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Abstract 

Fatigue safety verification is an important part in the steel highway and railway bridge design. The part 

2 of the Eurocode 3 (EC3-2) proposes a simple and fast fatigue verification procedure. This one consists 

to determine a value of an equivalent stress range based on the passage of the vehicle FLM3, which is 

multiplied by a λ factor, called damage equivalent factor, and to compare it with the resistant stress 

range of each selected fatigue detail. However, λ factor has limits and it is not defined in the EC3-2 for 

some forms and lengths of influence lines. Cable-stayed bridges are precisely included in fields in which 

this procedure is not effective. 

The objective of this Master thesis is to obtain the damage equivalent factor λ for cases, which are not 

valid in the EC3-2. In this content, an adjustment of the fatigue verification procedure will be proposed 

in order to allow for structural systems such as cable-stayed bridges to be taken into account. 
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Resumo 

A verificação da segurança à fadiga é correntemente condicionante no dimensionamento de pontes 

rodoviárias e ferroviárias em aço. A parte 2 do Eurocódigo 3 (EC3-2)  propõe um procedimento simples 

e rápido para a verificação da segurança à fadiga. Este consiste em determinar o valor de cálculo da 

amplitude de tensão nominal com base na passagem do veículo FLM3, multiplicado por um fator λ, 

denominado fator equivalente de dano, e compará-lo com o valor de tensão resistente, para cada 

detalhe de fadiga. No entanto, a utilização deste método está limitada no EC3-2 em termos da forma e 

comprimento da linha de influência, havendo casos em que esta metodologia não é directamente 

aplicável. Tal ocorre precisamente no caso de pontes de tirantes, onde o fator λ não é possível de obter 

pelo EC3-2. 

O objetivo deste trabalho é obter directamente o fator equivalente de dano λ para as situações não 

contempladas no EC3-2. Dessa forma, complementa-se o procedimento de verificação à fadiga 

utilizando o método simplificado proposto no EC3-2, nomeadamente ao caso das pontes de tirantes. 
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1. Introduction 

1.1. General consideration 

Cable-stayed bridges are new and elegant structures. For the last 30-40 years, construction of cable-

stayed structures has been developed rapidly with span record and important technological advances 

and today it is considered as the most modern structural system for bridge. Nowadays, concrete and 

steel, the two most popular materials in the constructions, are used in an optimal way to have more 

economic structures. 

 

First cables were used for suspended bridges. But then engineers had the idea to use them as stays. 

The first cable-stayed bridges were built in the beginning of the 19th century, but collapsed such as on 

the Tweed in 1818 and on the Saale in 1824. The main reasons were that engineers didn’t know well 

how the forces transmission was made and what the effects of the winds were. 

 

This system was then absolutely discredited and it took a hundred years for engineers to try the cable-

stayed systems again. The Lézardrieux bridge, built in 1925 with a 112m central span, could be also 

considered as the first cable-stayed bridge (Virlogeux, 2002) [1]. 

 

 

Figure 1.1 : The Lézardrieux bridge, 112m span (1925)1 

Its main characteristic is that the central stays are crossing. The deck is in concrete and there were 

some modifications made on this bridge such as increasing the deck’s width. 

 

                                                      
1 https://files1.structurae.de/files/photos/1/100km023/pict7475.jpg 
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The first major development in the cable-stayed bridges was the use of concrete. German engineers 

became the leaders in 1955 during several years. In the end of the 1970’s, cable-stayed bridges design 

became international and it is Japan who took then the leadership of this type of construction. As an 

example, the Brotonne bridge which was built in 1977 with a deck made entirely in concrete. 

 

 

Figure 1.2 : Brotonne bridge, 320m span (1977)2 

It was the record span for concrete bridges of all types at that time with a 320m central span. 

Furthermore, the engineers began using widely distributed multiples stays. 

 

The second evolution was the use of composite steel-concrete bridge decks. This development allowed 

the cable-stayed bridges to enter in the search of the greatest span. Indeed, the use of the two materials 

had as consequences to obtain more lightweight and more resistant structures, such as the Alex Fraser 

Bridge, built in Canada in 1986 with a 465m span. its deck is composed by two main steel girders with 

I-shape and precast concrete slab on top. 

 

 

Figure 1.3 : Alex Fraser bridge, 465m span (1986)3 

                                                      
2 https://files1.structurae.de/files/photos/618/bretonnes1.jpg 
3 https://files1.structurae.de/files/350high/wikipedia/AlexFraserBridge.jpg 
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Then occurred an explosion of constructions, with a couple of structures that may compete with other 

bridge systems, as suspension bridges, for the longest bridge in the world, such as the Normandie 

bridge, built in 1988 in France with an 856m central span, and the Tatara bridge, built in 1999 in Japan 

with an 890m span. 

 

Today we can consider several solutions to build the deck in an economic way such as: using 

prestressed concrete for 500-600m of span or composite steel-concrete deck for 700-800m of span or 

also orthotropic box for longer spans [1]. 

 

 

Figure 1.4 : Normandie bridge, 856m span (1988)4 

 

 

Figure 1.5 : Tatara bridge, 890m of span (1999)5 

 

                                                      
4 http://www.lamanchelibre.fr/photos/maxi/154059.jpg 
5 http://www.irhal.com/image/stories/category/tallest/Worlds-Tallest-Bridges/Tatara-Bridge.jpg 
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Actually, the world’s longest cable-stayed bridge is the Russky bridge, in Russia. It was built in 2012 

and its central span measures 1104m. 

 

In the latest years, the deck’s conception has evolved by using slim composite steel-concrete deck. This 

deck is usually composed of two longitudinal girders on the extern sides, with a decreased height and 

low inertia, several steel transverse bracing frames and a precast concrete slab panel. Vasco da Gama 

bridge is a good example. 

 

 

Figure 1.6 : Vasco da Gama bridge, 420m span (1998) 

 

Finally, last important point is the case of multiple-span cable-stayed bridges. In fact, the stays create 

bending in the towers, which is taken up by the lateral span. If a tower is between two cable-stayed 

spans, there is nothing to avoid its flexion, thus the tower needs to be stiff. The Millau Viaduct, in France, 

is a good example. It was built in 2004 and its spans all measure 342m. It is a composite steel-concrete 

deck and has the highest piers-tower in the world, with a height of 343m. The proposed solution to 

prevent flexion is to increase the tower’s bending stiffness with an A-shape, still allowing for longitudinal 

deformations with a low shear stiffness. 

 

Figure 1.7 : Millau Viaduct, 342m span (2004)6 

                                                      
6 https://upload.wikimedia.org/wikipedia/fr/a/a6/ViaducdeMillau.jpg 
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1.2. Cable-stayed bridge design 

 

The next explanations are mainly based on the chapter 10 (Ponts haubanés) of the EPFL course 

“Ponts en béton” of the Professor Aurelio Muttoni, especially the figures. 

 

In this part, it will be explained the design of cable-stayed system. First of all, we need to understand 

how this system works and how the forces are transmitted. To do so, some schemes are described to 

explain the system’s behavior. There are several types of cable-stayed systems: mono, harp, fan and 

star design. The two main types are the fan design and the harp one. 

 

 

Figure 1.8 : Fan and harp design 

The fan design is better from a static perspective. But, there is a construction problem to fix all the stays, 

especially if there are many. The harp design doesn’t have this problem because the spans are 

distributed on the all tower’s height. This design is more elegant and has a better visibility from a esthetic 

point of view. But this static system induces a greater compression in the deck than the fan design. 

 

So one solution is to combine these two design. This solution is called the semi-harp design and it allows 

to solve the construction problem without excessively increasing the compression in the deck. 
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Figure 1.9 : Semi-harp design 

 

Generally, there is traction in the stays and compression in the towers and the deck. To better 

understand, the Figure 1.10 shows how the forces are transmitted if only the external stays are 

considered. 

 

 

Figure 1.10 : Forces transmission in cable-stayed bridge 

 

If the central span is loaded (black arrow *), it induces tension in the stay. To equilibrate it, the deck 

need to be compressed. Then, as the central stay is in traction, the lateral one need to be in traction too 

to balance the forces. This creates a high compression in the tower, which is transmitted to the ground. 

Finally, with the lateral stay in traction and the deck in compression, the forces must be transmitted to 

the ground (black arrow **) if we do not want an uplift of the end support. 

 

Another important point: there is no need for connections between the deck and the tower. The deck is 

entirely supported by the stays, which transmit the forces in the tower. Then, considering all the stays 

in the Figure 1.11, it is possible to explain the difference between the harp and fan design from a static 

perspective. 

 

For the fan design, we consider the resultant of the load (black arrow). It induces traction in the central 

stays and activates all lateral stays. The resultant of central stays is a vector directed towards the top of 

the tower, because it is the common point of all the stays. This involves a high angle with the horizontal 

plan and thus, to equilibrate the forces a compression appears in the deck (blue arrow). 
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Considering the harp design, the resultant of the central stays is directed to the middle of the tower and 

this involves an angle lower than the fan design. So the compression created in the deck is higher, but 

this also involves that the top part of the pylon is less loaded. 

 

 

Figure 1.11 : Fan design vs Harp design 

 

The next point to mention is the utility of the piers in the lateral spans. Indeed, considering the Vasco da 

Gama bridge as an example, one can notice three piers in each lateral span. By using them, it is possible 

to prevent flexion in the towers and incidentally in the deck, as described in the Figure 1.12. 

 

 

Figure 1.12 : Utility of piers 
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If the central span is loaded, this activates mainly the closest stay, which activate the one in the lateral 

span. The traction in the stay creates flexion in the deck and so induces flexion in the tower. The lateral 

supports take the flexion of the deck and allow to limit the tower top displacement and thus, to limit 

bending in the pylon. 

 

To explain the behavior, the following figures come from the modelling made with the software SAP 

2000. The deformed structure and all diagrams are considered under permanent loads, which is 

composed of the dead load of the supporting structure and the equipment, and the tension in the stays, 

which is explained later with all information of the modelling. 

 

The main characteristic of the cable-stayed structure is that the stays induce compression in the deck. 

So there is a combination of two internal forces in the deck: flexion and compression. The stays, made 

of steel, are working only in traction and so cannot absorb flexion. The towers are massive structures 

made of concrete and need to absorb the important compression induced by the stays and so mainly 

work in compression. 

 

In the figures below, the traction in each stay is much lower than the compression of the deck or the 

towers because of their number. Moreover, if the structure is symmetric, the axial force is null in the 

central space (between the two last stays). The compression in the deck first increases with each stay 

and after the tower, it decreases in a symmetric way.   

 

A symmetry in the repartition of the shearing and bending forces is showed too (Figure 1.15 and Figure 

1.16). As expected from the modelling assumption of reality, there are no shearing forces and no flexion 

in the stays. 

 

For the shearing forces diagram, it is interesting to notice that the middle support in each lateral span, 

due to the piers, holds back the deck. The diagram is linear and the vertical component of each stay 

creates a bounce as we can see. For the bending forces diagram, it is parabolic with no or very small 

bending moment in the tower and it is similar to the deformed structure (Figure 1.13). 
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Figure 1.13 : Deformed structure under permanent loads 

 

 

Figure 1.14 : Axial forces diagram under permanent loads 

 

 

Figure 1.15 : Shearing forces diagram under permanent loads 

 

 

Figure 1.16 : Bending forces diagram under permanent loads 
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1.3. Objectives of the project 

 

With this introduction as a better understanding of the cable-stayed system, this thesis will focus on the 

fatigue verification procedures for a cable-stayed bridge. The two procedures as described in the 

Eurocodes are the damage equivalent factor method and the damage accumulation method. The first 

one is based on a parameter, noted λ factor, which depends on the critical length of the influence line 

loaded. However, this λ factor is not calibrated for critical lengths higher than 80 m.  

 

Moreover, influence lines of cable-stayed bridge may be very complex and can have critical lengths 

much higher than 80 m. Indeed, as explained previously, cable-stayed system is a structural system 

composed by two internal forces: bending moment and axial force. These two forces involve two 

different influence lines and it is not clear which one is the best to describe the maximum and minimum 

stresses. Stress influence lines must be defined to solve this problem in order to combine both of 

influence lines.  

 

For this project, the Eurocodes which will be used to understand and perform the verification procedures 

are: 

- EN 1991-2: Actions on structures – Part 2: Traffic on bridges 

- EN1993-1-9: Design of steel structures – Part 1-9: Fatigue 

- EN1993-1-11: Design of steel structures – Part 1-11: Design of structures with tension 

components 

- EN1993-2: Design of steel structures – Part 2: Steel bridges 

 

The main softwares which will be used are: 

 

- SAP 2000 for modelling and calculating the study case and the internal forces. It also helps to 

define the influence lines of the selected elements. 

- MatLab for generating all traffic data and histograms and calculating the new damage equivalent 

factors.   

 

The main objectives of this project have been defined at the beginning of the work as follows: 

 

- Identification of fatigue details of composite decks to be analysed 

- Modelling the cable-stayed bridge to obtain the important deck stress ranges 

- Obtain stress influence lines and perform the fatigue verifications for the important details using 

two procedures 

- Propose a fatigue verification procedure based on the adjustment of the existing standard rules 
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In this context, the project is divided into nine chapters. First of all, all the theoretical points related to 

the fatigue verifications will be described. The third chapter will concern all the information about the 

case study and the modelling. Then, the fatigue details will be selected in order to perform the 

verifications and the influence lines associated to these details will be determined.  

 

On the basis of all this information, the fatigue assessment will be performed on some elements of the 

main steel girder and on some stays. In the last chapter, new damage equivalent factors will be 

evaluated for critical lengths higher than 80 m and an adjustment of the standard rules of the Eurocodes 

will be proposed. 
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2. Fatigue design in steel structures 

 

With this chapter I want to explain the theoretical points related to this project. To do so, I take a great 

inspiration of the “Traité de Génie Civil, Vol. 10” (TGC 10, 2001) [2] and of the “ECCS Eurocode 

design manuals” (ECCS, 2011) [3] in order to have a correct theoretical base to understand fatigue.  

A synthesis is done, which includes some Eurocode’s articles. 

 

Fatigue is one of the main causes of damage in steel structures and occurs when members, connections 

or joints are subjected to repeated cycling loadings such as road and rail traffic. These actions develop 

cracks in the material and may cause crack propagation in the steel element and progressive damage 

in the time until this one breaks due to a loss of resistance.  

 

After a lot of researches in the fatigue resistance area, it has been demonstrated that geometrical 

changes, stress concentration and discontinuities are origins of the formation and propagation of cracks. 

That means that particular places can be identify where fatigue problems appear. Thus, the connections 

and/or joints in steel structures are the critical places for the fatigue cracking. Figure 2.1 shows a good 

example of a composite road bridge deck subjected to cycling loading where geometrical changes of  

gusset induce stress concentrations and so fatigue cracking near to the weld.  

 

 

Figure 2.1: Possible location of a fatigue crack in a road bridge (ECCS, 2011) [3] 
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The purpose of this first chapter is to explain the parameters influencing the fatigue life and the different 

procedures for the fatigue design of road bridges.  

 

2.1. Main parameters influencing fatigue life 

Fatigue life of steel members, connections or joints is defined by the number of cycle that the element 

can support before it fails. There are four main parameters that influence fatigue resistance. 

 

The first one is the more important and the more influent parameter. It is the stress variation, or also 

called the stress range (defined by the equation (2.1)). It can be calculated using the difference between 

the maximum stress value in the steel element and the minimum one (with sign).  

 

 ∆𝜎 =  𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛 (2.1) 

 

Another parameter is the geometry of the detail. Indeed, this one is essential for the location of the 

fatigue crack and hence directly influences the fatigue life of the member. As an example, a sharp 

geometrical change rises the stress flow and, thus, the fatigue resistance of the structural detail, using 

gussets, welds or section changes, can be improved with a good design. 

  

The third parameter is related to the material characteristics. It has been observed during fatigue test 

that mechanical characteristics may enhance the fatigue life, especially on the crack initiation phase. 

Indeed, better material characteristics increase the time required to initiate the crack. 

 

Finally, the last one concern the influence of the environment on the fatigue resistance of the steel 

member and in particular on the crack propagation phase. A humid and corrosive environment can, in 

fact, increase the crack propagation’s rate and it is also necessary to use appropriates protections to 

get a better structural fatigue strength. 

 

2.2. Fatigue curves & design 

With the objective to evaluate fatigue resistance easily, standard curves (or S-N curves) have been 

created for different connections. These connections can be classified with the FAT, or also called ΔσC, 

that represents the maximum stress range at 2 x 106 cycles, and are categorized in the tables 8.1 to 

8.10 of the EN 1993-1-9 [4]. These curves are useful to verify that stress variation is lower than the limit 

and have also been determined with fatigue tests in which specimens are subjected to repeated cyclic 

loading with a constant stress range. The results are showed in the Figure 2.2 with the number of cycle 

(N) on the abscissa and the stress range (Δσ) on the ordinate. Thus, there is one fatigue curve for each 

detail category and these curves are also described with the following expression: 

 

 𝑁 = 𝐶 ∙ ∆𝜎−𝑚 (2.2) 
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where m is the slope coefficient and C is a constant representing the influence of the structural detail.  

 

 

Figure 2.2 : Fatigue strength curves for different detail categories (TGC 10, 2001) [2] 

 

Moreover, these fatigue curves can be decomposed into three different parts. The limited life part, where 

stress range corresponds to cycles between 104 and 5 x 106. The stress range at 5 x 106 cycles being 

called CAFL (Constant Amplitude Fatigue Limit). S-N curve has a slope coefficient of 3 in the first part, 

i.e. if the stress range is higher than CAFL. The second part is between 5 x 106 and 108, with a slope 

coefficient of 5. Then, 3rd part, higher than 108 cycles, there is the cut-off limit (ΔσD) where stress 

variations under this limit may be completely neglected in damage accumulation (Maddah, 2013) [5]. 

 

Figure 2.2 concern the fatigue strength of steel element, but in this project stays are very important. 

After some researches about them, it has been demonstrated that fatigue strength for tension 

components have a different behaviour than other steel elements. This behaviour is defined in the Figure 

2.3, taken from the EN 1993-1-11 [6].  
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Figure 2.3 : Fatigue strength curves for tension components 

 

There are only two parts in the Figure 2.3, separated by the stress range at 2 x 106 cycles (ΔσC) and it 

is equal to 160 N/mm2. The slope coefficients are equal to 4 for low cycles and 6 if the cycles are higher 

than 2 x 106. Moreover, there is no cut-off limit and hence all stress range are taken into damage 

accumulation calculations.  

 

Using fatigue curves, procedures related to the fatigue design can be described. Fatigue verifications 

are similar to the structural verifications and consist to verify that all traffic load effects are lower than 

the resistance of the bridge, as defined in the following relation: 

 

 𝐸𝑑 ≤ 𝑅𝑑 =
𝑅𝑓𝑎𝑡

𝛾𝑀𝑓
 (2.3) 

 

or using the expressions in the article 9 of the EN 1993-2 [7]: 

 

 𝛾𝐹𝑓 ∙ Δ𝜎𝐸2 ≤
∆𝜎𝐶

𝛾𝑀𝑓
 (2.4) 

   

 Δ𝜎𝐸2 = 𝜆 ∙ Φ2 ∙  ∆𝜎 (2.5) 

 

ΔσE2 is the damage equivalent stress range at 2 x 106 cycles and must be calculated with the damage 

equivalent factor λ. Then, Φ2 represents the damage equivalent impact factor and may be taken as 

equal to 1.0 for road bridges. Finally, two partial safety factors must be taken into account and are: 

 

- 𝛾𝑀𝑓 for the fatigue action effects and is equal to 1.0 

- 𝛾𝐹𝑓 for the fatigue strength and is equal to 1.35 in this project, as recommended in the table 3.1 

of the EN 1993-1-9 [4] 
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2.3. Damage equivalent factor 

The damage equivalent factor method is an easy and simplified way to get fatigue verifications with the 

damage equivalent stress range related to 2 x 106 cycles and, thus, avoid the damage accumulation 

calculations. The λ factor is obtained by the division between the stress variations due to a fatigue load 

model, usually FLM3, and the ones due to a real traffic. Figure 2.4 shows this procedure which will be 

explained more fully later in this report.  

 

 

Figure 2.4: Damage equivalent factor [3]  

The damage equivalent factor λ can be calculated according to the article 9.5.2 in the EN 1993-2 [8]:  

 

 𝜆 =  𝜆1 × 𝜆2 × 𝜆3 × 𝜆4 ≤ 𝜆𝑚𝑎𝑥 (2.6) 
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It is the product of four partial factors to take into account characteristics such as the composition and 

volume of the traffic or the working life of the bridge. A limit was also put with the factor λmax that 

represents the maximum damage equivalent value and allows to avoid that the multiplication of the 

individual partial factor may result in a value far exceeding the one obtained from a design using fatigue 

limit [3]. This maximum value depends on the critical length of the influence line (Lcrit) and the type of 

section. The importance and the value of the critical length are explained in the chapter 5. As described 

in the EN 1993-2 [8] and summarized in the Figure 2.5, the maximum value should be calculated as 

follows: 

- at midspan section: 

 

𝐿𝑐𝑟𝑖𝑡 < 25𝑚 : 

𝐿𝑐𝑟𝑖𝑡 ≥ 25𝑚 : 
𝜆𝑚𝑎𝑥 = 2.5 − 0.5 ∗

𝐿𝑐𝑟𝑖𝑡 − 10
15

 

𝜆𝑚𝑎𝑥 = 2.0 
(2.7) 

 

- at support section: 

 

𝐿𝑐𝑟𝑖𝑡 < 30𝑚 : 

𝐿𝑐𝑟𝑖𝑡 ≥ 30𝑚 : 

𝜆𝑚𝑎𝑥 = 1.80 

𝜆𝑚𝑎𝑥 = 1.8 + 0.9 ∗
𝐿𝑐𝑟𝑖𝑡 − 30

50
 

(2.8) 

 

 

Figure 2.5 : λmax for road bridge [8] 

 

The first partial factor λ1 represents the damage effect of traffic and depends on the critical length like 

λmax. Its value should be determined as showed in the Figure 2.6: 
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- at midspan section: 

 

 𝜆1 = 2.55 − 0.7 ∗
𝐿𝑐𝑟𝑖𝑡 − 10

70
 (2.9) 

 

- at support section: 

 

𝐿𝑐𝑟𝑖𝑡 < 30𝑚 : 

𝐿𝑐𝑟𝑖𝑡 ≥ 30𝑚 : 

𝜆𝑚𝑎𝑥 = 2.0 − 0.3 ∗
𝐿𝑐𝑟𝑖𝑡 − 10

20
 

𝜆𝑚𝑎𝑥 = 1.7 + 0.5 ∗
𝐿𝑐𝑟𝑖𝑡 − 30

50
 

(2.10) 

 

 

Figure 2.6 : λ1 for road bridge [8] 

 

λ2 is the factor for the traffic volume and should be calculated as 

 

 𝜆2 =
𝑄𝑚1

𝑄0
(

𝑁𝑜𝑏𝑠

𝑁0
)

1 5⁄

=
445
480

(
2 ∙ 106

5 ∙ 105)
1 5⁄

= 1.2233 (2.11) 

 

where Qm1 is the mean weight of the heavy traffic on the slow lane according to real traffic or, for 

example, to the FLM4 and then is equal to 445 kN, Q0 is the reference value and is worth 480 kN, 

according to FLM3. Nobs and N0 are equal respectively to 2 x 106 (table 4.5, EN 1991-2 [8]) and 0.5 x 

106 (EN 1993-2 [7]) lorries per year. Nobs represents the number of heavy vehicles observed per year 

and per slow lane. 
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For different design working lives of the bridge, the partial factor λ3 is used. It takes into account the 

design working life in years with the parameter tLd and should be calculated as follows: 

 

 𝜆3 = (
𝑡𝐿𝑑

100
)

1 5⁄

 (2.12) 

 

In this project, a design lifetime of 100 years has been chosen and thus λ3 = 1.0. 

 

And finally, λ4 represents the traffic on other lanes and considers particularly the number of heavy traffic 

per year (Nj) and the average weight of them (Qmj).  It should be calculated as follows: 

 

 𝜆4 = [1 +
𝑁2

𝑁1
(

𝜂2𝑄𝑚2

𝜂1𝑄𝑚1
)

5

+
𝑁3

𝑁1
(

𝜂3𝑄𝑚3

𝜂1𝑄𝑚1
)

5

+ ⋯ +
𝑁𝑘

𝑁1
(

𝜂𝑘𝑄𝑚𝑘

𝜂1𝑄𝑚1
)

5

]
1 5⁄

 (2.13) 

 

However, the utilisation of the damage equivalent factor λ is limited. Indeed, on one hand it cannot be 

used for critical length higher than 80 meters, and on the other hand, if the influence line is complicated, 

it is not possible to find a comparison with simple influence lines and hence it is very difficult to determine 

correctly the critical length. 

 

2.4. Damage accumulation 

As a reminder, S-N curves have been determined with a constant stress range, but traffic load induces 

different Δσi. The influence of these various stress ranges can be taken into account with damage 

accumulation. Figure 2.7 shows a stress range histogram and its influence with one S-N curve. 

 

 

Figure 2.7 : Stress range histogram with S-N curve [2] 

Each vehicle causes a partial damage to the structure with Δσi being applied for ni cycles and can be 

expressed as follows: 
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 𝐷𝑖 =
𝑛𝑖

𝑁𝑅𝑖
 (2.14) 

 

where NRi represents the number of cycles to failure under Δσi. It is possible to determine NRi with the 

relation (2.2), using CAFL at 5 x 106 cycles to calculate the constant C if the slope coefficient is 5 and 

using ΔσC at 2 x 106 cycles for a slope coefficient of 3. Thus, the partial damage should be calculated 

with the following expression, with m is equal to 3 or 5: 

 

 𝐷𝑖 =
𝑛𝑖

𝑁𝑅𝑖
=

∆𝜎𝑖
𝑚 𝑛𝑖

𝐶𝐴𝐹𝐿𝑚 ∙ 5 106 (2.15) 

 

To obtain the total damage, each partial damage has to be summed and if the damage sum is equal to 

1.0, the fatigue strength of the structure is reached. Hence, to ensure a good resistance, the next 

condition should be respected: 

 𝐷𝑡𝑜𝑡 = ∑ 𝐷𝑖
𝑖

≤ 1.0 (2.16) 

 

2.5. Fatigue load models 

As a conclusion of this first chapter about the fatigue design, fatigue load models must be introduced. 

These models allow to define the traffic’s characteristics that depend on the geometry of the vehicles, 

the axel loads, the vehicle spacing, the composition of the traffic and its dynamic effects (EN 1991-2) 

[9]. Five different fatigue models are defined for road bridges, denoted FLM1 to FLM5. In this project, 

only FLM3 to FLM5 will be presented because they are used to verify the fatigue lifetime’s bridge, based 

on the S-N curves and fatigue assessment explained previously. Most of the information is pulled directly 

from the EN 1991-2 [9]. 

 

2.5.1. Fatigue load model 3 

 

Figure 2.8 : Fatigue load model 3 [3] 

Σ = 480 kN 
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Fatigue load model 3 is a simple model of a single vehicle with 4 axles of 120 kN each for a total weight 

of 480 kN and its geometry is shown in Figure 2.8. This model is very important for engineers because 

it is associated to the equivalent stress range at 2 x 106 cycles and the damage equivalent factor method. 

According to the EN 1991-2 [9], a second vehicle should be taken into account if it is relevant. The 

geometry of this second vehicle is the same as the first one with a reduced weight of 36 kN, instead of 

120 kN, per axle and a minimum distance of 40 meters between the two vehicles. 

 

2.5.2. Fatigue load model 4 

Fatigue load model 4 is based on a set of five standard lorries as shown in Figure 2.9 that represent 

effects of a typical traffic on European roads. This model is associated to the damage accumulation and 

each lorry is taken into account alone with a certain percentage depending on the road type. In short, 

the five heavy vehicles total loads are: 

 

Q1 = 200 kN Q2 = 310 kN Q3 = 490 kN Q4 = 390 kN Q5 = 450 kN 
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Figure 2.9 : Fatigue load model 4 [9] 

 

2.5.3. Fatigue load model 5 

Fatigue load model 5 is the most general one and uses real traffic data based on statistics. A stress 

ranges histogram can be determined with counting methods, such as the reservoir or the rainflow, and 

thus, to verify the fatigue strength with damage accumulation.  
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3. Modelling of the study case 

 

This chapter will present the study case on which this project is founded. This study case is based on 

the Vasco da Gama bridge and the main characteristics are taken from the PhD thesis of Professor José 

J. Oliveira Pedro [10]. 

 

The software used is the modelling software SAP 2000 (SAP = Structural Analysis Program). It belongs 

to Computers and Structures, Inc (CSI), allows for structures modelling in 2D and 3D and for intern 

actions calculations. In this project, the entire work will be done with a 2D-model of half of the bridge. 

First, it will be presented the Vasco da Gama bridge, then the model used with the main differences with 

the Vasco da Gama bridge and the problems encountered. 

 

3.1. Vasco da Gama bridge 

The Vasco da Gama bridge is in Lisbon, the capital of Portugal. It is located in the eastern point of the 

city, crossing the Tagus River, and connects Lisbon to Setúbal. Its construction began in 1995 and the 

bridge was opened to the public in 1998. With a total length of 12.3 km, it is one of the longest bridges 

in Europe. It has also the characteristic to be made up of one cable-stayed part and viaducts parts. The 

first one interested us for this project. 

 

 

Figure 3.1 : Vasco da Gama bridge7 

The bridge is entirely made of prestressed concrete. The cable-stayed part has a semi-harp shape and 

is composed by a central span of 420m and two lateral spans for a total length of around 830m. There 

                                                      
7 http://tneurope.tableau-noir.net/pages13/images/pont-vasco-de-gama1.jpg 
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are also two towers and six piers, three in each side span, which prevent excessive flexion in the towers. 

Finally, the whole is supported by four couples of 48 stays for a total of 192 stays. 

 

The towers have a H-shape and they are made of concrete. The height measures 150m and the width 

is 30m the top and 55m the base. The section is made of a concrete box with a steel box inside to 

absorb the traction transmitted by the stays. The top section equals 4.5m x 5.5m with a 0.5m thickness. 

The section is constant to link the stays then it varies linearly to the base and finally measures 7m x 

11m with a 0.9m thickness. They are recessed in the ground and the deck is not fix to the tower. It is 

only retained by the stays, which they fix on the top of the towers as a semi-harp design. 
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Tapez une équation ici. 

Figure 3.2 : Towers details [10] 

Then, the deck has a width of 31m and allows three traffic-lanes if each direction. It is composed by two 

longitudinal girders made of prestressed concrete with a 2.6m x 1.7m section and transversal streel 

girders spaced 4.425m apart. The deck’s geometry and its characteristics are showed in the Figure 3.3. 
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Figure 3.3 : Vasco da Gama deck [10] 

Prestressed concrete longitudinal girders are used as support for the stays anchorage. The transversal 

girders allow a smaller thickness of the of the concrete and it equals to 0.25m. 

 

3.2. SAP modeling 

The main differences between the study case and Vasco da Gama bridge concern the deck and the 

number of stays. Indeed, as showed in the Figure 3.4, the study case deck is a composite steel-concrete 

one which is based on the PhD thesis of the Professor José J. Oliveira Pedro [10]. 

 

 

Figure 3.4 : Study case deck [10] 

The longitudinal girders were replaced by I-shape steel girders with a height of 2.25m and longitudinal 

and transversal stiffeners. The transversal girders were kept but they are now spaced of 4.375m. The 

concrete part is composed by precast concrete slab panel with the same thickness of 0.25m. The 

connection between steel and concrete is insured with studs, as described in the Appendix 1. Moreover, 

the slab’s reinforcement are ignored in this model and, as a 2D-model, it considers the half of the bridge’s 

width with an effective concrete deck width of 7.5m (beff = 7.5m). 
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Figure 3.5 : Longitudinal configuration of the study case [10] 
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The longitudinal section of the study case is showed in the Figure 3.5. This model keeps the main 

dimensions of Vasco da Gama bridge, i.e. two lateral spans of 204.5m and a central span of 420m for 

a total of 829m in length. The towers and the piers are similar to the real Vasco da Gama bridge. 

 

Regarding the stays, the study case is composed by four couples of 32 stays. However, as this project 

is done with a 2D-model, we consider only two couples of 36 stays for a total of 64 stays. These are 

directly linked to the main steel girders and are spaced with a distance of 13.125m (Appendix 1). For 

facilities, all the stays are numbered from L1 to L16 for lateral span and from C1 to C16 for central span, 

starting with the closest one to the tower. The dimensions vary between the first stay (near to the tower) 

with a diameter of 27 strands, which is equal to 27 * 150 mm2 = 4’050 mm2, to the last stay with a 

diameter of 63 strands (9’450 mm2). 

 

As this project want to perform fatigue verifications, it has been decided to model the deck with a 

concrete part (1) and a steel part (2), as described in the Figure 3.6. One also sees a stay connected to 

the steel (3). Then, to link concrete and steel, steel connectors (4) have been created.  

 

 

Figure 3.6 : Side view of the deck model 

 

These connectors (4) are equivalent bars, to simulate 3 rows of stud steel connectors, made of steel 

with a diameter of 22mm. They are linked rigidly to the main girder (2) and the rotations are released in 

the concrete slab (1). The connectors have no mass and all connections have also been deleted 

between the deck and the towers. 

 

Then, it appears one problem with the model. It’s about linking the stays to the towers. Connectors have 

been also used to solve this problem. As there are only 16 stays (and no 24 as in the real Vasco da 

Gama bridge), they are spaced with a distance of 3m between each of them. They are linked to the deck 

on the steel part. There is no shearing, bending and torsional forces in the stays, so the frame releases 

are defined to permit only axial forces. The connectors created to link are steel rods too, but with a 

diameter of 1.5m. Indeed, they must maintain their physical shape and stay in the elastic range. These 

connectors are rigidly linked to the towers and replace the steel box used to absorb the stay’s traction 

1 

2 

3 

4 
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in the Vasco da Gama bridge. The length of these connectors is the same that the width of the tower 

section in order to have the correct angle between each stay and the deck. 

 

Figure 3.7 : Links between stays and towers 

 

Finally, we have to define the different vertical loads which act on the bridge. Dead loads are composed 

of the weight of the supporting structure and the one of the equipment. It has been decided to consider 

the half of the value used in the PhD thesis of the Professor José J. Oliveira Pedro [10] to be coherent 

with modelling the half of the bridge, with an effective width of the precast concrete slab of 7.5m. Dead 

loads are detailed as follows: 

 

- 100 kN/m for the precast concrete slab’s weight 

- 28 kN/m for the steel girders’ weight 

- 43 kN/m for the equipment 

 

Thus, the total dead loads equal to:   gk,tot = 171 kN/m 

Traffic loads are defined by the different fatigue load model described in the first chapter. 

3.2.1. Materials 

About materials, these are the same as  those used in the PhD thesis of the Professor José J. Oliveira 

Pedro [10]. The materials proprieties are presented in the Erreur ! Source du renvoi introuvable.. 

Table 1 : Materials details 

Concrete  Steel  Stays 
Type C 45/55 [-]  Type S355 NL [-]  Type T15 [-] 
Ec,0 44.17 [GPa]  Es 44.17 [GPa]  Diam. 0.0152 [m] 
γc 25 [kN/m3]  γs 25 [kN/m3]  Area 150 [mm2] 
σc,u 37.1 [MPa]  σs 37.1 [MPa]  Ee 195 :[GPa] 

        σu 1770 [MPa] 
Deck connectors  Tower connectors  fu 400 [MPa] 

Diam. 22 [mm]  Type S355 [-]     

fu 400 [MPa]  Diam. 1500 [mm]     

3 m 

1.5 m 1.5 m 

5 m 
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3.2.2. Stays tensioning 

The last important point to talk about the 2D-model is the stays tensioning. Dead loads cause the first 

tension in the stays. But cable-stayed system only works if all the stays are in traction and never in 

compression because compression in one stay can cause damage to the bridge. Thus we have to 

pretension all the stays to avoid this problem but the difficulty is when one charges one stay, the tension 

in the other stays changes too. Based on the PhD thesis of the Professor José J. Oliveira Pedro [10], 

we have the desired installed forces Fha and we want to recompute the required pretensions to obtain 

those Fha. 

Table 2 : Desired installed forces 

 Stays Forces [kN]  Stays Forces [kN] 

Fha 

16L 5816  1C 2203 

15L 5609  2C 2460 

14L 5240  3C 2592 

13L 5050  4C 2798 

12L 4835  5C 3096 

11L 4613  6C 3393 

10L 4365  7C 3579 

9L 4105  8C 3754 

8L 3826  9C 4121 

7L 3571  10C 4292 

6L 3264  11C 4677 

5L 3018  12C 4882 

4L 2841  13C 5114 

3L 2589  14C 5328 

2L 2446  15C 5501 

1L 2125  16C 5667 
 

 

To obtain these forces, the following procedure must be followed: 

 

- First step consists to apply dead load an obtain forces in each stay, which give us a 1x32 matrix 

called Fcp 

 

- Then create 32 new loads cases for each pair of stays (L16 to L1 and C1 to C16) and apply a 

temperature’s variation of -1’000°C (ΔT = -1’000°C). Build a 32x32 matrix, called M, with the 

previous results organized as columns. 

 

- By importing SAP data files in Excel, evaluate the factor f to multiply the stay load cases, 

according to: 
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 [𝑀] ∙ 𝑓 = 𝐹ℎ𝑎 − 𝐹𝑐𝑝 (3.1) 

 𝑓 = [𝑀−1] ∙  {𝐹ℎ𝑎 − 𝐹𝑐𝑝} (3.2) 

 

- Create a load combination in SAP 2000 with f time each stay load case and dead load. This 

combination should produce at each stay the pretension forces initially announced FTIR. It means 

that we must have: 

 𝐹𝑇𝐼𝑅 = 𝐹ℎ𝑎 (3.3) 

 

The obtained results are showed in the next table: 

 

Table 3 : Calculated installed forces 

 Stays Forces [kN]  Stays Forces [kN] 

FTIR 

16L 5815.416  1C 2202.93 
15L 5609.417  2C 2460.468 
14L 5240.811  3C 2591.768 
13L 5049.821  4C 2797.918 
12L 4834.613  5C 3095.974 
11L 4613.171  6C 3392.622 
10L 4365.115  7C 3579.324 
9L 4105.393  8C 3754.491 
8L 3825.651  9C 4121.216 
7L 3570.456  10C 4291.22 
6L 3264.253  11C 4677.925 
5L 3017.74  12C 4881.475 
4L 2840.879  13C 5113.123 
3L 2589.429  14C 5327.976 
2L 2445.715  15C 5501.675 
1L 2124.867  16C 5667.285 

 

By comparing the table 2 and the table 3, the forces are very similar, that means the relation (3.3) is 

satisfied. Moreover, in the Appendix 2, all the calculations and the matrix obtained are given.  
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4. Fatigue details 

 

As explained in the first chapter, some details cause more fatigue problems than other, as connections 

(welds or studs) and geometrical changes. We must also choose which details we have to be studied 

and it is the aim of this chapter. 

 

It is divided in two parts: the first one concern the main steel girder, which is subjected to bending and 

axial stresses and the second one is about the stays which are subjected to axial stresses only. 

 

4.1. Selected details of bottom flange 

In order to select a detail in the deck, it is possible to use the schema, described in the Figure 4.1, taken 

from SETRA guide (SETRA, 2010) [11], which is based on the Eurocodes. This figures shows different 

details of a composite deck with the associated FAT values. 

 

Considering all the details we have in this project, it has been decided to choose the one which link the 

transversal stiffener with the bottom flange of the main girder. This detail, as showed in the Figure 4.1, 

has a FAT of 80 MPa because the width of the attachment is lower than 50mm. 
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Figure 4.1 : Typical FAT detail categories (SETRA [11]) 
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In order not to study every element of the bottom flange, we must select some particular elements which 

can represent the girder’s behaviour. To do so, the curve of the envelop of the maximum and minimum 

stresses in the main girder is used. This curve is based on four parameters: the maximal bending 

moment, the minimal bending moment, the maximum axial force and the minimum axial force in the 

steel part. The stresses are calculated with the internal forces using the following relation, with N positive 

defined as tension: 

 

 ∆𝜎𝐵 =
∆𝑀
𝑊

+
∆𝑁
𝐴

=
𝑀𝑚𝑎𝑥,𝑡1 − 𝑀𝑚𝑖𝑛,𝑡2

𝑊
−

𝑁𝑚𝑎𝑥,𝑡1 − 𝑁𝑚𝑖𝑛,𝑡2

𝐴
 (4.1) 

 

 

Figure 4.2 : Stress variation in the main girder due to FLM3 

 

As we can see in the Figure 4.2, the axial stress has a little impact on the total one and the bending 

stress is very similar to the total stress of the main girder (70 to 90%). In this fact, it has been decided 

to use the maximal variation of the bending stresses to determine the total stress in the bottom flange 

and add the associated normal stresses, even if it is not the maximum and minimum. Still based on the 

Figure 4.2, it is possible to select five elements to perform fatigue verification procedures. These 

elements are showed in the Figure 4.3. 

 

 

Figure 4.3 : Selected elements of the main girder 
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As the bridge is symmetrical, the selected elements are located only in the first half of the bridge and 

are:  

- G4 which represents the maximum Δσ and is at 33m of the most left point of the bridge 

- G11 which is on the second pier at 125m 

- G17 which represents the minimum Δσ and is located around the first tower at 204m 

- G25 which represents the average stress variation and is at 309m 

- G33 which represents the element in the middle of the central span at 415m 

 

One last important point to mention concern the relation (4.1). Indeed, the section area equals to A = 

0.1464 m2 and represents the area of the main steel girder’s section. The section modulus value W is 

calculated in such way to obtain the stress at the weld between the stiffener and the bottom flange. This 

parameter should be determined as follows, with an inertia equals to I = 0.14 m4: 

 

 𝑊 =
𝐼

ℎ
2 −  

𝑡𝑖𝑛𝑓
2

 (4.2) 

 

4.2. Selected details of stays 

Regarding the details of stays, we must first analyse their anchorage. The Figure 4.4 shows us what is 

the anchor type, directly welded to the main steel girder. This anchorage is composed by a steel sheet 

with two stiffeners. The stay is then put in the available space and fixed with a ring.  

 

 

Figure 4.4 : Details of the anchorage of the stays 

 

So, there are a lot of details but in order to seek simplicity, the selected detail is the stay’s breaking close 

to the anchorage. This detail allows us to use some simplifications for the next calculations such as to 

only have axial forces in the stay. According to the EN 1993-1-11 [6], this detail has a FAT value of 160 

MPa from the fact that the stays are made of strands. 

 

FAT = 160 MPa 
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Figure 4.5 : Table 9.1 of EN 1993-1-11 [6] 
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5. Influence lines 

 

This chapter present one of the most important points of this project: influence lines. Indeed, the 

influence line allows to define the stress range in one element in a specific location under mobile load. 

Using a unitary mobile load, we just have to multiply the influence line’s curve by the value of the total 

load of the vehicle to obtain the wanted stress ranges. Thus, using influence line is a great advantage.  

 

There are two types of influence lines: the ones which are based on forces and the ones which are 

based on stresses. Those using forces are the most common but in this project, it is better to use the 

ones with stresses. Indeed, in the case of cable-stayed bridge, the deck is subjected to bending forces 

and axial forces which are introduced by stays. In order to take it into account, we have to use the 

relation (4.1) as described in the previous chapter. 

 

Moreover, with influence lines, it is possible to define the critical length which are important in the 

damage equivalent factor procedure (§2.3), This length is calculated according to the influence line’s 

type. Using the EN 1993-2 (article 9.5.2) [8], the critical length may be defined for simple influence lines. 

In the Appendix 3 ,there are the main influence lines used in this project to define critical lengths of the 

stress influence lines obtained. 

 

5.1. Stress influence lines of bottom flange 

For elements of bottom flange defined in the previous chapter, the influence lines are presented below: 

 

- Element G4: 

Similar to a bending force in midspan 

section 

Lcrit = Li = 61 m 

 

 

- Element G11: 

Similar to a bending force in midspan 

section 

Lcrit = Li = 15 m 
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- Element G17: 

Similar to a bending force in midspan 

section 

Lcrit = Li = 30 m 

 

 

 

- Element G25: 

Similar to a shear force in midspan 

section 

Lcrit = 0.4 x Li = 70 m 

 

 

 

- Element G33: 

Similar to a bending force in midspan 

section 

Lcrit = Li = 65 m 

 

 

 

We first notice that these influence lines are not complicated. This allows to compare them easily with 

the ones of the Appendix 3. Then, critical lengths are all lower than the Eurocode limit, which is 80m. In 

the next steps, this will allow to perform the different fatigue verification procedures with well-known 

data. In the table below, all the information about influence lines of the bottom flange’s elements are 

summarized: 

 

Table 4 : Critical length for elements of the bottom flange 

N° Equivalent to Lcrit 

G4 Moment - Midspan 60 

G11 Moment - Midspan 15 

G17 Moment - Midspan 30 

G25 Shear - Midspan 70 

G33 Moment - Midspan 65 
 

Figure 5.1 : Influence lines of bottom flange elements 
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5.2. Stress influence lines of stays 

There are two types of stays: the central one and the lateral ones. And these give two types of influence 

lines. As showed in Figure 5.2, lateral stays are irregular with complex influence lines. It involves that 

the critical lengths are difficult to determine. The Appendix 4 presents a summarize of each influence 

line of lateral stays with the critical length associated.  

 

 

Figure 5.2 : Influence lines of lateral stays 

 

 

Figure 5.3 : Influence line of L11 
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One has really been difficult to determine and it is the lateral stay 11 (L11). This one represents the stay 

link to the second pier (P2). With his complex shape, it hasn’t been possible to compare it with a simple 

influence line. It has been decided to take a support section with a critical length equal to 100m because 

it is the most unfavourable value. 

 

For the central stays, it is more simple. Indeed, they are regular with a simple shape. We can compare 

them to the influence line of a moment in a midspan section. So the critical length is the length between 

the points that cross the abscise. However, for the C15 and C16, they are more similar to the influence 

line of a shear force in a midspan section.  

 

 

Figure 5.4 : Influence lines of central stays 

 

In the Erreur ! Source du renvoi introuvable., critical lengths obtained for stays are summarized: 
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Table 5 : Critical lengths for stays 

N° Force - Section Lcrit [m]  N° Force - Section Lcrit [m] 
L1 Moment - Midspan 89  C1 Moment - Midspan 89 
L2 Moment - Midspan 100  C2 Moment - Midspan 90 
L3 Moment - Midspan 81  C3 Moment - Midspan 90 
L4 Moment - Support 315  C4 Moment - Midspan 90 
L5 Moment - Support 315  C5 Moment - Midspan 105 
L6 Moment - Support 145  C6 Moment - Midspan 100 
L7 Moment - Midspan 71  C7 Moment - Midspan 100 
L8 Moment - Midspan 71  C8 Moment - Midspan 100 
L9 Moment - Midspan 71  C9 Moment - Midspan 125 
L10 Moment - Midspan 71  C10 Moment - Midspan 130 
L11 Support 100  C11 Moment - Midspan 145 
L12 Moment - Support 140  C12 Moment - Midspan 150 
L13 Shear - Midspan 54  C13 Moment - Midspan 150 
L14 Shear - Midspan 54  C14 Moment - Midspan 160 
L15 Shear - Midspan 54  C15 Shear - Midspan 162 
L16 Moment - Support 135  C16 Shear - Midspan 162 

 

As one can notice, influence lines are much higher than the Eurocode limit of 80m. In this fact, 

hypotheses should be done in order to determine partial factors with the critical length. These 

hypotheses are based on the researches and results of the PhD thesis of Nariman Maddah (Maddah, 

2013) [5] and are presented in the chapter on fatigue verification procedures for stays.   
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6. Fatigue assessment of bottom flange 

 

The objective of this chapter is to explain the different fatigue verification procedures. Indeed, before 

perform the verifications with the stay which have critical lengths higher than the Eurocode limit, it is 

better to apply these procedures to elements with well-known data. The following procedures are based 

on two models: Fatigue load model 3 (FLM3 - §2.5.1) and Fatigue load model 4 (FLM4 - §2.5.2).  

 

With FLM3, the damage equivalent factor λ is used and allows to compare the FAT value with the 

equivalent stress range at 2 x 106 cycles. With FLM4, damages are determined for each lorry which 

composes the model (Figure 2.9) and we have to verify that the total damages stay below than 1.0. 

 

Moreover, in order to explain the procedures with more details, all calculations are based on the element 

G4 of the main girder. As reminder, this element represents the maximal stress variation for the bottom 

flange. Calculations and formulas are mainly based on the standard rules described in the Eurocodes.  

 

6.1. Verification using the damage equivalent factor 

As previously explained and using the theory described in the first chapter, the damage equivalent factor 

allows to determine the equivalent stress range at 2 x 106 cycles and to compare it with the FAT value, 

which represents the value of the S-N curve for 2 x 106 cycles. It is then possible to re-write the relation 

(2.4) in order to compare directly the FAT value, by taking into account of the safety factors: 

 

 𝛾𝑀𝑓 ∙  𝛾𝐹𝑓 ∙  Δ𝜎𝐸2 ≤ ∆𝜎𝐶 (6.1) 

 

Moreover, to determine the stress range in the bottom flange, a load of 480 kN is used (FLM3), which 

moves all along the influence line of the selected element (here G4). The multiplication of this load with 

the values of the unitary influence line give us all the stresses in the bottom flange. We have to find the 

maximal and minimal one to determine the maximum stress range. It is also assumed as hypothesis 

that only one heavy vehicle moves on only traffic lane, which allows to simplify some parameters. 

 

Based on the relation (2.3) and the next ones, the different partial factors can be calculated. With a 

working life of 100 years and only one lane for heavy vehicles, partial factors λ3 and λ4 equal to 1.0. 

Then, as the Eurocodes are based on a heavy traffic of 5 x 105 HV (heavy vehicle)/year/lane, we have 

to use λ2 to be able to calculate for a heavy traffic of 2 x 106 HV/year/lane. 
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In the following table, calculations are summarized: 

 

Table 6 : Fatigue verification with FLM3 for element G4 

  LI x 480 kN 
Force  Bending 

Section  Midspan 
Lcrit [m] 61 
λ1 [-] 2.04 
Q0 [kN] 480 
N0 [-] 5.00E+05 

Qm1 [kN] 445 
Nobs [-] 2.00E+06 
λ2 [-] 1.22 
 λ3 [-] 1.00 
λ4 [-] 1.00 
λ [-] 2.50 

λmax [-] 2.00 
   

ΔσB [MPa] 34.60 
   
λ [-] 2.00 

Δσ(Qfat) [MPa] 34.60 
ΔσE,2 x 1.35 [MPa] 93.42 

ΔσC [MPa] 80.00 
   

Verification NOT OK 
 

First, the verification is not satisfied with a safety factor of 1.35 (93.42 MPa > 80.00 MPa). To fix it one 

solution could be to reinforce the bottom flange, which allows to reduce the stresses at this particular 

place. Then, one observes that the λ factor is higher than λmax, so this last one is used to determine the 

equivalent stress range.  

 

By varying the selected elements and the associated influence lined, we apply this verification to the 

other elements and the obtained results are showed in the following table: 
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Table 7 : Fatigue verification with FLM3 for the bottom flange 

  G4 G11 G17 G25 G33 
Force Bending Bending Bending Shear Bending 

Section Midspan Midspan Midspan Midspan Midspan 
Lcrit [m] 61 15 30 70 65 
λ [-] 2.50 3.06 2.87 2.39 2.45 

λmax [-] 2.00 2.33 2.00 2.00 2.00 
ΔσE,2 x 1.35 [MPa] 93.42 55.69 51.65 83.66 85.21 

ΔσC [MPa] 80.00 80.00 80.00 80.00 80.00 
Verification NOT OK OK OK NOT OK NOT OK 

 

Only two elements are satisfied with the fatigue resistance. So the solution of a reinforcement in some 

locations of the main girder could be a good solution to reduce the stresses. However, the λ factor is 

higher than the λmax for all the elements. This involves that we use a lower λ factor than the one is 

calculated. 

 

6.2. Verification using the damage accumulation method 

In regards to the procedure with FLM4, we must calculate damages caused by each lorry individually 

and then verify that the total is lower than 1.0 according to the relation (2.16). As the previous procedure, 

only one vehicle is considered on the influence line. Based on the Figure 2.9, we have to take into 

account a percentage for each lorry according to the traffic type. In this project, it is considered long 

distance. 

 

Then, damage is based on the fatigue curve of the selected detail. In this case, we have a FAT value of 

80 MPa and slope’s coefficient of 3 and 5 according to the stress range. Moreover, a cut-off limit should 

be considered and involves that stress ranges lower than this limit cause no damage. Based on the 

Figure 2.2, the important values are: 

 

 ∆𝜎𝐶 = 𝐹𝐴𝑇 = 80 𝑀𝑃𝑎 (6.2) 

 ∆𝜎𝐷 = 𝐶𝐴𝐹𝐿 = 0.74 ∙  ∆𝜎𝐶 = 58.96 𝑀𝑃𝑎 (6.3) 

 ∆𝜎𝐿 = 𝐶𝑢𝑡 − 𝑜𝑓𝑓 𝑙𝑖𝑚𝑖𝑡 = 0.405 ∙  ∆𝜎𝐶 = 32.37 𝑀𝑃𝑎 (6.4) 
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Table 8 : Fatigue verification with FLM4 for element G4 

  
G4 

Q1 Q2 Q3 Q4 Q5   
ΔσC [MPa] 80 80 80 80 80   
ΔσD [MPa] 58.96 58.96 58.96 58.96 58.96   
ΔσL [MPa] 32.37 32.37 32.37 32.37 32.37   

              
Distribution [%] 20% 5% 50% 15% 10%   

ni [veh] 4.00E+07 1.00E+07 1.00E+08 3.00E+07 2.00E+07   
              

ΔσB  [MPa] 19.46 30.17 47.69 37.95 43.79   
m [-] 0 0 5 5 5   
C3 [-] 1.02E+12 1.02E+12 1.02E+12 1.02E+12 1.02E+12   
C5 [-] 3.56E+15 3.56E+15 3.56E+15 3.56E+15 3.56E+15   
ni [veh] 4.00E+07 1.00E+07 1.00E+08 3.00E+07 2.00E+07   

NRi [-] Nothing Nothing 1.44E+07 4.52E+07 2.21E+07   
Di [-] 0 0 6.9211 0.6632 0.9043   

Verification           8.4886 
 

To calculate the resistant number of cycle NRi, we have to calculate the constant of the S-N curve for a 

slope’s coefficient of 3 and 5. To do so, the relation (2.2) is used, knowing that the CAFL at 5 x 106 

cycles is common to both slopes. One will notice that the vehicle 3 with a load of 490 kN causes more 

than 80% of the total damages alone. That can be explained as this vehicle represents 50% of the heavy 

traffic. Finally, total damages equal to 8.5 which clearly more than 1.0. Thus, fatigue with FLM4 is not 

satisfied. 

 

To confirm or not, this procedure is applied to the other elements of the bottom flange and the obtained 

results are showed in the following table: 

 

Table 9 : Fatigue verification with FLM4 for the bottom flange 

  G4 G11 G17 G25 G33 

ΔσD [MPa] 58.96 58.96 58.96 58.96 58.96 

ΔσL [MPa] 32.37 32.37 32.37 32.37 32.37 

ΔσB (veh.3) [MPa] 47.69 24.36 26.37 42.70 43.49 

Dtot [-] 8.49 0.00 0.00 4.89 5.36 
 

Trends are similar for the other elements of the bottom flange. The vehicle 3 still represents more than 

80% of total damages when damages occur. The conclusion is that it is possible to use only the vehicle 

3 for damage accumulation. It would be another Fatigue load model 3. 
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Moreover, results are similar with those calculated with damage equivalent factor procedure. However, 

it would be interesting to compare damages with the both procedures.  

 

6.3. Conclusions 

First of all, damages obtained with damage equivalent factor verification must be calculated. To do so, 

we have to divided the equivalent stress range at 2 x 106 cycles with the FAT value and take into account 

the slope coefficient m, as described in the next relation: 

 

 𝐷𝑡𝑜𝑡 = (
∆𝜎𝐸,2

𝐹𝐴𝑇
)

𝑚

 (6.5) 

 

Table 10 presents a summary according to the procedure used: 

 

Table 10 : Comparison damages for the bottom flange 

  G4 G11 G17 G25 G33 

FLM3 
λ [-] 2.5 3.06 2.87 2.39 2.45 

Dtot [-] 2.19 0.17 0.12 1.28 1.40 
FLM4 Dtot [-] 8.49 0 0 4.89 5.36 

 

The first observation is that damages cannot be compared, because the two fatigue load model are not 

similar. Indeed, the number of cycle of each model is different. FLM3 is based on 2 million of cycles 

when FLM4 is based on 100 million of cycles. In brief, we can write it as follows: 

 

FLM3   –  Q = λ x 480 kN   –   N = 2 x 106 cycles 

FLM4   –  Q = 490 kN   –   N = 100 x 1 x 106 cycles 

 

We can also precise that FLM4 is used to determine local effects for short spans (L ≈ 10m) when FLM3 

is used for lengths until 80m. 
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51 
 

7. Fatigue assessment of stays 

 

The objective of this chapter is comparable to the previous but this time it is for stays. The main 

differences are that the selected detail for stays is subjected only to an axial effort and that the critical 

lengths are higher than the Eurocode limit of 80m. In this fact, hypotheses should be done on the λ 

factor value for critical length higher than 80m in order to verify stays with damage equivalent factor 

procedure.  

 

To do so, hypotheses are based on the PhD thesis of Nariman Maddah [5] and the results he obtained. 

These results are based on the Swiss traffic with N0 = 500’000 heavy vehicles per year using FLM4 with 

traffic type of long distance and are showed in the Figure 7.1. 

 

 

Figure 7.1 : Comparison of Eurocode damage equivalent factor with FLM4 for long distance traffic 

 

One observes that the trend for critical length between 80m and 100m is constant for a midspan section 

or a section at support. It has been then decided to keep the value of the partial factor λ1 in this thesis 

constant for critical lengths higher than 80m, written as follows: 

 

λ1    Æ   = 1.85 (midspan)   &   = 2.20 (support) 

λmax    Æ   = 2.00 (midspan)   &   = 2.70 (support) 

 

Then only 5 stays will be presented and they are the ones with maximal and minimal stresses in the 

lateral and central spans (L1, L16, C1 and C16) and also L11 because its influence line is very complex. 

All calculations for each 32 stays are in the Appendix 5. Calculations and formulas are mainly based on 

the standard rules described in the Eurocodes. 
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7.1. Verification using the damage equivalent factor 

Based on the same methodology as described in the previous chapter (§6.1), the values of the next 

partial factors are identical: 

 
λ2 = 1.22  λ3 = 1.00  λ4 = 1.00 

 

The partial factors λ1 and λmax are based on the hypotheses made for critical lengths higher than 80m. 

The obtained results are presented in the following table: 

 

Table 11 : Fatigue verification with FLM3 for the stays 

  L16 L11 L1 C1 C16 
Force Bending - Bending Bending Shear 

Section Support Support Midspan Midspan Midspan 
Lcrit [m] 135 100 100 90 162 
λ [-] 2.69 2.69 2.26 2.26 2.26 

λmax [-] 2.70 2.70 2.00 2.00 2.00 
ΔσE,2 x 1.35 [MPa] 53.38 64.52 137.57 131.55 71.93 

ΔσC [MPa] 160.00 160.00 160.00 160.00 160.00 
Verification OK OK OK OK OK 

 

One will first notice that all critical lengths are higher than 80m. That involves that the values of λ factor 

vary between 2.26 for midspan section and 2.69 for section at support. These values are close or higher 

to the maximal limit according to the Eurocode (λmax). As reminder, influence line of the stay L11 is 

complex and thus, it has been decided to take a critical length of 100m for a section at support because 

it is the most unfavourable value for λ factor.  

 

Then, all the stays satisfy the fatigue verification. However, this is not enough to confirm that the constant 

trend hypotheses are corrects.  

 

7.2. Verification using the damage accumulation method 

The procedure based on FLM4 is now performed. All matters relating to the traffic is similar to the 

procedure for the bottom flange elements. However, damage accumulation is based on the S-N curve 

for tension components (Figure 2.3). The main differences are that the slope’s coefficients equal 4 and 

6 and that there is no cut-off limit, which involves that all stress ranges cause damages. 

 

The details of the damage accumulation for the stay L1 is described in the following table: 
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Table 12 : Fatigue verification with FLM4 for stay L1 

  
L1 

Q1 Q2 Q3 Q4 Q5   
ΔσC [MPa] 160.00 160.00 160.00 160.00 160.00   

                
Distribution [%] 20% 5% 50% 15% 10%   

ni [veh/an] 4.00E+07 1.00E+07 1.00E+08 3.00E+07 2.00E+07   
                

ΔσN  [MPa] 28.66 44.42 70.22 55.89 64.49   
m [-] 6 6 6 6 6   
ni [veh/an] 4.00E+07 1.00E+07 1.00E+08 3.00E+07 2.00E+07   

NRi [-] 6.05E+10 4.37E+09 2.80E+08 1.10E+09 4.67E+08   
Di [-] 0.0007 0.0023 0.3571 0.0273 0.0428   
Verification           0.4302 

 

As for the verification of the bottom flange element, damages caused by the vehicle 3 represent more 

than 80% of the total damages. Moreover, damages are clearly lower than 1.0 and so fatigue verification 

is satisfied. However, this damages value is very low and not common. These results can be compared 

with the other stays, as follows: 

Table 13 : Fatigue verification with FLM4 for the stays 

    L16 L11 L1 C1 C16 
ΔσC [MPa] 160 160 160 160 160 

ΔσN (veh.3) [MPa] 20.25 24.47 70.22 0.27 36.71 
Dtot [-] 0.0002 0.0008 0.4303 0.3290 0.0088 

 

All damages are lower than 0.5 and most of them are very close to zero. The FAT value at 160 MPa for 

tension components is very high comparing of the stress ranges caused by the lorries. The stay breaking 

due to the fatigue is therefore not a major problem. This was expected because the stay in itself is not 

a favourable detail for fatigue phenomena. It would be better to verify a detail close to the anchorage 

with the main girder. The objective of this project being to determine λ factors for critical length higher 

than 80m, damages should be compared even if those are very low. We seek a match in damages to 

see if the fatigue verification procedures are adequate.  

 

7.3. Conclusions 

As for bottom flange elements, damages according to the FLM3 have to be calculated using the relation 

(6.5). Results are described in the following table: 
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Table 14 : Comparison damages for stays 

  L16 L11 L1 C1 C16 

FLM3 
λ [-] 2.69 2.69 2.26 2.26 2.26 

Dtot [-] 0.0039 0.0102 0.4704 0.3707 0.0185 
FLM4 Dtot [-] 0.0002 0.0008 0.4303 0.3290 0.0088 

 

First, the total damages according to FLM4 are close to those calculated with FLM3. This is a different 

conclusion than the one of fatigue procedures for bottom flange elements. Indeed, total damages of the 

bottom flange elements are multiplied by 5 or 8 between FLM3 and FLM4. 

 

As has already been said, damages are calculated with a FAT value of 160 MPa and this value is largely 

higher than the stress ranges caused by the FLM4 lorries. The stays are also design in such a way that 

only 50% of their resistance are used. Considering this, the very low value of total damages is more 

understandable.  

 

Damage equivalent factor method for critical lengths higher than 80m has different conclusions than for 

well-known critical lengths. Moreover, fatigue resistance is satisfied for all results. However, it is not 

possible to affirm that the constant trend of the λ factor for critical length higher than 80m without more 

researches. Indeed, although hypotheses made on the Maddah researches [5] have satisfactory 

outcome, it would be better to determine new damage equivalent factors based on a “real traffic” such 

as the Fatigue load model 5. It would be able to compare them with the hypotheses. 
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8. Comparison of damage equivalent factors 

 

The objective of this last chapter is to perform the method of Hirt (Figure 2.4 [3]) in order to determine 

new λ factors for critical lengths higher than 80m. This method is based on the Figure 2.4 and consists 

of calculating a stress range with a load model (usually FLM3) and an equivalent stress range at 2 x 106 

cycles with a total damage of 1.0, using a “real traffic” with FLM5. The division between these two 

stresses gives us the damage equivalent factor, as described in the following relation: 

 

 𝜆 =
Δ𝜎𝐸,2

Δσ(Qfat)
 (8.1) 

 

In this project, there are a lot of data and influence lines on which we can work on. However, it has been 

decided to focus first on the central stays because they have an easy influence line with critical lengths 

higher than 80m. Knowing that this stay’s type is common in the most of cable-stayed bridge, this choice 

is a relevant one to understand the behaviour of λ factors for unknown critical lengths.  

 

The different parts of this chapter explain how it is possible to determine the different stress ranges 

using in the λ factor calculations for one stay and then to present the final results. The selected stay is 

the central one C9, which has average characteristics.  

 

8.1. Resulting from code load model 

First of all, the stress range according to the model must be calculated. The model used is FLM3 (Figure 

2.8), which is described in the first chapter based on the EN 1991-2 [12]. This stress range is determined 

using a main lorry with a total load of 480 kN and a second lorry with a load of 144 kN (4 axles of 36 kN 

instead of 120 kN) at a distance of 40m. The second vehicle has the same geometry of the main one.  

 

These vehicles move on the influence line in order to obtain the maximum and minimum stress caused 

by them. The obtained results are showed in the following table: 

Table 15 : Stress range from load model 

Type of section     Midspan 
Critical length Lcrit [m] 129 
Area A [m2] 0.007193 
Distance D [m] 40 
Fatigue load Q1 Qfat,1 [kN] 480 
Fatigue load Q2 Qfat,2 [kN] 144 
Minimal stress σmin(Qfat) [MPa] -1.40 
Maximal stress σmax(Qfat) [MPa] 31.64 
Stress range Δσ(Qfat) [MPa] 33.04 



 

56 
 

8.2. Resulting from service loads 

The methodology to determine the stress range from service loads is described in the left part of the 

Figure 2.4. As the fatigue detail and the influence line are already found, a “real traffic” must be 

generated. The software used to do that is MatLab developed by MathWorks and allows matrix 

manipulation, plotting of functions and data and implementation of algorithms8. 

 

Because of time, there are no extensive researches on the definition of a “real traffic”. It has been 

decided to generate a traffic based on the lorries of the FLM4. Thus, the model used is a kind of simplified 

FLM5 composed by six different vehicles, which are a normal vehicle with a load of 0 kN and the five 

lorries of FLM4 with the associated load. Moreover, it has been also decided to consider 25% of the 

heavy vehicles in the traffic. With the help of the software MatLab, it is possible to generate a uniform 

probability and then choose randomly a vehicle between all of them with the constraint that 25% of these 

vehicles are heavy vehicles. 

 

 

 

 

 

The second required parameter is the distance. Indeed, a distance has to be define between each 

vehicle generated. To do so, the PhD thesis of Claudio Baptista (Baptista, 2016) [13] has been taken as 

an inspiration. Still using the software MatLab, it is possible to generate randomly a uniform probability 

and then, with the inverse function of the CDF curve, to determine a distance between each vehicle. 

The CDF curve is the Cumulative Distribution Function curve and it is based on the PDF (Probability 

Distribution Function) curve. The parameters of the CDF curve are taken from the PhD thesis of Claudio 

Baptista [13] and are: 

 

 𝑓(𝑝) = 𝑔𝑎𝑚𝑖𝑛𝑣(𝑝, 𝛼, 𝛽) (8.2) 

 

 

𝑑0 = 120 𝑚 Æ mean value 

𝑑𝑚 = 30 𝑚 Æ modal value 

𝛼 =
𝑑0

𝑑0 − 𝑑𝑚
= 1.33 

𝛽 = 𝑑0 − 𝑑𝑚 = 90 𝑚 

(8.3) 

 

The distance between the vehicles is based on a Gamma distribution for free-flow conditions [13]. With 

the following figures, it is possible to see the probability of having a distance (Figure 8.1) and how many 

time a distance has been generated in the traffic (Figure 8.2).  

 

                                                      
8 https://en.wikipedia.org/wiki/MATLAB 

Q0 = 0 kN Q1 = 200 kN Q2 = 310 kN  Q3 = 490 kN Q4 = 390 kN Q5 = 450 kN 

25% of heavy vehicles (HV) 

https://en.wikipedia.org/wiki/MathWorks
https://en.wikipedia.org/wiki/Function_(mathematics)
https://en.wikipedia.org/wiki/Algorithm
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Figure 8.1 : CDF curve (from the software MatLab) 

 

 

Figure 8.2 : PDF curve (from the software MatLab) 

 

 

Figure 8.3 : Traffic generated (from the software MatLab) 
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Now that the traffic composition is define and also the distance between each vehicle, a traffic can be 

generated. Figure 8.3 show us an example of a part of a generated traffic for one day. The number of 

vehicle for one day is 32’000 vehicles with 8’000 heavy vehicles. Indeed, it has been already specified 

that the model considered Nobs = 2 x 106 HV/year/lane for one traffic lane. Knowing that the traffic 

composition takes into account 25% of heavy vehicles and knowing that there are 250 working days per 

year, the number of vehicle per working day is: 

 

 4 ∙ 2 ∙ 106

250
= 32000 𝑣𝑒ℎ/𝑑𝑎𝑦  (8.4) 

 

Calculations will be first made with one-day data, then a comparison will be made with one-week data 

and one-year data. The numbers of cycles obtained are multiplied in order to consider a bridge’s working 

life of 100 years. As an example, if we use one-day data, we have to multiply by 250 working days and 

by 100 years.  

 

In the Figure 8.3, it is possible to see each vehicle from the line at 490 kN to the one at 200 kN and the 

blank spaces are the light vehicles with a load of 0 kN. As the traffic is generated, the different stress 

ranges caused by it can be calculated. To do so, the traffic must move on the influence line of the stay 

C9 to obtain the stress history and then it is possible to perform the “Rainflow” method to obtain a 

histogram. 

 

Figure 8.4 represents the histogram for one-day data for the stay C9. The histogram represents the 

number of cycles for each stress range caused by the traffic. We can notice that there is a peak (for 30 

MPa) that is equal to about 50% of the total number of cycles. This is because the vehicle 3 with a load 

of 490 kN represents 50% of the heavy traffic, according to the traffic type considered is long distance. 

 

 

Figure 8.4 : Histogram for one-day data of stay C9 



 

59 
 

Finally, it is possible to determine the equivalent stress at 2 x 106 cycles in order to calculate the new λ 

factor. Because all calculations are made for stays, the S-N curve is based on the Figure 2.3, which 

considers slope’s coefficient of 4 and 6 separated by the FAT value at 2 x 106 cycles. Thus, the FAT 

value corresponds to the desired stress. To determine it, the damage accumulation method must be 

performed with the constraint that total damages are equal to 1.0, as described in the following relations: 

 

 𝐷𝑖 =
𝑛𝑖

𝑁𝑅𝑖
=

∆𝜎𝑖
𝑚 ∙  𝑛𝑖 ∙ 250 ∙ 100
𝐹𝐴𝑇𝑚 ∙ 2 106  (8.5) 

 

 𝐷𝑡𝑜𝑡 = ∑ 𝐷𝑖
𝑖

= 1 (8.6) 

 

Here, Δσi corresponds to the stress ranges described in the histogram and ni corresponds to the number 

of cycle associated at each of these stress ranges. The m coefficient varies between 4 and 6 according 

to the considered stress range. Indeed, if it higher than the FAT value then the slope’s coefficient is 

equal to 4 and if not, the m coefficient is equal to 6. 

 

Using the software MatLab, a while loop is created, which allows to vary the FAT value until the total 

damages are equal or close to 1.0. The obtained results for the stay C9 are summarized in the following 

table: 

 
 C9 

FAT [MPa] 70 
Dtot [-] 1.0546 

Table 16 : Obtained results for one-day data of the stay C9 

 

Knowing the two stress variations, we can perform the relation (8.1) as follows: 

 

 𝜆 =
𝐹𝐴𝑇

Δσ(Qfat)
=

70
33.04

= 2.12 (8.7) 

 

As explained previously, this λ factor is based on one-day data, which represents 32’000 vehicles with 

8’000 HV. However, this value cannot represent the same as one-year traffic data. For some IT 

performances, it has been generated one-week traffic data, which represents 160’000 vehicles (for five 

working days) with 40’000 HV. The histogram and the obtained values are described in the next figure 

and table: 
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Figure 8.5 : Histogram for one-week data of stay C9 

 
 C9 

Δσ(Qfat) [MPa] 33.04 
FAT [MPa] 69 
Dtot [-] 1.0445 
λ [-] 2.09 

Table 17 : Obtained results for one-week data of the stay C9 

 

We have to be careful because the relation (8.5) must be slightly adjusted. Indeed, these calculations 

are based on one-week data, so we have to modify the factor 250 by 50. We notice that the obtained 

values are very close. Moreover, by comparing the Figure 8.4 and the Figure 8.5, we can see that the 

histograms have a similar shape. Hence, we may deduct that the one-day traffic data can be enough in 

order to determine the new damage equivalent factors. 

 

In this contest, it is possible to apply this comparison to some other stays with different critical lengths 

and influence lines. The selected stays are taken from the central stays and are: 

 

C1   C5   C13 

Lcrit = 89m  Lcrit = 105m  Lcrit = 150m 

 

The comparisons are showed in the following figures. The left part represents the traffic data and 

obtained values for one day and the right part for one week. 
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Figure 8.6 : One-day data vs one-week data of stay C1 

 

 

 

Figure 8.7 : One-day data vs one-week data of stay C5 
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Figure 8.8 : One-day data vs one-week data of stay C13 

 

First, the histograms and the obtained values are similar for each stays. It is true that there are some 

little differences but the peaks that characterise these histograms are presents for the same stress 

ranges. Thus, using one-day traffic data to generalize calculations may be considered as reasonable.  

 

To confirm this conclusion, Figure 8.9 show the results for one-year data of stay C9. They are similar to 

the one-day and one-week data. 

 

 

Figure 8.9 : One-year data of stay C9 
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8.3. Damage equivalent factor 

 

Thus, we have results for four stays with an identical influence line but with different critical lengths. 

Those vary between 89m and 150m that allows to have a good idea of the λ factors trend for critical 

lengths higher than 80m. The results are summarized in the following table: 

 
 C1 C5 C9 C13 

Lcrit [m] 89 105 129 150 
FAT [MPa] 99 81 70 62 

Δσ(Qfat) [MPa] 48.73 38.1 33.04 29.15 
λ [-] 2.03 2.13 2.12 2.13 

Table 18 : λ factors for the stays C1, C5, C9 and C13 

 

 

The first observation is that λ factors values are equals in average around 2.1 (the exact average is λmoy 

= 2.1025). This should give us confidence that the trend is constant for critical lengths higher than 80m, 

which was the hypothesis based on the PhD thesis of Nariman Maddah [5] for the first calculations. 

 

In order to consolidate these results, it would be effective to compare them with the values from the 

Eurocodes and the ones based on the Maddah’s researches. The obtained results in this project are 

calculated for a heavy traffic of 2 x 106 HV/year/lane for one traffic lane. 

 

Knowing that the Eurocodes are based on a heavy traffic of 5 x 105 HV/year/lane, we must multiply the 

partial factor λ1 by λ2 (λ2 = 1.2233). We do not take into account the partial factors λ3 and λ4 because 

they are equals to 1.0. Assuming the hypothesis that λ1 is constant for critical lengths higher than 80m, 

the Eurocodes give us for a midspan section the next value: 

 

 𝜆 = 1.85 ∙ 1.2233 ≈ 2.26 (8.8) 

 

To determine the value according to the researches of Nariman Maddah, it is possible to use the Figure 

7.1 for a midspan section. The average value for the damage equivalent factor is equal to about 2.0. As 

the PhD thesis of Nariman Maddah [5] is based on a heavy traffic of 5 x 105 HV/year/lane, we can 

calculate: 

 

 𝜆 =  𝜆𝑚𝑜𝑦 ∙ 𝜆2 = 2.0 ∙ 1.2233 ≈ 2.45 (8.9) 
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We can summarize these results in a table and plot them in a graph for illustrating. 

 
 C1 C5 C9 C13 

λ (Matlab) [-] 2.03 2.13 2.12 2.13 
λ (Eurocodes) [-] 2.26 2.26 2.26 2.26 

λ (Maddah) [-] 2.45 2.45 2.45 2.45 

Table 19 : Comparison of λ factors for C1, C5, C9 and C13 

 

Figure 8.10 : Comparison of λ factors for C1, C5, C9 and C13 

On Figure 8.10, the constant trend of λ factors is clearly visible. We can also notice that all calculated 

values are lower than those from the Eurocode and those from the Maddah’s thesis too. Thus, the 

following question can be asked: “Why do I obtain lower results than the Eurocodes ones when the 

results of Maddah’s thesis are higher?” 

 

The answer comes from the only different element of the calculations: the fatigue curve used. Indeed, 

in this project, the stays are analysed. They are considered as tension components and thus, the S-N 

curve used is based on the slope’s coefficients equal to 4 and 6 without cut-off limit. But for the 

calculations of the Maddah’s thesis, the S-N curve used is based on the coefficients equal to 3 and 5 

with a cut-off limit. 

 

This difference, which is mainly occurred in the damage accumulation, allows to explain these lower 

values. However, another question can be asked: “If there is a difference in the calculations of the λ 

factor considering the fatigue curves and the slope’s coefficients, are formulas and values still valid for 

the fatigue verifications for stays?” 

 



 

65 
 

Indeed, the partial factors λ1 and λ2 are based on tests made with elements using fatigue curves for 

steel members, as described in the Figure 2.2. Leaving out the partial factor λ1 for now, we can focus 

on λ2. The Eurocodes (EN 1993-2 [8]) give us a formula for calculating λ2, taking into account a m 

coefficient equal to 5. Trying to adjust the relation for stays, we can use a m coefficient of 6 to obtain: 

 

 𝜆2 =
𝑄𝑚1

𝑄0
(

𝑁𝑜𝑏𝑠

𝑁0
)

1 6⁄

= 1.1681 (8.10) 

 

Thus, as a first approximation, the Eurocodes values are slightly adjusted by multiplying them by the 

adjusted partial factor. In order to better understand the different uses of these fatigue curves, damage 

accumulation has been calculated for the both S-N curves. In the Figure 8.12, the differences are 

illustrated. In blue, formulas and calculations have been made according to the slope’s coefficients of 3 

and 5, taking into account a cut-off limit. In red, formulas and calculations for coefficients of 4 and 6 

without cut-off limit. 

 

Moreover, some lateral stays have been considered in order to have more data to compare. However, 

only those which have a midspan section to compare the appropriate values for the λ factor. Using the 

adjusted partial factor λ2, it is possible to calculate the λ factor value for slopes equal to 4 and 6, 

according to the Maddah’s results. In the following table, all data of the Figure 8.12 are summarized:   

 

N° Lcrit [m] λ3,5 λ4,6 
L12 54 2.32 2.00 
L14 54 2.38 2.05 
L7 71 2.63 2.25 
L9 71 2.38 2.02 
L3 81 2.24 1.94 
L1 89 2.25 1.95 
C1 89 2.34 2.03 
C5 105 2.44 2.13 
C9 129 2.27 2.12 
C13 150 2.37 2.13 
λ (Eurocode) 2.26 2.16 
λ (Maddah) 2.45 2.34 

Average 2.33 2.04 

Table 20 : λ factors for m=3,5 and m=4,6 

 

In conclusion, it should be confirmed (in future works) that the λ factor values are slightly lower for the 

calculations with slope’s coefficients of 4 and 6 and slightly higher for those with coefficients of 3 and 5.  

 

Moreover, the value of the lateral stay L7 is much higher than the others due to the approximation of its 

influence line with the software MatLab has been bad made. Figure 8.11 show us the comparison 
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between the real influence line (in red) and the approximation (in blue). On can notice that even if the 

general shape is kept, the maximal peak value and the minimal one are not reached. For this reason, 

the lateral stay L7 is not taken into account for calculations of the average. 

 

 

Figure 8.11 : Approximation of the lateral stay L7 

 

Concerning the Figure 8.12, we notice clearly that the λ factors have a constant trend for critical length 

which vary from 54m to 150m for influence lines with a midspan section shape. This is not only to confirm 

hypotheses calculations of this project, which support the results of the Maddah’s thesis, but also to ask 

questions about the value of the damage equivalent factor described in the Eurocodes. 

 

Indeed, taking into account of the results of the Maddah’s thesis and especially the ones of the Figure 

7.1, we observe that the constant trend is visible for the critical lengths higher than 80m but also for the 

one lower than 80m, while the Eurocodes telling us to take a decreasing value.  

 

Moreover, if the damage equivalent factor has a constant value for lengths varying from 54m to 150m, 

one can raise the question about the relevance of the critical length in the λ factor definition. 
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Figure 8.12 : Comparison λ factors with m=3,5 and m=4,6 
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9. Conclusions and future works 

 

One of the most important goals of this Master thesis was to verify if the damage equivalent factor 

method could be used to structural systems such as cable-stayed bridges. The first objective was to 

determine the stress influence lines in order to take into account both the internal forces acting in the 

composite deck, namely the flexion and the compression. The second objective was to calculate the 

damage equivalent factor, noted λ, for critical length higher than the Eurocodes limit of 80m.  

 

Based on these information, the idea is to propose an adjustment of the existing standard rules in order 

to perform fatigue verification procedure using λ factor for this kind of structural systems. This conclusion 

will be constructed around the two objectives presented previously and the adjustment of the existing 

rules. Taking into account the obtained results, it will be finally presented some recommendations for 

some futures researches on this topic.  

 

9.1. Stress influence lines 

The bending and the compression have different behaviour inside the structure and hence have different 

influence lines. However, the corresponding maximal and minimal efforts are not necessarily at the same 

location that means we have to define which one is the most decisive. To do so, the idea is to determine 

influence lines based on the total stresses calculated with the sum of the two internal forces stresses, 

as described in the equation (4.1). Moreover, the Figure 4.2 show that the stress based on the bending 

moment has more influence in the composite deck than the axial stress. In this fact, it is better to base 

the calculations on the maximal variation of the moments and add the associated variation of the axial 

forces to get the influence line which will better define the extreme stresses location.  

 

It would be also interesting to study with more details the stays anchorage in the composite deck. Indeed, 

several internal forces act in this detail. Performing the same methodology, it will be possible to define 

stress influence lines for these details in order to know the extreme stresses locations. 

 

9.2. Damage equivalent factor 

Researches done during this Master thesis showed that damage equivalent factors for midspan section 

remain constant when the critical length increase, apart from slight variations. This observation may be 

considered as a support for the results of the PhD thesis of Nariman Maddah [5], as described in the 

Figure 7.1. But it was more surprising to see that this trend works also for lengths lower than the 

Eurocodes limit, although it is described in the Eurocodes that the λ factor linearly decreases when 

critical length increases. Results of this project and those of the Maddah’s thesis suggest that the 

damage equivalent factor remains constant for lengths varying from 50m to 150m. Thus, this would 

allow to simplify fatigue verification procedures if it is not necessary to define the critical length.  
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It would be also interesting to determine the trend of λ factors for a section at support and to observe if 

the results match with the Maddah’s researches too. Thus, it would be useful to define a fatigue 

verification procedure for tension components the fact that those elements are based on a different 

fatigue curve.   

 

9.3. Adjustment of the existing standard rules 

Taking into account long spans, one solution for the adjustment of the existing rules could be the next 

one. First, it would be better to define again the partial factor λ1 for lengths varying between 20m and 

200-300m. Then, it would be useful to define a new partial factor, noted λ5, which would allow for taking 

into account the type of the fatigue curve. 

 

Indeed, knowing that the Eurocodes define several S-N curves with different slope’s coefficients, it would 

be effective to have a factor taking into account these coefficients.  

 

9.4. Future works 

Regarding the future researches on this topic, I should like to say a few comments: 

 

• In order to be more precise and close to the reality, a better traffic should be generated, as 

defined in the Eurocodes with the Fatigue Load Model 5. Moreover, using one-year traffic data 

would allow for supporting (or not) the results of this project. 

 

• To complete this Master thesis, it would be great to perform the same calculations for influence 

line with a shape as a section at support with lengths between 20m and 200m. 

 

• Develop researches to better understand the behaviour of damage equivalent factors according 

to the type of fatigue curve used. A better knowledge would perhaps make it possible to 

determine a partial factor λ5 which would thus solve the slope’s coefficients problems. 

 

 

[14] [15] [16] 
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Appendix 1 

 

Case study details 
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Fig. 2.  Case study details: a)  Longitudinal bridge arrangement and typical composite deck cross-section; 
b) longitudinal deck segments; c) cross-section of the main girders; d) cross-section of the main girders; e) cross-section

of the cross-girders; f) cross-section of central girders; and g) slab reinforcement over the main girders; h) slab 
reinforcement over the central girders. 
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Appendix 2 

 

Stays tensioning 

 

  



N° haubans Forces [kN] N° haubans Forces [kN] N° haubans Forces [kN] N° haubans Valeur N° haubans Valeur
16L 4255 16L 5816 16L 1561 16L #REF! 16L 5815.416
15L 4294 15L 5609 15L 1314.731 15L #REF! 15L 5609.417
14L 4227 14L 5240 14L 1013.12 14L #REF! 14L 5240.811
13L 3993 13L 5050 13L 1057.124 13L #REF! 13L 5049.821
12L 3683 12L 4835 12L 1151.662 12L #REF! 12L 4834.613
11L 3516 11L 4613 11L 1097.323 11L #REF! 11L 4613.171
10L 3554 10L 4365 10L 810.569 10L #REF! 10L 4365.115
9L 3509 9L 4105 9L 595.808 9L #REF! 9L 4105.393
8L 3335 8L 3826 8L 490.711 8L #REF! 8L 3825.651
7L 3068 7L 3571 7L 502.701 7L #REF! 7L 3570.456
6L 2691 6L 3264 6L 572.546 6L #REF! 6L 3264.253
5L 2564 5L 3018 5L 454.014 5L #REF! 5L 3017.74
4L 2523 4L 2841 4L 318.074 4L #REF! 4L 2840.879
3L 2438 3L 2589 3L 150.549 3L #REF! 3L 2589.429
2L 2397 2L 2446 2L 48.746 2L #REF! 2L 2445.715
1L 2410 1L 2125 1L -285.085 1L #REF! 1L 2124.867
1C 2210 1C 2203 1C -7.406 1C #REF! 1C 2202.93
2C 2403 2C 2460 2C 56.996 2C #REF! 2C 2460.468
3C 2551 3C 2592 3C 40.55 3C #REF! 3C 2591.768
4C 2785 4C 2798 4C 13.161 4C #REF! 4C 2797.918
5C 3025 5C 3096 5C 70.725 5C #REF! 5C 3095.974
6C 3273 6C 3393 6C 120.168 6C #REF! 6C 3392.622
7C 3534 7C 3579 7C 45.044 7C #REF! 7C 3579.324
8C 3728 8C 3754 8C 25.643 8C #REF! 8C 3754.491
9C 4014 9C 4121 9C 107.409 9C #REF! 9C 4121.216

10C 4326 10C 4292 10C -34.023 10C #REF! 10C 4291.22
11C 4564 11C 4677 11C 113.305 11C #REF! 11C 4677.925
12C 4795 12C 4882 12C 86.541 12C #REF! 12C 4881.475
13C 4968 13C 5114 13C 146.309 13C #REF! 13C 5113.123
14C 5037 14C 5328 14C 291.352 14C #REF! 14C 5327.976
15C 4900 15C 5501 15C 600.844 15C #REF! 15C 5501.675
16C 4517 16C 5667 16C 1149.808 16C #REF! 16C 5667.285

Label - element
ΔT = -1'000°C at 

16L
ΔT = -1'000°C at 

15L
ΔT = -1'000°C at 

14L
ΔT = -1'000°C 

at 13L
ΔT = -1'000°C at 

12L
ΔT = -1'000°C at 

11L
ΔT = -1'000°C at 

10L
ΔT = -1'000°C at 

9L
ΔT = -1'000°C at 

8L
ΔT = -1'000°C at 

7L
ΔT = -1'000°C at 

6L
ΔT = -1'000°C at 

5L
ΔT = -1'000°C at 

4L
ΔT = -1'000°C at 

3L
ΔT = -1'000°C at 

2L
ΔT = -1'000°C at 

1L
ΔT = -1'000°C at 

1C
ΔT = -1'000°C at 

2C
ΔT = -1'000°C at 

3C
ΔT = -1'000°C at 

4C
ΔT = -1'000°C at 

5C
ΔT = -1'000°C at 

6C
ΔT = -1'000°C at 

7C
ΔT = -1'000°C at 

8C
ΔT = -1'000°C at 

9C
ΔT = -1'000°C at 

10C
ΔT = -1'000°C at 

11C
ΔT = -1'000°C at 

12C
ΔT = -1'000°C at 

13C
ΔT = -1'000°C at 

14C
ΔT = -1'000°C at 

15C
ΔT = -1'000°C 

at 16C
807 16L 18140.719 -2581.866 -2036.542 -1871.51 -1918.092 -1693.697 -1162.571 -717.89 -541.313 -602.3 -669.902 -455.702 -200.666 -43.308 13.517 10.685 18.967 2.435 -3.194 -3.215 -1.411 0.289 0.618 -2.005 -9.58 -23.789 -43.136 -62.1 -67.183 -35.368 66.524 276.073
815 15L -2744.091 17270.064 -3312.786 -2577.122 -1851.142 -1183.823 -634.621 -339.408 -311.308 -460.089 -573.954 -407.019 -185.985 -44.262 9.683 11.076 15.218 2.647 -2.039 -2.385 -1.211 -0.002784 0.286 -1.497 -6.806 -16.851 -30.562 -43.942 -47.242 -23.99 49.19 192.927
814 14L -2309.083 -3534.066 16085.309 -3277.992 -1969.542 -884.491 -270.495 -69.345 -160.267 -396.466 -559.675 -412.366 -194.558 -49.985 7.634 13.088 13.399 3.159 -1.172 -1.873 -1.177 -0.316 -0.052 -1.247 -4.971 -12.083 -21.765 -31.025 -32.683 -14.869 33.506 137.461
813 13L -2273.156 -2945.149 -3511.551 16003.457 -2218.571 -930.506 -236.14 -34.09 -165.321 -454.791 -651.09 -481.641 -228.237 -59.46 8.537 17.073 13.9 3.917 -0.741 -1.786 -1.347 -0.643 -0.39 -1.321 -4.328 -10.065 -17.774 -24.88 -25.393 -14.859 27.044 117.54
812 12L -2507.454 -2276.872 -2270.821 -2387.81 16581.62 -1368.005 -708.737 -388.667 -403.662 -633.292 -797.102 -566.996 -260.767 -63.991 12.794 21.557 15.263 4.385 -0.769 -1.989 -1.598 -0.921 -0.691 -1.595 -4.448 -9.79 -16.835 -23.215 -28.616 -17.003 27.404 122.583
811 11L -2395.655 -1575.472 -1103.407 -1083.604 -1480.174 16045.429 -1878.059 -1331.363 -944.446 -840.112 -802.46 -510.821 -212.762 -40.463 19.248 21.246 12.833 3.088 -1.14 -1.951 -1.494 -0.921 -0.806 -1.622 -3.926 -8.037 -13.391 -23.612 -27.983 -16.445 25.614 115.136
810 10L -1789.933 -919.321 -367.308 -299.329 -834.716 -2044.269 14259.764 -2768.497 -1843.18 -1111.249 -638.461 -271.874 -57.608 21.66 29.628 15.488 4.906 -0.567 -1.869 -1.524 -0.907 -0.556 -0.596 -1.034 -1.936 -3.427 -10.809 -17.754 -20.417 -11.901 18.125 81.762
809 9L -1211.316 -538.837 -103.197 -47.358 -501.665 -1588.209 -3034.076 12565.29 -2928.42 -1580.245 -504.19 9.137 140.224 106.595 47.184 10.203 -5.268 -5.459 -2.989 -1.089 -0.163 0.064 0.071 0.364 1.224 -2.702 -6.76 -10.331 -11.571 -6.821 9.574 44.306
808 8L -1008.728 -545.822 -263.405 -253.639 -575.413 -1244.269 -2230.88 -3234.144 11838.671 -2185.249 -542.093 189.26 299.463 186.032 69.717 10.399 -14.016 -9.805 -4.114 -0.837 0.487 0.896 1.405 2.772 0.42 -1.568 -3.265 -4.668 -5.185 -3.432 2.857 16.445
806 7L -1250.302 -898.626 -725.875 -777.279 -1005.639 -1232.963 -1498.29 -1944.135 -2434.316 12340.143 -787.122 77.663 270.762 190.447 80.056 19.722 -15.051 -9.591 -3.776 -0.63 0.808 1.856 3.552 1.691 0.423 -0.443 -1.088 -1.628 -2.045 -2.157 -1.508 0.581
805 6L -1563.85 -1260.653 -1152.321 -1251.375 -1423.422 -1324.397 -968.057 -697.554 -679.097 -885.164 12646.344 -696.147 -308.84 -71.589 19.449 38.34 7.735 5.785 2.142 0.118 0.154 2.168 1.414 0.984 0.691 0.365 -0.025 -0.461 -1.051 -2.029 -3.597 -5.825
804 5L -1208.062 -1015.216 -964.153 -1051.223 -1149.807 -957.389 -468.121 14.356 269.241 99.18 -790.544 10402.417 -1871.834 -905.089 -239.686 42.107 71.574 52.044 21.597 3.913 -1.657 -3.368 -2.383 -0.92 0.087 0.543 0.579 0.365 -0.142 -1.229 -3.286 -6.661
803 4L -609.367 -531.396 -521.083 -570.628 -605.75 -456.783 -113.624 252.365 488.002 396.086 -401.749 -2144.19 8192.576 -2364.23 -966.459 -141.19 109.073 123.778 68.61 24.682 0.552 -7.303 -7.277 -4.653 -2.172 -0.442 0.523 0.903 0.765 -0.078 -2.011 -5.479
802 3L -151.294 -145.485 -154.007 -171.015 -171.003 -99.935 49.146 220.692 348.746 320.494 -107.13 -1192.699 -2719.777 6909.471 -2349.423 -814.012 -57.499 163.103 145.529 78.453 26.328 -0.363 -9.383 -9.406 -6.59 -3.471 -1.016 0.497 1.125 0.811 -0.709 -3.831
801 2L 53.94 36.357 26.869 28.049 39.054 54.304 76.793 111.591 149.295 153.895 33.246 -360.802 -1270.026 -2683.779 6163.083 -2268.574 -784.118 -29.691 188.361 171.345 97.724 37.641 4.069 -9.229 -11.494 -9.138 -5.556 -2.561 -0.563 0.477 0.692 0.158
800 1L 47.311 46.146 51.112 62.24 73.016 66.508 44.541 26.775 24.71 42.067 72.721 70.331 -205.872 -1031.762 -2517.19 5605.067 -2314.395 -871.156 -64.55 194.133 197.238 125.742 58.31 14.947 -5.75 -12.857 -12.887 -10.409 -7.182 -3.16 2.892 12.644
832 1C 83.986 63.398 52.326 50.674 51.698 40.173 14.11 -13.825 -33.305 -32.104 14.671 119.549 159.041 -72.88 -870.051 -2314.395 5603.652 -2518.945 -1020.826 -160.123 171.267 216.724 158.739 85.657 34.01 4.627 -7.621 -9.65 -7.479 -5.432 -6.599 -13.389
833 2C 9.718 9.94 11.117 12.868 13.385 8.712 -1.47 -12.91 -20.996 -18.437 9.89 78.342 162.658 186.315 -29.691 -785.114 -2270.155 6161.812 -2677.372 -1243.145 -301.521 117.924 222.934 186.659 119.349 59.448 18.783 -2.601 -11.049 -12.454 -10.902 -8.89
834 3C -11.158 -6.702 -3.612 -2.131 -2.055 -2.816 -4.24 -6.188 -7.713 -6.354 3.205 28.459 78.928 145.529 164.894 -50.927 -805.384 -2343.815 6883.437 -2828.238 -1431.076 -446.762 45.519 205.837 206.115 148.679 83.835 35.449 5.615 -9.729 -15.594 -15.767
835 4C -9.763 -6.813 -5.016 -4.465 -4.621 -4.189 -3.006 -1.96 -1.364 -0.922 0.154 4.482 24.682 68.197 130.389 133.14 -109.815 -946.004 -2458.513 7799.337 -3008.812 -1634.248 -603.497 -36.856 184.57 220.609 172.992 108.155 52.6 14.058 -8.432 -17.666
836 5C -3.74 -3.021 -2.752 -2.94 -3.24 -2.8 -1.561 -0.257 0.693 1.032 0.175 -1.657 0.482 19.979 64.92 118.087 102.538 -200.306 -1085.984 -2626.632 8742.564 -3157.122 -1821.574 -743.798 -128.449 150.55 219.675 189.596 127.795 68.847 26.291 4.81
837 6C 0.676 -0.006116 -0.65 -1.236 -1.644 -1.52 -0.843 0.089 1.122 2.087 2.168 -2.966 -5.614 -0.242 22.02 66.293 114.26 68.985 -298.546 -1256.311 -2780.138 9674.288 -3299.426 -1959.15 -895.913 -226.076 104.772 210.242 200.64 149.792 98.57 68.69
838 7C 1.283 0.559 -0.096 -0.667 -1.098 -1.183 -0.803 0.087 1.565 3.552 1.257 -1.866 -4.974 -5.576 2.116 27.337 74.42 115.97 27.048 -412.546 -1426.395 -2933.976 10591.076 -3378.127 -2133.9 -1047.71 -320.189 56.666 201.896 224.726 201.358 179.393
840 8C -3.736 -2.625 -2.05 -2.027 -2.274 -2.137 -1.251 0.402 2.772 1.518 0.785 -0.647 -2.855 -5.018 -4.31 6.29 36.049 87.165 109.8 -22.617 -522.844 -1563.903 -3032.494 11334.737 -3456.436 -2257.763 -1145.994 -397.282 23.023 218.542 289.493 308.515
841 9C -16.165 -10.805 -7.398 -6.012 -5.741 -4.683 -2.122 1.224 0.38 0.343 0.499 0.055 -1.207 -3.183 -4.86 -2.191 12.96 50.464 99.555 102.555 -81.756 -647.563 -1734.491 -3129.698 12220.051 -3610.829 -2370.339 -1247.66 -448.935 36.251 292.74 401.424
842 10C -36.627 -24.411 -16.408 -12.759 -11.53 -8.749 -3.427 -2.466 -1.296 -0.328 0.241 0.315 -0.224 -1.53 -3.526 -4.47 1.609 22.936 65.527 111.85 87.436 -149.103 -777.064 -1865.391 -3294.765 13120.06 -3689.331 -2461.924 -1304.952 -451.168 81.978 335.707
843 11C -61.013 -40.673 -27.152 -20.698 -18.215 -13.391 -9.93 -5.666 -2.479 -0.742 -0.015 0.309 0.244 -0.411 -1.969 -4.117 -2.435 6.657 33.944 80.577 117.209 63.482 -218.169 -869.852 -1987.007 -3389.369 13840.836 -3666.716 -2456.509 -1311.721 -484.619 -58.752
844 12C -81.182 -54.047 -35.771 -26.778 -23.215 -21.823 -15.074 -8.004 -3.275 -1.025 -0.258 0.18 0.389 0.186 -0.839 -3.073 -2.849 -0.852 13.265 46.559 93.494 117.733 35.685 -278.7 -966.63 -2090.36 -3388.85 14589.207 -3632.835 -2510.038 -1504.555 -938.646
845 13C -81.601 -53.988 -35.012 -25.393 -26.588 -24.03 -16.107 -8.329 -3.38 -1.196 -0.547 -0.065 0.306 0.391 -0.171 -1.97 -2.052 -3.363 1.952 21.039 58.552 104.393 118.131 15.006 -323.163 -1029.472 -2109.438 -3375.353 15261.799 -3798.196 -2964.842 -2405.387
846 14C -40.101 -25.592 -14.869 -13.871 -14.747 -13.183 -8.764 -4.583 -2.088 -1.178 -0.986 -0.526 -0.029 0.263 0.135 -0.809 -1.391 -3.539 -3.158 5.249 29.446 72.753 122.743 132.97 24.36 -332.252 -1051.475 -2177.022 -3545.572 15559.894 -4646.496 -4403.531
847 15C 70.703 49.19 31.408 23.664 22.28 19.247 12.512 6.031 1.629 -0.772 -1.638 -1.317 -0.704 -0.216 0.184 0.694 -1.584 -2.904 -4.744 -2.951 10.54 44.877 103.094 165.111 184.394 56.591 -364.147 -1223.233 -2594.354 -4355.564 14898.277 -6540.376
839 16C 276.073 181.522 121.237 96.772 93.771 81.4 53.105 26.258 8.825 0.28 -2.495 -2.513 -1.804 -1.097 0.04 2.856 -3.024 -2.228 -4.513 -5.818 1.814 29.424 86.418 165.558 237.905 218.043 -41.537 -718.023 -1980.377 -3883.784 -6153.722 13535.776

0.000102775 5.39589E-05 5.12129E-05 4.82486E-05 4.51741E-05 4.2111E-05 3.91142E-05 3.6158E-05 3.32061E-05 3.02061E-05 2.70793E-05 2.37106E-05 1.99513E-05 1.55955E-05 1.04217E-05 4.40607E-06 -2.27309E-06 -8.27114E-06 -1.34052E-05 -1.76878E-05 -2.13417E-05 -2.45789E-05 -2.75511E-05 -3.03574E-05 -3.3061E-05 -3.57014E-05 -3.83031E-05 -4.08809E-05 -4.34431E-05 -4.59938E-05 -4.8534E-05 -5.10628E-05
5.73493E-05 0.000107634 5.81155E-05 5.3506E-05 4.74322E-05 4.16985E-05 3.72104E-05 3.37871E-05 3.12292E-05 2.92983E-05 2.76912E-05 2.60513E-05 2.42329E-05 2.20526E-05 1.92144E-05 1.53875E-05 1.03963E-05 5.31773E-06 4.46957E-07 -3.91042E-06 -7.77882E-06 -1.12753E-05 -1.45124E-05 -1.7576E-05 -2.05267E-05 -2.34055E-05 -2.62398E-05 -2.90476E-05 -3.18401E-05 -3.46236E-05 -3.74013E-05 -4.01622E-05
5.80665E-05 6.19974E-05 0.000112389 5.78714E-05 4.95245E-05 4.15396E-05 3.57927E-05 3.19717E-05 2.97392E-05 2.86998E-05 2.83613E-05 2.81627E-05 2.79598E-05 2.75865E-05 2.66825E-05 2.46581E-05 2.10516E-05 1.67082E-05 1.2029E-05 7.58693E-06 3.52255E-06 -2.02898E-07 -3.6704E-06 -6.95526E-06 -1.01162E-05 -1.31958E-05 -1.62243E-05 -1.92221E-05 -2.22028E-05 -2.51748E-05 -2.81308E-05 -3.10916E-05
5.86033E-05 6.11469E-05 6.19947E-05 0.000110401 5.08177E-05 4.21432E-05 3.6005E-05 3.2047E-05 2.98897E-05 2.90896E-05 2.90954E-05 2.92821E-05 2.95023E-05 2.95897E-05 2.91588E-05 2.75403E-05 2.42265E-05 1.99714E-05 1.5247E-05 1.07046E-05 6.5278E-06 2.69563E-06 -8.67259E-07 -4.23545E-06 -7.46856E-06 -1.06107E-05 -1.3693E-05 -1.67371E-05 -1.97572E-05 -2.27495E-05 -2.57392E-05 -2.8736E-05
5.90546E-05 5.83407E-05 5.71002E-05 5.46942E-05 0.000103517 4.42519E-05 3.9521E-05 3.59682E-05 3.337E-05 3.14597E-05 2.98984E-05 2.82872E-05 2.64662E-05 2.42335E-05 2.12599E-05 1.71691E-05 1.1899E-05 6.40732E-06 1.15913E-06 -3.50731E-06 -7.61729E-06 -1.12985E-05 -1.46743E-05 -1.78386E-05 -2.08574E-05 -2.37754E-05 -2.66222E-05 -2.94169E-05 -3.21574E-05 -3.48714E-05 -3.75698E-05 -4.02609E-05

5.9564E-05 5.54937E-05 5.18208E-05 4.90771E-05 4.78803E-05 0.00010416 4.88534E-05 4.66638E-05 4.27072E-05 3.72923E-05 3.07731E-05 2.34922E-05 1.52606E-05 5.77851E-06 -5.08182E-06 -1.67422E-05 -2.79499E-05 -3.70177E-05 -4.36297E-05 -4.84553E-05 -5.21753E-05 -5.52449E-05 -5.79299E-05 -6.03791E-05 -6.26743E-05 -6.48597E-05 -6.69582E-05 -6.89655E-05 -7.09071E-05 -7.27899E-05 -7.46185E-05 -7.63958E-05
6.02215E-05 5.39033E-05 4.86032E-05 4.56396E-05 4.65458E-05 5.31768E-05 0.000119177 6.34194E-05 5.78864E-05 4.67339E-05 3.17177E-05 1.46873E-05 -4.55898E-06 -2.64849E-05 -5.08631E-05 -7.54641E-05 -9.68039E-05 -0.000111912 -0.000120772 -0.000125793 -0.000128781 -0.000130752 -0.000132214 -0.000133408 -0.000134442 -0.000135358 -0.00013615 -0.000136839 -0.00013742 -0.000137888 -0.000138237 -0.000138459
6.10102E-05 5.36395E-05 4.75792E-05 4.45193E-05 4.64251E-05 5.5666E-05 6.95031E-05 0.000139775 7.41657E-05 5.74335E-05 3.27205E-05 4.42501E-06 -2.75478E-05 -6.38506E-05 -0.000103845 -0.00014339 -0.000176426 -0.0001985 -0.000209943 -0.000215175 -0.000217306 -0.000217998 -0.000218038 -0.000217773 -0.000217342 -0.000216766 -0.000216068 -0.000215235 -0.000214247 -0.000213084 -0.000211726 -0.000210154
6.18789E-05 5.47546E-05 4.88771E-05 4.58573E-05 4.75682E-05 5.62647E-05 7.00624E-05 8.19086E-05 0.000148174 6.51976E-05 3.37486E-05 -2.7538E-06 -4.40057E-05 -9.08004E-05 -0.000142204 -0.000192691 -0.000234293 -0.000261506 -0.000274884 -0.000280309 -0.000281842 -0.000281617 -0.000280629 -0.000279303 -0.00027778 -0.000276126 -0.000274338 -0.000272391 -0.000270254 -0.000267896 -0.000265287 -0.000262401
6.27039E-05 5.72239E-05 5.25451E-05 4.97164E-05 4.99564E-05 5.47306E-05 6.3011E-05 7.0659E-05 7.26286E-05 0.000130537 3.47261E-05 1.28837E-06 -3.65296E-05 -7.94821E-05 -0.000126767 -0.000173398 -0.000212001 -0.000237587 -0.000250484 -0.000256017 -0.000257899 -0.000258098 -0.000257539 -0.000256606 -0.00025548 -0.000254214 -0.000252811 -0.000251252 -0.000249513 -0.000247568 -0.000245391 -0.00024296
6.32152E-05 6.0822E-05 5.83934E-05 5.59204E-05 5.33909E-05 5.07886E-05 4.80916E-05 4.52695E-05 4.22782E-05 3.90517E-05 0.000108616 3.12251E-05 2.62903E-05 2.03886E-05 1.32057E-05 4.72442E-06 -4.08334E-06 -1.23425E-05 -1.91459E-05 -2.45793E-05 -2.89991E-05 -3.27237E-05 -3.5954E-05 -3.88589E-05 -4.15368E-05 -4.40527E-05 -4.64505E-05 -4.87605E-05 -5.10038E-05 -5.31958E-05 -5.53477E-05 -5.74678E-05
6.28574E-05 6.49796E-05 6.58478E-05 6.39112E-05 5.73639E-05 4.40301E-05 2.52895E-05 6.95277E-06 -3.91676E-06 1.64589E-06 3.54596E-05 0.000186332 0.000193305 0.000289889 0.000393777 0.000491256 0.000565475 0.000606051 0.000617002 0.000612609 0.000601775 0.000588783 0.000575357 0.000562088 0.000549077 0.00053624 0.00052343 0.00051049 0.000497277 0.000483666 0.000469548 0.000454832
6.05884E-05 6.92397E-05 7.48867E-05 7.37619E-05 6.14814E-05 3.27651E-05 -8.99083E-06 -4.95771E-05 -7.17096E-05 -5.34365E-05 3.42004E-05 0.000221432 0.000573168 0.000793428 0.001125243 0.001441858 0.001690164 0.001836334 0.00188955 0.001892535 0.00187293 0.001844412 0.001812903 0.00178065 0.001748282 0.001715755 0.001682777 0.001648985 0.001614021 0.00157756 0.001539321 0.001499059
5.44852E-05 7.24874E-05 8.50005E-05 8.5108E-05 6.47629E-05 1.42757E-05 -6.00912E-05 -0.000132192 -0.000170216 -0.000133754 3.05134E-05 0.00038201 0.000912749 0.001680387 0.002327111 0.003041167 0.003610635 0.003958597 0.004100911 0.004129044 0.004103551 0.004055185 0.003997683 0.00393657 0.003873668 0.003809208 0.003742781 0.003673761 0.003601492 0.003525357 0.00344481 0.003359374
4.15953E-05 7.21493E-05 9.39189E-05 9.58068E-05 6.49047E-05 -1.43302E-05 -0.000131828 -0.000245591 -0.000304518 -0.000243686 2.2579E-05 0.000592761 0.001478688 0.002658297 0.004143112 0.005398041 0.006496094 0.007188595 0.007497386 0.007587399 0.007570654 0.007505338 0.007418224 0.007320633 0.007216751 0.0071076 0.006992852 0.006871669 0.006743067 0.006606085 0.006459845 0.006303571
1.95201E-05 6.41155E-05 9.63094E-05 0.000100409 5.81644E-05 -5.23999E-05 -0.000217024 -0.00037628 -0.000457852 -0.000369855 8.96848E-06 0.000820545 0.002102409 0.003854703 0.005989635 0.008300237 0.010014713 0.011199513 0.011768154 0.011975737 0.012000385 0.011936885 0.011830171 0.011700142 0.011554865 0.011396987 0.01122673 0.011043303 0.010845547 0.010632236 0.010402205 0.010154401

-1.00518E-05 4.33239E-05 8.22287E-05 8.8332E-05 4.03167E-05 -8.74826E-05 -0.000278396 -0.000462973 -0.000556702 -0.000452198 -7.73588E-06 0.000944514 0.002464475 0.004576518 0.007208044 0.010014734 0.012567645 0.014105074 0.014948322 0.015307406 0.015411892 0.015387157 0.015294477 0.0151622 0.015002729 0.01482093 0.014618149 0.014394137 0.014147976 0.013878519 0.013584593 0.013265096
-3.29929E-05 1.99785E-05 5.88228E-05 6.56296E-05 1.95725E-05 -0.000104423 -0.000290059 -0.000469452 -0.000559995 -0.000456721 -2.1089E-05 0.000912312 0.002413155 0.004522004 0.007188646 0.01009341 0.012711981 0.014688692 0.015613815 0.016103338 0.016300053 0.016340946 0.016295095 0.016195817 0.01605867 0.015890552 0.015694146 0.015470108 0.015218146 0.014937554 0.014627479 0.014287053
-4.68169E-05 1.48074E-06 3.7079E-05 4.38665E-05 3.11034E-06 -0.000107744 -0.000274026 -0.000434657 -0.000515308 -0.000421525 -2.8642E-05 0.000813087 0.002173742 0.004100966 0.006563402 0.009284598 0.011793596 0.013668628 0.014884916 0.015379968 0.015662597 0.015774662 0.01578718 0.015735791 0.015638092 0.015502616 0.015333312 0.015131808 0.014898559 0.014633441 0.014336052 0.014005885
-5.37013E-05 -1.11622E-05 2.03354E-05 2.6776E-05 -8.13572E-06 -0.000104018 -0.000248106 -0.000387254 -0.000456786 -0.000374516 -3.19654E-05 0.000701766 0.001892569 0.00358933 0.00577391 0.008213247 0.010498161 0.012254331 0.013369439 0.014114092 0.014385428 0.014564346 0.014634897 0.014633603 0.014579397 0.014482102 0.01434678 0.014175967 0.013970852 0.013731897 0.013459174 0.013152553
-5.65666E-05 -1.9393E-05 8.24992E-06 1.42591E-05 -1.54367E-05 -9.77781E-05 -0.000221738 -0.000341414 -0.000400946 -0.000329349 -3.29241E-05 0.000601796 0.001635065 0.003114077 0.0050294 0.007184779 0.009227268 0.010828498 0.011885761 0.012558224 0.013055223 0.013216119 0.013340743 0.013386966 0.013374725 0.013314938 0.013213649 0.013074226 0.012898535 0.012687591 0.012441911 0.012161728
-5.73691E-05 -2.47569E-05 -4.05278E-07 5.19145E-06 -2.01671E-05 -9.11688E-05 -0.00019825 -0.000301604 -0.00035279 -0.000290247 -3.27173E-05 0.000518498 0.001417907 0.002709921 0.004390655 0.006293402 0.008112445 0.009559441 0.010541426 0.011196247 0.011638043 0.012003573 0.01210531 0.012195795 0.012222742 0.012198069 0.012128727 0.012018852 0.011870941 0.011686521 0.011466526 0.011211528
-5.71845E-05 -2.83373E-05 -6.70869E-06 -1.47263E-06 -2.32938E-05 -8.50114E-05 -0.000178263 -0.000268248 -0.000312614 -0.00025754 -3.19659E-05 0.000450557 0.001239323 0.002375604 0.003859035 0.005546322 0.007170468 0.008476795 0.009381305 0.010004387 0.01044661 0.010764534 0.01105198 0.011116085 0.011179758 0.011187847 0.011148172 0.011065599 0.010943223 0.010783056 0.010586423 0.010354214
-5.65633E-05 -3.08095E-05 -1.1421E-05 -6.48937E-06 -2.54211E-05 -7.95403E-05 -0.00016147 -0.000240511 -0.000279303 -0.000230353 -3.10142E-05 0.000395132 0.001092733 0.002099951 0.003418635 0.004924141 0.00638117 0.007563152 0.008394065 0.008980017 0.00941028 0.009735414 0.009978766 0.010213548 0.010247181 0.010286212 0.010274334 0.010217124 0.010118257 0.00998021 0.009804686 0.009592879
-5.57782E-05 -3.25815E-05 -1.50453E-05 -1.03673E-05 -2.69145E-05 -7.47595E-05 -0.000147339 -0.000217344 -0.000251522 -0.000207663 -3.0018E-05 0.0003495 0.000971454 0.001871065 0.003051554 0.004403312 0.005717202 0.006790232 0.007553402 0.008101034 0.008512952 0.008834621 0.009087247 0.009278534 0.009470151 0.009477906 0.009492465 0.009459143 0.009382183 0.009264521 0.009108227 0.008914792
-5.49611E-05 -3.38998E-05 -1.79102E-05 -1.34427E-05 -2.79953E-05 -7.05946E-05 -0.000135358 -0.000197795 -0.00022814 -0.000188547 -2.90498E-05 0.000311453 0.000869931 0.001678882 0.002742339 0.003962993 0.005153561 0.006131019 0.006832543 0.00734262 0.007733088 0.008045051 0.008297836 0.008498628 0.008648302 0.008801845 0.008784621 0.008774144 0.00871791 0.008619312 0.008480781 0.008304103
-5.41726E-05 -3.49157E-05 -2.02321E-05 -1.59392E-05 -2.87994E-05 -6.69535E-05 -0.000125081 -0.000181128 -0.000208234 -0.000172262 -2.81408E-05 0.000279296 0.000783843 0.001515488 0.002478706 0.003586403 0.004669784 0.005562933 0.006208487 0.006682611 0.007050321 0.007348949 0.007596163 0.007798647 0.007957372 0.008070404 0.008189493 0.00814601 0.00810968 0.008029181 0.007907314 0.007746154
-5.34373E-05 -3.57234E-05 -2.21553E-05 -1.80076E-05 -2.94118E-05 -6.3735E-05 -0.000116187 -0.000166757 -0.000191089 -0.000158226 -2.73019E-05 0.00025175 0.000709897 0.001374817 0.002251174 0.003260474 0.004249776 0.005067986 0.005662608 0.006102676 0.006447301 0.006730522 0.006968531 0.007167538 0.007328551 0.007449938 0.007528711 0.007614332 0.007544229 0.007481162 0.007375157 0.007228588

-5.2762E-05 -3.63827E-05 -2.37781E-05 -1.97515E-05 -2.98735E-05 -6.08851E-05 -0.000108411 -0.000154227 -0.000176152 -0.000145995 -2.65341E-05 0.000227853 0.000645598 0.00125225 0.002052478 0.002975141 0.003881047 0.0046321 0.005180171 0.005588106 0.00590985 0.006176536 0.006403032 0.006595095 0.006753739 0.006877559 0.006963914 0.00700953 0.007062128 0.006964735 0.006874035 0.006741378
-5.21448E-05 -3.69324E-05 -2.51688E-05 -2.12312E-05 -3.02406E-05 -5.83449E-05 -0.000101545 -0.000143188 -0.000163001 -0.000135222 -2.5834E-05 0.000206877 0.000589045 0.001144251 0.001877046 0.00272264 0.003553917 0.004244292 0.004749587 0.005127218 0.005426561 0.005676159 0.00588968 0.006072457 0.006225479 0.006347518 0.006436212 0.006488622 0.006501506 0.006520976 0.006395714 0.006276495
-5.15798E-05 -3.73977E-05 -2.63638E-05 -2.2518E-05 -3.0541E-05 -5.60659E-05 -9.54279E-05 -0.000133367 -0.000151307 -0.000125641 -2.51962E-05 0.000188263 0.00053878 0.0010481 0.001720569 0.002496953 0.003260844 0.00389596 0.004361723 0.004710736 0.004988291 0.005220598 0.005420236 0.005592134 0.005737236 0.005854452 0.005941651 0.005996168 0.006015063 0.005995261 0.00598157 0.005827521
-5.10594E-05 -3.77846E-05 -2.74168E-05 -2.36542E-05 -3.07942E-05 -5.4008E-05 -8.99307E-05 -0.000124551 -0.000140814 -0.000117042 -2.46149E-05 0.000171583 0.00049367 0.000961682 0.001579691 0.002293373 0.002995913 0.00358033 0.004009355 0.004331276 0.004587704 0.004802735 0.004987943 0.005147878 0.005283424 0.005393598 0.005476457 0.005529569 0.005550249 0.005535688 0.005483012 0.005435711

Mise en tension - Haubans

F_cp

cp_ep_tower F_ha - F_cp

F_ha - F_cp

M

Factor f

f

Load cases (ΔT = -1'000°C)

Matrice 32x32 inversée

M^-1

Forces finales - TIR

F_TIR

Installed forces

F_ha
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Appendix 3 

 

Simple influence lines from EN 1993-2 [7], article 9.5.2 (2), as follows: 

 

 
 

  



Based on the EN 1993-2, article 9.5.2 (2) 

 

a) For moments:  φ = 1 

 

 

 

 

b) For shear:  shear = 1 

 

 

 

 

c) For reactions:  δ = 1 

 

 

 Lj Li 

Li 

Li 

Li 

Li Lj 

Li 

Lcrit = Li 

Lcrit = Li + Lj 

Lcrit = 0.4 x Li 

Lcrit = Li 

Lcrit = Li 

Lcrit = Li + Lj 
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Appendix 4 

 

Influence lines of lateral stays 
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Appendix 5 

 

Fatigue verification procedures for stays 

 

  



L16 L15 L14 L13 L12 L11 L10 L9 L8 L7 L6 L5 L4 L3 L2 L1
L_crit [m] 135 54 54 54 140 100 75 75 75 75 145 315 315 85 100 89
λ_1 [-] 2.2 2.11 2.11 2.11 2.2 2.2 1.9 1.9 1.9 1.9 2.2 2.2 2.2 1.85 1.85 1.85
λ_2 [-] 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22
λ_3 [-] 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
λ_4 [-] 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
λ [-] 2.69 2.58 2.58 2.58 2.69 2.69 2.32 2.32 2.32 2.32 2.69 2.69 2.69 2.26 2.26 2.26

λ_max [-] 2.70 2.00 2.00 2.00 2.70 2.70 2.00 2.00 2.00 2.00 2.70 2.70 2.70 2.00 2.00 2.00

λ [-] 2.69 2.00 2.00 2.00 2.69 2.69 2.00 2.00 2.00 2.00 2.69 2.69 2.69 2.00 2.00 2.00
Δσ(Qfat) [Mpa] 14.69 13.01 18.92 17.94 16.93 17.76 22.22 29.23 27.73 19.95 20.64 26.87 41.17 45.18 46.19 50.95

Δσ_E,2*1.35 [Mpa] 53.38 35.14 51.09 48.43 61.50 64.52 60.00 78.92 74.87 53.87 74.97 97.63 149.58 121.98 124.71 137.57
Δσ_c [Mpa] 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00

OK OK OK OK OK OK OK OK OK OK OK OK OK OK OK OK

C16 C15 C14 C13 C12 C11 C10 C9 C8 C7 C6 C5 C4 C3 C2 C1
L_crit [m] 162 162 160 150 150 145 130 125 100 100 100 90 90 90 90 89
λ_1 [-] 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85
λ_2 [-] 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22
λ_3 [-] 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
λ_4 [-] 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
λ [-] 2.26 2.26 2.26 2.26 2.26 2.26 2.26 2.26 2.26 2.26 2.26 2.26 2.26 2.26 2.26 2.26

λ_max [-] 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

λ [-] 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Δσ(Qfat) [Mpa] 26.64 25.02 25.77 27.17 28.87 47.86 30.80 31.63 32.82 34.26 35.96 37.92 40.32 43.21 46.29 48.72

Δσ_E,2*1.35 [Mpa] 71.93 67.55 69.58 73.36 77.95 129.22 83.17 85.40 88.62 92.51 97.09 102.40 108.87 116.65 124.98 131.55
Δσ_c [Mpa] 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00

OK OK OK OK OK OK OK OK OK OK OK OK OK OK OK OK

L16 L15 L14 L13 L12 L11 L10 L9 L8 L7 L6 L5 L4 L3 L2 L1
Δσ_C [Mpa] 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00
D_tot [-] 0.0002 0.0001 0.0011 0.0008 0.0006 0.0008 0.0030 0.0153 0.0112 0.0016 0.0019 0.0093 0.1197 0.2091 0.2388 0.4303

C16 C15 C14 C13 C12 C11 C10 C9 C8 C7 C6 C5 C4 C3 C2 C1
Δσ_C [Mpa] 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00 160.00
D_tot [-] 0.0088 0.0060 0.0072 0.0099 0.0142 0.0181 0.0210 0.0246 0.0307 0.0398 0.0532 0.0732 0.1057 0.1600 0.2419 0.3290

Fatigue

Damages

Vérification

Vérification


