,12 kN/m which is far 
higher than the loads used. Buckling in the plane of the arch is therefore excluded. 

 

Figure 3.3.6: First buckling mode 

The second important assumption was that a dynamic analysis was not required for 
this bridge that carries traffic up to 200 km/h. For this to be true, the first natural 
bending frequency of the bridge loaded by permanent actions, n0 (Hz), must be within 
the range [1,83; 3,75] Hz according to EN1991-2 6.4.4. 

With Abaqus, the first natural bending frequency is obtained and is 2,73 Hz which is 
within the range. Thus, a dynamic analysis of the bridge is not required and the 
assumption is verified. 

 

Figure 3.3.7: First natural mode with n0=2,73 Hz 
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3.3.3 At ULS 

For the check at the ULS, the maximum of STRa and STRb is used. The resistances of 
the arch and of the hangers are checked. 

Resistance of the arch 

As found out with the influence lines, the distributed traffic load will be applied all 
over the span. The concentrated traffic loads will vary on the span to find the most 
unfavourable results. 

The combination STRb is here the most restrictive as the traffic load is bigger and the 
permanent loads lower. The resistance is checked with the formula below. 

   

   
 

     

     
   

For the universal column W 360x410x382 that is the arch, the design values of the 
resistance of the cross-section are: 

          
  

   
       

   

   
            

            
  

   
          

   

   
              

The most meaningful parameter to see the resistance is this ratio against the 
coordinates of the nodes. Here are the graphs for some load configurations (figures 
3.3.8). 
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Figure 3.3.8: percentage of the resistance taken along the bridge for different 
configurations 

The maximum is constant all over the arch and does not exceed 60 %, which is on the 
safe side. The effect of temperature is noticeable by the small increasing at the ends of 
the arch. However, this increasing is very low and no higher than 2 % near the ends 
and around 0,3 % in the middle. The effect of temperature could actually be negligible 
in this project. This confirms the hypothesis to neglect the shrinkage, which has the 
same effect as the temperature but with narrower change of temperature. 

Seeing these results, a possibility would be to redesign the arch for a smaller profile 
with a percentage of the resistance taken close to 80 %. However, this profile will 
remain the one used for the arch. The main reason is that in this 2D model, only the 
loads in the plane are taken into account. The effect of lateral loads, such as the wind, 
will cause important moments in the arch, which are not considered here. Secondly, 
buckling out of the plane exists and is the reason why the I-profile is oriented with its 
weak axis on the vertical direction. In doubt, a large margin on the safe side is favored. 

Seeing the variation of the results, in this case, a stronger profile near the ends seems 
unnecessary. The arch is made out of the same profile for all its length. 
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Resistance of the hangers 

As the hangers are made of high-strength steel S 460 ML and work only in tension, the 
maximum allowable stress at ULS is 430 MPa (for a diameter of 5 cm). 

Of the different combinations studied, the most restrictive one for hangers is with the 
axle loads situated between quarterpoint and the end of the deck. One hanger 
undergoes more severe forces than the others do the one in red on figure 3.3.9. 

 

Figure 3.3.9: most severe load configuration for hangers 

This hanger is one of the two whose section force increased during the modification 
from a circular arch to a wind portal frame. The second hanger is the one right up to 
the first one. The two weakest hangers are these ones, right before and after the change 
of radius. 

In the most severe load case, they take up maximum 300 MPa, with thus a ratio of 70 
% of the resistance taken. 

Relaxation 

As for the SLS, the relaxation must be checked. No relaxation occurs despite a ratio 
live load to permanent load superior to one (1,03). This hanger arrangement proves to 
be really efficient and effective in this case. 
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4  
 
Final design 

4.1 Final design 

To conclude this project, the final design is as followed. 

4.1.1 Arch  

A unique profile W 360x410x382 with material S 460 ML is used. The Abaqus analysis 
revealed that a bigger profile for the wind portal was not necessary as the difference 
along the arch is negligible. The arch may be overdesigned with this 2D model 
(resistance ratio of 60 %). However, as other forces were not included and holes in the 
arch can be drilled, the choice has been made to keep the profile. The margin will 
compensate for these omitted factors. 

4.1.2 Hangers 

The radial hanger arrangement designed by Brunn and Schanack proved to be very 
efficient with no relaxation occurring in the bridge with even a ratio live load/dead 
load important (around 1) due to the rail traffic.  

 

Figure 4.1.1: the finalized geometry with wind portal structure 

The hangers are circular with a diameter of 5 cm in material S 460 ML .They could as 
well be steel plates with the same area, as it makes no difference in the present analysis 
given fatigue was not included. 

Chapter 
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4.1.3 Deck 

The cross section of the deck is not changed. A more precise analysis revealed that 
more tendons were needed due to the concentrated traffic load. The final reinforcement 
are summarized and represented below: 

 

Direction Number of tendons 
Type of 
reinforcement 

Steel quality 
fp0,1k/fpk(MPa) 

Longitudinal 9 per edge beam Strand 12Φ13 1630/1860 

Transversal 6 per meter of slab Wire 12Φ6 1500/1770 

Table 4.1.1: characteristics of the prestressing tendons 
 

Element Minimum reinforcement Corresponding area 

Transverse deck Φ10 s=20 cm on top and 
bottom. 

3,93 cm2/m x 2. 

Longitudinal slab Φ8 s=15 cm on top and 
bottom. 

3,35 cm2/m x 2. 

Longitudinal edge beams 5 bars Φ10 on top and 

bottom x 2. 
3,93 cm2 x 4. 

Footpaths 5 bars Φ10 on top and 
bottom x 2. 

3,93 cm2 x 4. 

Table 4.1.2: minimum reinforcement bars and areas for crack control 
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4.2 Steel weight assessment 

Per Tveit liked to compare the different bridges with the steel weight. Let us estimate 
the steel needed for this network arch and compare it with what he predicted. 

 
Volume (m3) Mass (t) 

Structural steel 

Arch - 60,66 

Hangers 1,62 12,76 

Windbracing - 6,00 

Total 79,42 

Prestressing 

 
1,83 14,33 

Rebars 

 
0,86 6,81 

Total 100,6 

Table 4.2.1: Steel weight assessment 

For the windbracing, a ratio of 7,5 % compared to the total structural weight was 
estimated. This ratio seems realistic as in Brunn and Schanack it is 6,25 % and for the 
Åkvik Sound it is 7 % (miscellaneous included). The steel density is 7850 kg/m3. 

If this figure is compared with what Per Tveit predicted, it is found that Per Tveit was 
right and that the steel weight fits in the range for a single-track network arch bridge 
(see figure 4.2.1). 

 

Figure 4.2.1: Weight prediction from [Tveit 1973] with the studied bridge 

Even considering the mistakes due to simplifications, this quantity of steel fits perfect-
ly in the foreseen range. 
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4.3 Conclusion 

4.3.1 The design 

The design according to Per Tveit seems to work well. The concrete deck is strong 
enough to take up the efforts with prestressing tendons, thanks to the high-strength 
materials for concrete and steel. 

The hanger arrangement defined by Brunn and Schanack works very well as no 
relaxation occurs at neither serviceability limit states nor ultimate limit states. This 
can be compared to Per Tveit’s model Vienna 200A, which served as a reference for the 
check of the model. For a live load of the same intensity as the dead weight on 54 % of 
the span 14 hangers relaxed, leading to extreme intern efforts and deflections in the 
bridge. At ULS, the ratio is for this project is slightly greater than one. However the 
live load on half the span causes no relaxation. This proves the efficiency of the radial 
arrangement comparing to the arrangements used before. 

For the 2D model, there is no problem caused by the buckling in the plane. The 
buckling out of the plane must be more unfavorable given the orientation of the 
universal column.  

The arch and hangers are designed on the safe side. The arch is expected to take more 
moments than those taken into account on this project. For the hangers, a lower 
quality could be used, such as S 355 ML whose maximum stress would be 335 MPa 
(EN1993-1-1 table 3.1). The maximum resistance ratio would then be 85 %, which is 
acceptable. It is true that all hangers undergo the same internal force. 

The arch with wind portal works better than a circular arch. However, the price due to 
the complications of fabrication and assembly is not assessed here and this has to be 
included to have a real comparison. Little information is available on existing network 
arch bridges and it would be interesting if a network arch bridge with wind portal has 
ever been constructed. 

The concrete deck can be very slender thanks to the use of high-strength materials, 
which makes the bridge elegant.  

Concerning the use of railway traffic on network arches, this thesis proves that it is 
appropriate with a static analysis. The deflections are acceptable and the internal 
efforts in the bridge do not cause problems. 

4.3.2 The steel saving 

Comparison with traditional bridges  

It would be interesting to compare the amount of steel of the network arch with tied-
arch bridges with vertical hangers. Table 4.3.1 presents some traditional bridges and 
the one designed in this project. 
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Bridges Span Tracks Steel weight (t) Remark 

Varennes 2011 75 m 1 101   

Dessus A6 62 m 2 1800 High-speed trains 

Bompas 124 m 2 2400 High-speed trains 

Mornas 90 m 2 1200 High-speed trains 

Mondragon 120 m 2 2300 High-speed trains 

Table 4.3.1: Steel weights of some railroad arch bridges10  

It is hard to compare the steel weights as the number of tracks and the function are not 
the same.  

What is possible is to compare these recent French railroad bridges with the equivalent 
network arch. To determine the equivalent steel weight, formulas are extrapolated for 
the curves seen in figure 4.2.1, since the calculations confirmed those curves. An 
exponential function is chosen, as it is simple and fits Tveit’s results (see figure 4.3.1). 

 

Figure 4.3.1: Trend lines of Per Tveit’s predictions 

With these formulas, the maximum error is 8 % and is only around the 130 m spans. 
Since the predictions are comprised in a range of values, it is acceptable. 

 

 

 

                                            

10 http://www.ar-c.fr/fichesprojets/ViaducMornasMondragon.htm, http://www.ioa.fr/ and www.cfl.lu/  
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With the equivalent steel weights, the comparison is the following: 

 

Figure 4.3.2: Comparison of bridges with vertical hangers with their equivalent 
network arches from Tveit’s predictions 

The savings of steel made comparing to railroad bridges with vertical hangers are 
impressive with ratio ranging from 3,8 to 9,7. The 9,7 ratio for the “Dessus A6” bridge 
seems out of the charts though as the other ratios are 3,8 and 4,1 and 4,3.  

Comparison with existing network arches  

To make sure that these high ratios are realistic, it is necessary to check if the 
calculations match the materials used for the newly constructed network arches. 

Data about network arch bridges built are not easy to find. However, some data of 
steel weight for railroad network arch bridges are available and the figures are quite 
surprising. A German railway bridge over Mittellandkanal has one track, is 132,6 m 
long and needed 1000 tons of steel. Another bridge in Germany, over the Oder River, 
has  two tracks, is 104 m long and 1,100 tons of steel were necessary to build it. 
Finally, a bridge that is similar to the one in this project: a single-track railway 
network arch with a span of 89 m needed 670 tons of steel for its construction.11 

                                            

11
Preliminary Version Systematic thesis on network Arches, 2011. 
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Figure 4.3.3: Comparison of theoretical and real steel weights for railway network 
arches 

The graph in figure 4.3.3 represents Tveit’s prediction for single and double-track 
railway network arch bridges, their trend lines as an exponential function, and results 
taken from calculations (B&S 2003 and Varennes 2011) and the results from the 
bridges mentioned previously. 

The extremely large difference – a factor from 2,7 up to 4,4 – is due to the fact that 
these bridges have a steel deck with longitudinal girders. Still, the difference is 
surprising. It is not mentioned whether these bridges are designed for high-speed 
trains. If it is the case, a dynamic analysis must have been carried out and might have 
brought to light large values for deflections or vertical accelerations. 
 
A static analysis did not reveal any major flaws to the network arches. On the 
contrary, the results found on this project are positive and are going in the direction of 
Per Tveit’s assertions. 

The steel beams might be chosen to provide additional dead weight. For the hangers to 
have less chance to relax, the dead weight of the bridge should be important. Adding 
steel beams contributes greatly. 

Another reason could be the choices of the contractors. They might not trust a 
prestressed concrete deck or have higher safety coefficients. This is just a supposition 
and it cannot be answered. That is why a dynamic analysis should be the next thing to 
study on this type of bridges. 

Existing network arches with traditional arch bridges  

However, despite the great difference between the theory and the construction, the 
network arch bridges use less steel than traditional arch bridges with vertical hangers 
(see figure 4.3.4). 
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Only two spans can be compared since both the steel weights of network arches and 
traditional bridges are needed for the same span.  

 

Figure 4.3.4: Comparison of bridges with vertical hangers with existing network arches 
for two spans 

A realistic savings ratio is around 2 (in those cases 1,8 and 2,4). However, as specified 
in the previous paragraph, the reason why it is not more as found in theoretical 
calculations is unknown. 

4.3.3 Limits of the thesis 

As the project includes many simplifications, the limits are numerous. As a reminder, 
the goal was only to have an assessment of the steel weight needed to evaluate the 
advantage of this structure. An error of say 15 to 20 % is therefore not so important, 
provided the margin with other type of bridges is clear and differentiable.  

First of all the model is only a 2D model. The results are thus simplifications and all 
the forces and the internal efforts in the transverse directions are not included. In 
Abaqus the geometry is sometimes simplified, like for the deck which is represented as 
a rectangle. Materials were assumed to be linear, which should be acceptable. The final 
geometry does not take into account technical issues such as drainage. 

Concerning the loads, some loads or actions are omitted or neglected. In a real project, 
they should be taken into consideration. Some loads, like the traffic loads, should 
include some geometric imperfections. These were not considered. 

The finite element software used is Abaqus. It is a powerful tool for non-linear analysis 
or studies of a precise part of a structure. For the design of a bridge, where several 
combinations and their coefficients must be used, Abaqus is not adapted to the task, 
too powerful even. A perfect software is Lusas or Robot Analysis where combinations 
can be inputted with coefficients are the output is an envelope maximum and 
minimum. With Abaqus, each combination case should be run and analysed by hand. 
On the same matter, the worst configuration has to be found by iteration. 
Consequently, the most restrictive configuration and results might have been 
overlooked, although many cases were run and influence lines were drawn to avoid this. 
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The present study is only a theoretical static analysis. The foundations were not 
included in the project, only the superstructure was designed. Fatigue and shear are 
not considered. There might be more steel needed due to construction or factors that 
were omitted.  

A real preliminary design includes a study and an anticipation of the construction 
methods, as well as the workers and machines necessary. This was not considered.  

The bridge designed carries trains up to 200 km/h. Exceeding this limit a dynamic 
analysis must be carried out. 

4.4 Future work 

Hopefully this thesis will open new opportunities for Master’s students at KTH to 
investigate further network arch bridges. As this project showed, there are still some 
interrogations as to why constructed network arches need more steel than proved in 
calculations. Moreover, it is an interesting subject and one that is developing and that 
undoubtedly will still for years to come. 

The first thing to do to develop and validate these results is to build a 3D model with 
finite element software. As mentioned earlier, software as Lusas or Robot Analysis is 
preferred for the design of the structure. This model should take into account the 
transverse loads omitted in this project and detail more the structure to have a better 
estimation of the steel weight needed. The steel weight assessed in this thesis is only a 
rough estimation; a more thorough analysis on a 3D model would be more accurate. 

Besides, this 3D model could be used as a solid basis to continue research on the 
network arches. 

An imperative work is to carry out a dynamic analysis. More and more often railroad 
bridges are used for high-speed lines, as are all the ones with vertical hangers in 
France. The problem may hide there. There is no dynamic analysis on any network 
arches in Per Tveit’s available publications or on the Internet. So there’s probably 
little work done on the dynamic behavior of these bridges. Apart from the usual 
vertical deflections and accelerations to check according to the Eurocodes, there might 
be some problems concerning the vibration of hangers since in this case many may 
have the same length. 

Construction methods and maintenance over the life of a network arch should be 
studied through a LCA (Life Cycle Assessment) and LCC (Life Cycle Cost) to have a 
more complete idea and a conclusion about the advantages of the network arches over 
traditional arch bridges. This analysis should be carried out on a real or realistic 
project to be meaningful. 
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A  
 
Geometry of the bridge 

A.1 Initial geometry with wind portals 

The initial geometry of the bridge with wind portals is represented in chapter 2 figure 
2.2.4. The coordinates of the nodes are: 

Arch x y 
 

Deck x y 

1 -35,709 1,183 
 

37 -37,500 0,0 

2 -33,873 2,296 
 

38 -35,884 0,0 

3 -31,995 3,335 
 

39 -32,829 0,0 

4 -30,076 4,299 
 

40 -29,864 0,0 

5 -28,122 5,187 
 

41 -26,83 0,0 

6 -26,148 6,032 
 

42 -26,818 0,0 

7 -24,153 6,825 
 

43 -23,916 0,0 

8 -22,134 7,554 
 

44 -21,044 0,0 

9 -20,093 8,220 
 

45 -19,733 0,0 

10 -18,032 8,820 
 

46 -18,183 0,0 

11 -15,953 9,356 
 

47 -15,308 0,0 

12 -13,858 9,826 
 

48 -13,406 0,0 

13 -11,749 10,229 
 

49 -12,394 0,0 

14 -9,629 10,566 
 

50 -9,409 0,0 

15 -7,499 10,836 
 

51 -8,474 0,0 

16 -5,362 11,039 
 

52 -6,315 0,0 

17 -3,220 11,174 
 

53 -4,216 0,0 

18 -1,074 11,242 
 

54 -3,063 0,0 

    
55 -0,416 0,0 

  
56 0 0,0 

 

  

 

The structure is symmetric so are the nodes. The hangers are connected according to 
the following pattern: 

 

Hangers Node to 

Appendix 
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1 38 

 
2 41 

 
3 39 

 
4 45 

 
5 40 

 
6 48 

 
7 42 

 
8 51 

 
9 43 

 
10 53 

 
11 44 

 
12 55 

 
13 46 

 
14 58 

 
15 47 

 
16 60 

 
17 49 

 
18 62 

A.2 Final geometry (with maverick) 

This geometry is the final one, with the upper nodes shifted to minimize the maverick 
forces. This is detailed in Chapter 3 part 2 and is represented in figure 3.2.1. The 
coordinates for this geometry are: 

Arch x y 

 
Deck x y 

1 -35,120 1,551 
 

37 -37,500 0 

2 -33,812 2,331 
 

38 -35,900 0 

3 -32.149 3,253 
 

39 -34,300 0 

4 -31.093 3.800 
 

40 -32,600 0 

5 -29.163 4.725 
 

41 -30,260 0 

6 -26,148 6,032 
 

42 -26,818 0 

7 -24,153 6,825 
 

43 -23,916 0 

8 -22,134 7,554 
 

44 -21,044 0 

9 -20,093 8,220 
 

45 -19,733 0 

10 -18,032 8,820 
 

46 -18,183 0 

11 -15,953 9,356 
 

47 -15,308 0 

12 -13,858 9,826 
 

48 -13,406 0 

13 -11,749 10,230 
 

49 -12,394 0 

14 -9,629 10,566 
 

50 -9,409 0 

15 -7,500 10,836 
 

51 -8,474 0 

16 -5,362 11,039 
 

52 -6,315 0 

17 -3,220 11,174 
 

53 -4,216 0 

18 -1,074 11,242 
 

54 -3,063 0 

    
55 -0,416 0 

    
56 0,000 0 
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The hangers are connected with the same patterns, only the nodes have been shifted. 

 

 





APPENDIX B. 

 67 

B  
 
Example of calculations: preliminary 
design of longitudinal prestress 
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C  
 
Check with Vienna 200A 

To check the model Vienna 200A designed by Tveit, the same properties were used. 
The table summarizing these properties is shown in table C.1. 

Cross-section used by Per Tveit 
     

       

  
A (m2) γ (MN/m3) I (m4) W (m3) 

E 
(MN/m2) 

All hangers 
 

0,0015 0,08 0 0 168000 

       Arch, node 2 to 104 0,1118 0,08 0,0366 0,519 210000 

 
104 to 107 0,0998 0,09 0,307 0,0441 210000 

 
107 to 114 0,0962 0,09 0,289 0,0428 210000 

 
114 to 118 0,0938 0,09 0,0278 0,0403 210000 

Member 3 and arch above node 
118 0,0914 0,09 0,0267 0,0388 210000 

       Edge beam 
 

2,274 0,03035 0,018 0,06 38000 

 

Cross-section used in this project 
     

       

  
A (m2) γ (MN/m3) I (m4) W (m3) 

E 
(MN/m2) 

All hangers 
 

0,0015 0,08 0 0 168000 

       Arch All nodes 0,117 0,08 0,0358 0,0399 210000 

       Edge beam 
 

2,274 0,03035 0,017 0,11 38000 

Rectangle 7,58 m * 0,3 m 
     

 
Table C.1: properties used for comparison and check of the FE model 

Appendix 
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Figure C.1: Tveit’s numbering of Vienna 200A 
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