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Abstract 

Structures have always been subjected to the detrimental consequences of the fatigue 

phenomenon. The consequences due to this damaging effects leads to crack initiation and the 

ultimate result being complete failure. Fatigue appears on structures that has to endure 

fluctuating loads over a long period. The crack initiation occurs irregular geometries such as in 

the vicinity of welds and bolts. A structure that suffers a lot due to fatigue are road bridges. In 

this thesis the structure under investigation is a composite bridge with a concrete slab on top of 

two I-girders. The recommended lifetime of road bridges in the Eurocode is 100 years. 

Bridges are exposed to daily and yearly traffic loads. Also the amount of traffic and therefore 

the total weight shows a continuously increasing trend over the years. This tendency is under 

no circumstances expected to stagnate. Eurocode has based its approach to verification of 

fatigue on applying adversely combined traffic loads, in both directions, on the bridge. 

In the procedure of double I-girder composite bridges verification there is an uneven 

distribution of the vehicle loads and the stresses, as the bridge is behaving as an open cross-

section. The concrete slab is the only apparent part that is transferring the vehicle loads to the 

other girder and gives therefore an unequal distribution of the loads. 

Because of this uneven load distribution there appears to exist some potential in finding a means 

to strengthen the bridge by ways of making it work as a semi-closed cross-section. This will 

enhance the load distribution over to the non-stressed girder. In this thesis the focus was set on 

the stress relation between the center web stiffener to the lower flange, with and without the 

strengthening, for a real case section. Assessment were done for case studies where the Rokån 

bridge as well as four arbitrary cross-sections were investigated in search of retrieving an 

increased understanding of the mechanism of stress distribution. 

The strengthening approach is to introduce a truss assembly, in shape of a K, in the plane 

between the two I-girders bottom flanges. This approach reduced the stresses in the middle 

position of the Rokån bridge by approximately 8.3 %. In addition, the parametric study of the 

arbitrary cross-sections, with the same truss system, where made. Reductions there showed 

stress values in the interval of 5.9 % and 16.6 %. Based on this study it was found that it is 

possible to establish a relation between the length on the bridge and the distance, w, between 

the girders. With regards to this study in applying this K-bracing, indicates that given stress 

reductions can prolong the bridges technical life to about 2.5 times. 

In comparison to strengthening ways available on the market, such as CFRP sheets and an 

additional concrete slab, there are advantages and disadvantages, such as self-weight, total cost, 

new fatigue details and the most important stress reduction. 

While the reductions tends to be quite high, there still exists a FE-model uncertainty regarding 

the coupling between the K-bracing junctions and the bottom flanges where the fusion of the 

elements was done with a node to node attachment. In a reality attaching the K-bracing onto 

the flange will be done by means of a bolted, welded or friction connection, which may lead to 

another fatigue category and increased/decreased stress concentrations at the new joints. 
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Sammanfattning 
Konstruktioner har alltid varit föremål för de skadliga följderna av utmattningsfenomenet. 

Konsekvenserna på grund av denna skadliga effekt leder till sprickinitiering och det slutliga 

resultatet är fullständigt brott. Utmattning verkar på konstruktioner som utstår av cykliska 

belastningar över en lång period. Sprickinitiering sker i oregelbundna geometrier såsom i 

närheten av svetsar och bultar. En konstruktion som lider mycket på grund av utmattning är 

vägbroar. I detta examensarbete är konstruktionen som är under utredning en samverkans bro 

med en betongplatta ovanpå två I-balkar. Den rekommenderade livslängden för vägbroar i 

Eurocode är 100 år. 

Broar utsätts för dagliga och årliga trafikbelastningar. Också mängden trafik och därmed den 

totala vikten visar en kontinuerligt ökande trend under åren. Denna tendens är under inga 

omständigheter förväntad att stagnera. Eurokod har baserat sin inställning till kontroll av 

utmattning på att tillämpa den värsta kombinerade trafikbelastning, i båda riktningarna, på bron. 

Vid förfarandet av utmattningsverifiering av en samverkansbro med dubbla I-balkar finns en 

ojämn fördelning av fordonslaster och av spänningar, då bron beter sig som ett öppet tvärsnitt. 

Betongplattan är den enda skenbara delen som överför fordonslasterna till den andra balken och 

ger därför en ojämn fördelning av lasterna. 

På grund av denna ojämna lastfördelning tycks det finnas en viss potential i att hitta ett sätt att 

förstärka bron genom att få den att fungera som ett nästan slutet tvärsnitt. Detta kommer att öka 

lastfördelningen över till den obelastade balken. I detta examensarbete sattes fokus på 

spänningsförhållandet mellan livavstyvningen i brospannets mitt till den nedre flänsen, med 

och utan förstärkning, för ett verkligt fall. Bedömning gjordes för fallstudier där bron över 

Rokån samt fyra godtyckliga tvärsnitt undersöktes på sökande efter en ökad förståelse för 

mekanismen av spänningsfördelningen. 

Förstärkningens tillvägagångssätt är att införa et fackverk, i form av ett K, i planet mellan de 

två I-balkarnas nedre flänsar. Detta tillvägagångssätt minskade spänningarna i mittsnittet vid 

livavstyvningen på bron över Rokån med ca 8.3 %. Dessutom gjordes den parametriska studien 

av de godtyckliga tvärsnitten, med samma fackverk. Reduktionerna visade spänningsvärden i 

intervallet mellan 5.9 % och 16.6 %. Baserat på denna studie fann man att det är möjligt att 

fastställa ett samband mellan längden på bron och avståndet, w, mellan balkarna. När det gäller 

denna studie i tillämpningen av detta K-fackverk, visar det att givna spänningsreduktioner kan 

förlänga broarnas tekniska livslängd med cirka 2.5 gånger. 

I jämförelse till att förstärka med sätt som är tillgängliga på marknaden, såsom CFRP skivor 

och en andra betongplatta, finns det fördelar och nackdelar till exempel egenvikt, total kostnad, 

nya utmattningsdetaljer och det centrala att minska spänningarna. 

Medan minskningarna tenderar att vara ganska höga, finns det fortfarande en osäkerhet kring 

FE-modellens koppling mellan K-fackverkets knutpunkter och botten flänsarna där 

sammansättningen av byggdelarna gjordes med en nod till nod infästning. I en verklig 

infästning av K-fackverket på flänsen kommer det att ske med hjälp av en bultad, svetsad eller 
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friktions anslutning, vilket kan leda till en annan utmattningskategori samt ökad/minskad 

spänningskoncentration vid det nya fogarna. 
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1 Introduction 

1.1 Background 
Composite bridges require of maintenance during their lifetime. Bridges among other structures 

subjected to dynamic loads face a limited lifetime and this depends on their design capability 

to withstand fatigue. 

Today, bridges are designed for a life-span that reaches about 100 years. In the duration of their 

life-span significant maintenance costs arise. In a long term perspective replacement is an 

inevitable step but that decision has to be taken in a rational way so as to minimize costs. 

The focus of the thesis is the study of bridge strengthening in particular its effect on fatigue 

behavior. Finding ways to extend the life of existing bridges without incurring excessive costs, 

due to this strengthening strategy, is one of the main targets of the related research. In this thesis 

one composite structure, Rokån bridge, will be fatigue verified and assessed with associated 

calculations methods according to Eurocode. A study surrounding arbitrary cross-sections is 

also included to increase validity of sought results. 

The evaluated composite structure is a commonly used construction type where a concrete deck 

is used as the traffic carriageway with varying number of lanes, and at least two steel girders 

supporting the concrete deck, Figure 1. 

 

Figure 1 Cross-section of Rokån bridge. 

Fatigue is a phenomenon, which in recent days, creates a design difficulty on life time of 

bridges. The fatigue assessment of a bridge boils down to the calculation of the number of 

vehicles passes, above a certain minimum weight, that the structure may sustain during the 

intended design life. Fatigue failure occurs, due to the stress fluctuations and concentrations 

that take place over a number of loading cycles. These cycles initiate an inevitable small crack 

that subsequently grows under varying loads until fracture appears (Steelconstruction, 2014). 

The Rokån bridge is a bridge in Roknäs, Piteå. The bridge crosses the creek Rokån and allows 

the passage to the west, inland Sweden country. The daily amount of heavy vehicle traffic is 

not comparable to the European highways across Sweden as it serves a smaller scale of traffic 

(Trafikverket, 2014). The Rokån bridge has been a case study to examine fatigue assessment 

and the possibility of strengthening the bridge section.
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Because of the inevitable deterioration of composite bridges over time as well as the 

introduction of new safety standards that amount to increased traffic volume and higher vehicle 

weights, a high percentage of older bridges require maintenance or structural upgrades in order 

to meet these demands. At a certain stage the choice arises of whether to build a completely 

new bridge or to rehabilitate those already in place (Kuntiyawichai & Limkatanyu, 2014). The 

enhancement in fatigue resistance can be obtained either by way of reducing the stress 

concentration in the members, improving finishes or dealing with the welding induced residual 

stresses (Eduardo da Mata Bile, Carlos (n.d.), ). 

1.2 Bridges - Applicability 
Around Sweden there is large amount of composite girder bridges in operation. Trafikverket is 

the main contractor of the responsible for these bridges. They are in charge of performing 

maintenance operations and supervise the remaining life time 

An investigation was made to determine the extent to which these composite girder bridges are 

used. This information is provided through the Trafikverket’s database, BaTman (Trafikverket, 

2014). A summary of the overall amount in what magnitude this strengthening is applicable to 

is presented in Diagram 1  

 

Diagram 1 Road bridge numbers from Trafikverket (Trafikverket, 2014). 

From the Trafikverket database there results that 858 composite girder bridges are in use. This 

number results for the period from 1850 to 2013. In BaTman there also exist a classification of 

span lengths for the documented girder bridges. An interval view is tabulated and depicted in 

Diagram 2. 
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Diagram 2 Span lengths of road bridges (Trafikverket, 2014). 

Summarizing the situation for the composite girder bridges population, one realizes the extend 

of the maintenance needs. Producing a valid strengthening method could improve and extend 

the life of many bridges. This thesis is based on a particular way of strengthening that prolongs 

the lifetime of composite road bridges. The need also exists to improve the railway bridges and 

their fatigue endurance. The difference between road and railway bridges mainly lies in the load 

eccentricity that, in the case of the former, is not as significant. Railway bridges do not 

commonly support more than one lane, which obviously removes the eccentric load influence 

as the rail is positioned in the middle. 

1.3 Problem discussion 
Constructions in service today, from small buildings to superstructures, have been designed by 

level of knowledge at the time of their making. The influence of fatigue has become more 

prominent as traffic volumes and vehicle weights on road bridges increase. More reliable and 

detailed research is under way to establish and improve the vision towards fatigue endurance. 

Fatigue damage in a steel structure mostly appears at irregular geometries where construction 

details are the problematic sections. Since fatigue propagation and crack initiation is in most 

cases a problem associated with tension, the section of web stiffener detail at lower flange was 

chosen as the point to evaluate fatigue resistance (Eriksson, 2006). 
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Figure 2 Detailed section in fatigue endurance evaluation. 

For both the Rokån bridge and the arbitrarily chosen sections two points were examined. At 

Rokån bridge a web stiffener is placed in the middle of the two girders, Figure 3. In the arbitrary 

cases the stiffeners is placed approximately one third, distance d, from the girder ends, as can 

be seen from Figure 4. The stresses were evaluated through the entire width of the bottom 

flange. 

 

Figure 3 Evaluated point on Rokån bridge at the center stiffener detail. 

 

Figure 4 Evaluated point on the arbitrary bridges stiffener detail. 

1.4 Purpose and Objective 
In this work, the idea is to focus on the understanding of the fatigue of composite bridges where 

steel girders and their details investigated. This thesis will evaluate the possibilities to reduce 

stress concentrations, by looking closer at fatigue mechanisms to existing bridges. This entails 

upgrading existing bridges by way of strengthening the steel structural system while in 

operation as well as providing some insight on the way new bridges may be designed. The idea 

is to strengthen the bridges structure with the assistance of truss members, in particular a K-
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bracing, that is to be added in the plane between the bottom flanges so to create a semi closed 

cross-section that provides a better torsional behavior. 

The solution will be arrived at following a literature review, followed by pilot calculations and 

FE-simulations so as to assess quantitatively the extend of the stress reduction. As the bridges 

vary in geometry, the starting point was to get a wider research range on how the introduction 

of a K-brace lacing improves the torsional behavior. The idea is to, alter the structural behavior 

of the bridge from that of an open cross-section to that of a semi-closed cross-section. In fact, 

adding a K-bracing between the bottom flanges causes to torsion induced by the asymmetric 

loading case to be undertaken by a semi-closed cross-section, which reduces the variable 

stresses in the bottom flange on the girder under the heavy vehicle. This strengthening method 

obviously create a positive influence as far as fatigue resistance is concerned because 

alternating stresses are caused by the passing of heavy vehicles i.e. by asymmetric loading 

cases. 

The results that are thus obtained provide an estimate on the degree of effectiveness of the 

proposed method. The present thesis is a pilot study towards a further research that is under 

way in the Lulea Technical University. 

1.5 Research topics 

The overall aim is to clarify the fatigue effects in the most affected structural detail adjacent to 

the lower flange of the bridge girders without resorting to hot-spot stresses on welds and notches 

etc. The ultimate goal is to increase the lifetime and that will be assessed with the methods 

provided in the Eurocode. 

 

- How can one establish a quasi “box girder” cross-section of bridges, which today are 

built up from independent I-beams in conjunction with a concrete deck? 

 

- How is the numerical analysis affected with selected strengthening method from the 

fatigue point of view? 

 

1.6 Delimitations 
In the present thesis the goal is to evaluate the stress adjacent to the specified detail and therefore 

constritutes a global study. 

The bracing attachment to the flanges is considered as a node-to-node attachment instead of a 

realistic joint that may be a bolted,welded or friction connection. 

The end supports of Rokån bridge and the arbitrary sections are relatively simplified unlike a 

real case scenario. 
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Since the stress reductions and extended lifetimes are individual cases, no economic analyses 

are made in relation to the strengthening effects. 

  



7 

2 Method 

2.1 Project plan 
A rough plan was made for the work related to the thesis that was illustrated in an estimated 

schedule. With this project schedule there is an overall idea on what that should be done in the 

given time frame. 

2.2 Literature study 

By providing knowledge for this thesis and to understand how fatigue is subjected in a structure, 

such as a composite bridge, some research where done. The conceptual knowledge that has 

been grouped to solve the topics of the thesis comes from literature study. This literature study 

has been achieved by documents handed by the supervisors, internet search and accessing the 

university library. 

2.3 Hand Calculations 
Hand calculations are done, where The Rokån bridge and arbitrary sections has been fatigue 

assessed and verified with recommended procedures according to Eurocode. An accumulated 

damage calculation is made to see the endurance of Rokån bridge crossed by present traffic, 

with and without strengthening. Hand calculations are exclusively made by Excel and moment 

diagrams, are generated by LinPro, a static analysis software. Hand calculations are made to 

verify resistance in mid-span where the web stiffener is placed. 

2.4 Finite Element Method 
A finite element analysis is done to extract valid stress results at the selected point, with and 

without the K-bracing. The FEM-based program used is ABAQUS and provides the desired 

stress values with simplicity. In ABAQUS, a full model over Rokån bridge and the arbitrary 

bridge sections is constructed and tested with fatigue loads according to Eurocode. The model 

is adequately faithful to the actual details of a real bridge. The obtained results are subsequently 

evaluated with Eurocode fatigue rules. 

 

Calculations from the program will provide evidence as to how the structure and its details, are 

affected by the loads. The use of ABAQUS gives a detailed result in stresses at selected areas. 

Gathering this information from the bridge simulations hopefully contributes to positive results 

that can be included to a larger amount of bridge sections. 

The models in ABQUS could ultimately be used to extract sub-models through which it is 

possible to evaluate stress distributions at weld roots and weld toes. 
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3 Theoretical study 

3.1 Steel – Concrete composite bridge 
Composite structures with steel and concrete is a production friendly combination for bridge 

structures. Composite bridges provide an efficient and effective construction by utilizing tensile 

strength of steel and compressive strength of concrete carriage way (Raed El Sarraf, David Iles, 

Amin Momtahan, 2013). 

Bridge constructions with the composite approach is advantageous in the essence of reducing 

the steel cross-section by using a concrete slab on the top flange as a carriageway. Continuous 

and single-span constructions are perfectly suited for the composite bridge structure. The 

concrete deck ability to take care of compression loadings from the moments that occur at 

sagging areas. As on the lower parts, multi-girder attachment withstand the tensile stresses from 

the hogging bending moments (Steelconstruction, 2014).  

Girder bridges has two or more equally sized longitudinal girders as the primary structure. 

Depending on the width of the bridge and number of lanes, the number of girders can 

increase/decrease. Composite bridges and bridges in general can wield several traffic lanes, 

railway tracks and opening for sea traffic. Figure 5 below shows a cross-section with four 

girders with a concrete slab and edge beams on each side.  

 

Figure 5 Composite bridge with four girders and concrete carriageway (Steelconstruction, 2014). 

Figure 5 describes a typical section with the slab casted on temporary formwork or prefabricated 

concrete adapted on the steel girders. The carriageway can stretch off from the girder at both 

sides. This cantilever section is heavily reinforced to take care of the loads that the traffic 

vehicle will produce. 

The longitudinal girders are braced together at supports and in most cases at intermediate 

positions. This bracing increase girder stability in view of horizontal forces (Steelconstruction, 

2014). Support bracings assist in stability and transfer horizontal loads to the supports with 

additional restrains (Raed El Sarraf, David Iles, Amin Momtahan, 2013). 

Steel has always been an essential material in the aspect of bridge constructions. By adding the 

concrete slab as a composite plate improvement potential towards the aspect to increase the 

utilization of the cross-section and decreasing the dead weight. Bridge design is a difficult 

procedure come to obtaining an economic structure and durability. Utilizing the abilities of steel 

and concrete creates an effective cross-section but in reduced resistance to the fatigue 
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phenomenon. In this aspect the composite I-girder bridge decreases the ability to withstand 

loads and number of cycles that is arising from the fatigue effects (Raed El Sarraf, David Iles, 

Amin Momtahan, 2013). 

3.2 Steel - Concrete connection 
The concrete slabs spans transversely between the longitudinal girders and cantilevers 

transversely outside the outer girders. To be able to achieve composite action between concrete 

slab and top flanges of the girders, shear connectors are introduced. 

 

Figure 6 Shear connector on top flange establishing composite action with concrete deck. 

Shear connector studs are attached by means of welding on the top flange and are embedded in 

the concrete slab (Raed El Sarraf, David Iles, Amin Momtahan, 2013). Shear connectors main 

ability is to resist horizontal shear forces occurring between the concrete slab and girders. 

Depending on traffic situation and size of the structure the connectors are placed with a more 

or less dense spacing. In this thesis the evaluated part is the connection between the web 

stiffener to the bottom flange but having in mind that the shear connectors can also be an 

essential part in fatigue assessment. Not mainly its own detail attachment but in way of placing 

it on the top flange. 

Placing the shear connectors in poor positioning, strictly above the web stiffener at upper flange, 

stresses can actually increase in affected area (Richard Greiner, 2009). There has been 

visualized that in composite bridges with large cantilevers, the traffic will create a transverse 

bending moment of the concrete deck and enhance a tensional situation at the upper flange in 

connection with the web stiffener (Richard Greiner, 2009). 

Shear connectors 
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a)  

 

b) 

Figure 7 a) FE-simulation of a transversal deformed concrete deck. b) Real case of upper flange fatigue crack that corresponds 

to figure a) (Richard Greiner, 2009). 

3.3 Fatigue 

3.3.1 Fatigue introduction 

Fatigue is a phenomenon that allows the material to be initiated by cracks due to cyclic loads. 

Materials have different properties including deformations and fractures when it comes to 

fatigue. Steel is a good example of exhaustion where clear cracks arising in detail sections. 

Fatigue existing on girder bridges is a widespread problem affected by many subjects. 

 Fatigue in general 

 Fatigue in the Eurocode 

 Fatigue verification 

 Damage accumulation method 

 Fatigue loads for bridges 

 Fatigue in the double girder composite bridges 

3.4 Fatigue in general 
Fatigue phenomenon is an important failure mode. These days shows that approximately 80 to 

90 % of all failures in steel structures is related to fatigue and fracture events (F. Lippi, 2012). 

Fatigue shows up in the form of cracks developing at particular locations where stress 

concentrations happen in the structure such as welds, holes and notches. Stresses appearing on 

the structure need to recur over a high of cycles to enhance fatigue cracking. These cracks can 

appear in structures such as bridges, airplanes, boats and cranes. The fatigue progress is referred 

to as a decreased resistance over time (Nussbaumer, Borges, & Davaine, 2011).  

Fatigue is one of the most severe consequences of damage in steel and metallic structures, 

related also to wear and corrosion. In the middle of the 19th century August Wöhler introduced 

fatigue research on rail car details. The results developed as a possibility to retrieve the origin 

of the fatigue crack and its propagation. These studies based on fatigue data produced the so 

called S-N curve, Figure 9. These different curves are derived from numerous amount of 

samples where a continuous repeated loading and offloading is present. These repeated loadings 

represents the number of cycles the sample will endure until failure (Nussbaumer et al., 2011).  
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The variation of the stresses applied are labeled as stress ranges (S) and number of cycles to 

failure (N). The stress range is the maximum stress, Δσmax, and minimum stress, Δσmin, 

produced by one load cycle. 

Samples tested and arranged in the S-N curve are structural details that includes discontinuities 

where the stresses are applied. This diagram consist with an applied stress range to what number 

of load cycles before fatigue failure occurs in the intended detail. The S-N curve is a sampling 

of several detail components that are classified in table 8.1 in load (EN 1993-1-9-2005, 2008). 

These detail samples are arranged in a fatigue category from 36 MPa to 160 MPa. The detail 

category is based from a reference value of 2 million cycles to retrieve an equivalent fatigue 

resistance. Each line categorized in Figure 9 is a collected value for a numerous amount of 

details. 

The outcome of details tested created an extreme scattered situation among different specimens 

and to retrieve a proper plot of the experiments, a large amount must be tested. This since 

identical tests can change in cycles to failure with just small differences in the detail. S-N curve 

is the essential view of what fatigue is all about (Eriksson, 2006). 

Wöhler discovered with multiple fatigue tests that, depending on the stress range, steel details 

will endure a different number of cycles, Ni, expressed in a log to log diagram, Figure 9. The 

diagram estimates the fatigue life and the fatigue limit of tested details. 

Details at a certain low stress range arrives as to be with an infinite life, cut-off limit. At the 

sloped lines in Figure 9 the values of the stress range and number of cycles coincide with the 

fatigue limit of the details (Eriksson, 2006). 

Constructing a structure with loads appearing as repeated cycles the design must be accurately 

manufactured, both the member and the particular detail to reduce the possibility of failure due 

to fatigue (Nussbaumer et al., 2011). 

 

Figure 8 Fatigue detail. Fillet weld between bottom flange and web (EN 1993-1-9-2005, 2008). 
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Figure 9 S-N curve describing endurance depending on stress range and detail (EN 1993-1-9-2005, 2008). 

Fatigue is consequently evaluated as a phenomenon occurring with tensional loads. Even 

though compressive stresses are not causing fatigue issues there might local tension stresses 

due to compressive loads (Boardman, 1990). 

Fatigue loading that is applied on structures is experiencing shifting loads along its design 

lifetime. This type of loading does not vary consistently. Simplest fatigue load to apply is the 

constant amplitude cyclic stress. A constant-amplitude loaded design is then subjected to a 

maximum stress and a minimum stress. From these loads the stress range value can be 

calculated (Al-Emrani, 2014). 

The relation between maximum and minimum stress is explained with the ratio constant R. This 

tends to evaluate if the load cycles is tension to compressive stress, tension to tensions stress or 

pulsating tension (Al-Emrani, 2014). 

𝑅 =
𝜎𝑚𝑎𝑥

𝜎𝑚𝑖𝑛
    (1) 

Stress varied in according to this ratio influences to higher damage with a higher ratio value,   

R       . As shown in Figure 10, the stress variation doing most damage is case c) tension to 

tension, as cases towards bridge stresses (Eriksson, 2006). 
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Figure 10 Ratio aspects to different stress fluctuations (Al-Emrani, 2014). 

Constant amplitude loading is nothing that is really subjected to a construction. This constant 

amplitude load is an important measure tool for the laboratories to simulate the amount of cycles 

that is necessary. Dealing with constant amplitude fatigue loading must not be ignored with the 

background of real fluctuation. 

Because of the many various load cases that can be applied on a construction it is hard do this 

kind of simulation in a laboratory due to expensive costs and tough scheme (Al-Emrani, 2014). 

Figure 11 shows a stress scheme with constant and fluctuating stresses. 

a)

 

b)

 

Figure 11 Constant stress range (a), Fluctuated stress range (b) (Al-Emrani, 2014). 

On occasion when the stress range is lower than the fatigue limit it is seen to have an infinite 

fatigue life (Al-Emrani, 2014). It should be emphasized that the stresses below fatigue limit can 

increase crack propagation after a certain crack growth. Therefore, even these low values cannot 

be neglected in an accumulation calculation. Extensive cracking can develop in certain types of 

construction details without any significant deformations, and bearing resistance will decrease 

(Nussbaumer et al., 2011). 
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Fatigue cracking is an advanced process that needs time to initiate and propagate. So for fatigue 

failure to occur fluctuating stresses must be applied under some time. The fatigue process is 

commonly divided into three phases (Al-Emrani, 2014). 

- Phase 1: Fatigue damage that starts a crack initiation 

 

- Phase 2: Crack propagation to a critical size 

 

- Phase 3: Final fracture of the remaining net cross-section 

Figure 12 visualize a crack propagation in a bridge section with involvement of welded 

connection between the web stiffener and upper flange (Richard Greiner, 2009). This crack 

growth relates to a stress spectrum as a tension to tension stress variation, Figure 10. 

 

Figure 12 Fatigue crack growth in connection of web stiffener and upper flange (Richard Greiner, 2009). 

Fatigue cracks grow due to stress variation after an amount of cycles. These cracks are not 

usually visible until the fatigue life has come to a late state in its life time. Inspections can be 

made during a lifetime of a bridge to determine if any cracks are detectable. In an early stage 

NDT (Non-destructive testing) is used with either magnetic particle inspection or ultrasonic 

inspections to detect cracks on the surface or underneath a welded area (Steelconstruction, 

2014). 

But why does a fatigue crack occur when the applied stress level can be significantly lower than 

the material yield strength. In a plate detail that is applied with tensional loading, Figure 13, 

stresses will be uniformly distributed along the cross-section. If a similar plate that has irregular 

cross-section such as a hole, a notch or a welded section, it creates stress concentrations (Al-

Emrani, 2014). 
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a)

 

b)

 

Figure 13 Stress variation between same plates exemption of a hole introduced (Al-Emrani, 2014). 

A crack causes increased and most intense stress concentrations on loaded material. Every 

induced stress range will affect the structure and for the most part attachments such as welds, 

stiffeners and joints (Eriksson, 2006). 

Even though connections is more resistance than the base material it will be more affected by 

fatigue loading from its irregularities and discontinuities. Stress concentrations will occur due 

to the geometrical changes, so called hot-spot stresses (Nussbaumer et al., 2011). 

3.4.1 Fatigue in the Eurocode 

The Eurocode offers two approaches how to assess fatigue strength: The damage tolerant 

method and the safe life method. 

The damage tolerant method ensures structures functionality with expected probability. 

Continuous inspections and maintenance for detecting and correcting fatigue damage transacts 

throughout the design life of the structure. It provides an acceptable reliability that a structure 

will function satisfactorily for its fatigue life (EN 1993-1-9-2005, 2008). 

The safe life method should provide an acceptable safety towards fatigue failure during a 

specified design lifespan. Calculating this design lifespan with the lower details from Figure 9, 

requires that in a large amount of feasibility the fatigue life will be larger than the design life 

time (Nussbaumer et al., 2011). This method should be used when local fracture in a detail can 

cause a failure to the construction (EN 1993-1-9-2005, 2008). 

 

Figure 14 Safety factors implemented in fatigue calculations (EN 1993-1-9-2005, 2008). 

3.4.2 Fatigue verification 

The Eurocode requires establishing a level of safety that gives an efficiency according to 

equation (2) which is applied for a specific loading termed as fatigue load (EN 1993-1-9-2005, 

2008): 

𝛾𝐹𝑓∗∆𝜎𝐸,2
∆𝜎𝑐

𝛾𝑀𝑓

≤ 1,0   (2) 
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The Eurocode identifies the partial coefficients γFf and γMf as safety factors. γFf is recommended 

to be put as 1.0. As the approach is calculating with safe life method γMf is set according to 

1.35. Damage effects of the stress spectrum is represented by the equivalent fatigue endurance 

limit of 2 million cycles related to the ΔσE.2. 

  ∆𝜎𝐸.2 = 𝜆 ∗ 𝜙2 ∗ ∆𝜎𝑃    (3) 

The stress ranges for bridge structures depend on span length, cross-section, fatigue load and 

specific detail. To evaluate maximum stresses in the structure, details must be checked into 

which point it goes to failure. Eurocode provides with the alternative fatigue load models with 

alternating outcomes. Δσp is the calculated stress range in evaluated point due to the fatigue 

load. 

∆𝜎𝑃 = 𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛   (4) 

From the stress ranges, the damage is then converted, due to a projected volume of traffic and 

an assumed spectrum of vehicle weights. It is determined to a constant amplitude stress range 

that would achieve the same damage on the detail at 2 million cycles. The detail category is not 

needed in this procedure since all detail curves are parallel, Figure 9. 

φ2 will be set to 1,0 for road bridges since it has been included in the fatigue load models. 

λ is a summarized value of a combined set of damage factors. 

𝜆 = 𝜆1 ∗ 𝜆2 ∗ 𝜆3 ∗ 𝜆4 ≤ 𝜆𝑚𝑎𝑥  (5) 

The foremost reason of the damage equivalent factors for the fatigue load is for expressing the 

traffic effects with the equivalent stress range at two million cycles and to compare it with the 

fatigue detail.  

The methods for calculation of damage equivalent factors has shortcomings: E.g. continuous 

flow of traffic on a bridge is not considered in calculation of the damage equivalent factors, and 

more than one heavy vehicle in each lane is neglected (Maddah, 2007). 

Figure 15 shows, on the right side, the application of the fatigue load model to obtain maximum 

stress, σmax, and minimum stress, σmin, by placing the fatigue load model on the most severe 

positions. 

To obtain the equal value as the equivalent stress range, ΔσE,2, which takes into respect the 

damage accumulation, the value of ΔσFLM is adjusted and transformed with damage equivalent 

factor λ (Maddah, 2007). 
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Figure 15 Determining damage equivalent factor with service load and fatigue load model 3 (Maddah, 2007). 

Structures at the design phase requires a fatigue check of the loads that arises along the designed 

lifetime. This assumption of loads in the future is eliminated with the introduction of these 

damage equivalent factors (Nussbaumer et al., 2011). 

3.4.3 Damage accumulation method 

Investigating in expected years the Rokån bridge has left, from its original design lifetime, a 

damage accumulative method is presented. Method is named Palmgren-Miners rule and is a 

linear assumption of accumulated damage done by fluctuated stresses, in this case the free flow 

traffic that passes the bridge. The rule is based on that each stress ranges, and number of cycles, 

contributes to different damage sizes (Nussbaumer et al., 2011). 
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Figure 16 Linear behavior over a welded detail in a stress-cycle histogram (European Steel Design Education Programme, 

2014). 

Fatigue failure according to _Palmgren-Miner is when the partial damage equations is 

summarized to 𝐷𝑑 ≤ 1.0, equation (6). 

𝐷𝑑 = ∑
𝑛𝑖

𝑁𝑖

𝑛
𝑖     (6) 

ni describes the amount of cycles due to the actual flowing traffic for each stress range. Ni is 

the total cycle count the detail category is allowed before failure, at certain stress range, 

according to S-N curve, Figure 9. 

In respect to the evaluated fatigue detail category, web stiffener in Figure 9, a fatigue limit 

check is calculated for every section in the S-N curve. The web stiffener detail evaluated is 

tabulated in (EN 1993-1-9-2005, 2008). The fatigue category is set to 80 MPa. 
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Constant amplitude fatigue limit calculated as equation (7) 

∆𝜎𝐷 = (
2

5
)

1/3

∗ ∆𝜎𝑐   (7) 

∆𝜎𝐷 = 0.737 ∗ 80 = 58.94 𝑀𝑃𝑎  (8) 

Fatigue cut-off limit as equation (9) 

∆𝜎𝐿 = (
5

100
)

1/5

∗ ∆𝜎𝐷   (9) 

∆𝜎𝐿 = 0.549 ∗ 58.94 = 32,37 𝑀𝑃𝑎  (10) 

The fatigue cut-off limit for detail category 80 MPa is 32.37 MPa. The cut-limit states 

computing with accumulation damage method, stress ranges below that limit can be neglected 

in partial damage summation. 

Stresses do not participate to propagation of fatigue cracks as long as the crack is within a 

specific size. That is why all stresses cannot be ignored in full scale at every partial damage 

calculations in the histogram (Nussbaumer et al., 2011). Since the Rokån bridge has no visible 

cracks this assessment is not needed. 
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3.4.4 Fatigue loads for bridges 

On road bridges there are a number of different fatigue loads given. They are labeled as fatigue 

load models, FLM. These load models equivalents as to identify fatigue problems in bridge 

details. The models are proposed to be involved in verification of the structure towards fatigue 

and evaluate the damage accumulation the traffic has induced on the bridge. These case studies 

are evaluated and designed to the fatigue situation with FLM 3 and FLM 4 (Eurocode, 1991).  

3.4.4.1 FLM 3 

FLM 3 is known as the single vehicle model. This load model is related to the equivalent stress 

range at 2 million cycles, ΔσE.2, and the damage factors, λ. FLM 3 is the relevant load case to 

the fatigue verification method of Eurocode. The vehicle consists of four axles with identical 

wheels (Nussbaumer et al., 2011). Each axle has a weight of 120 kN and is equally distributed 

on the two wheels. The contact surface and spacing between axles and wheels are introduce as 

Figure 17 (Eurocode, 1991). 

 

Figure 17 Fatigue load model 3 shown as axle load longitudinal the concrete deck (Eurocode, 1991). 

The maximum and minimum stresses, for each cycle of stress variations, which can occur along 

the model should be calculated. If there is relevant a second vehicle will be placed on the slow 

lane. But this require a minimum distance, between the centers of these two vehicles of 40 m. 

The second vehicle has the same spacing and geometry as the first vehicle but instead of 120 

kN on each axle this one have 36 kN (Eurocode, 1991). This second vehicle can control the 

design against fatigue to a detail placed in an intermediate support with each lorry placed in 

adjacent bridge spans (Nussbaumer et al., 2011).  
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3.4.4.2 FLM 4 

Fatigue load model 4 is a set of lorry vehicles summarized as the equivalent distribution of 

traffic vehicles crossing roads along Europe, Figure 18. FLM 4 is an advanced frequent analyze 

method to calculate the accumulated damage of the remaining life time (Eurocode, 1991). This 

load model is used to evaluate remaining life of Rokån bridge with and without the introduced 

K-bracing. 

Appropriate assignment for traffic is predicted in different sets depending on the traffic type. 

Based on these set of lorries it contributes to a product equal to the actual traffic. Each lorry 

crosses the bridge in absence of any other vehicle (Eurocode, 1991). The amount of traffic 

crossing is information given from the contractor or extracted from Figure 41. The lorries in 

Figure 18 will be presented further on as lorry 1 to 5. 

 

Figure 18 Set of lorries in fatigue load model 4 (Eurocode, 1991). 
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3.4.5 Fatigue in the double girder composite bridge 

Bridges are dimensioned against fatigue with a traffic load that is presented as a heavy vehicle. 

Eurocode implements a fatigue load distributed as axle loads placed along the carriageways 

length. This fatigue load is applied where calculated to be most adverse against fatigue 

resistance. Verifying fatigue resistance Eurocode set up a handful of load models, where in this 

thesis the proceeded verification model is FLM 3 and FLM 4. 

Placing the load in the center essentially give the same distribution of the stresses for I-girders 

as for box-girder bridges, Figure 19. By introducing an eccentrically placed load, there is a 

movement of the distribution to each girder. The girder on the loaded side endures a larger 

amount of the applied load. With the concrete deck attached between the girders, on the top 

flanges, it creates a reluctance to deform the cross-section. 

 

Figure 19 Favorable placement of traffic load on Rokån bridge. 

The fatigue load is placed where it will do most damage (Eurocode, 1991). This means at the 

slow lane, which in general is at the edge of the carriageway. For the cross-section it causes a 

eccentricity of the loading. Displacements and torsional rotation will appear along the 

transversal and longitudinal direction, which results as an unfavourable outcome for the 

structure. An excessive stress range arises on the loaded side and is problematic for the fatigue 

endurance. 

Regarding the design life time of a bridge the approach is solely dependent on fatigue resistance. 

In Figure 20 the traffic load is visualized as the adverse transversal position on Rokån bridge. 

 

Figure 20 Adverse traffic load on Rokån bridge.  
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This approach of fatigue loads delivers an enhanced vertical force to the loaded girder. The 

exact case to the stated composition above, the concrete deck will transfer a certain amount of 

the load to the other girder due to its structural stiffness. As a result from a measurement at site 

on the Rokån bridge there was seen that the transferred load reaches to approximately 20 % 

(Hällmark, 2012). Transferred loads are fluctuating and dependent on the cross-section and 

structural dimensions. 

3.4.5.1 Lane Factor 

Eccentric load creates different stresses to the girders. A measurement that illustrates this 

amount of load is called lane factor. The lane factor describes how the load on the bridge relates 

between the two girders. As for Rokån bridge the field measurements resulted to a 80 % stress 

level at the loaded girder and 20 % to the unloaded girder. The lane factor is then for each girder 

0.8 and 0.2. For a box-girder bridge, with a single bottom flange connecting the girders, the 

lane factors approach 0.5 with same load case. This eccentric load is neutralized by the closed 

cross-section and global influence of the extended bottom flange. Creating this load distribution 

offers a more sustainable situation regarding fatigue endurance. 

 

Figure 21 Typical box girder cross-section (Patel, 2009). 

In the evaluated cases, applied with a lorry on top of the left girder, stress relations is separated 

on the two girders. The lane factor is calculated as equation (11). 

𝜎𝑏𝑓𝑙−𝑙𝑜𝑎𝑑𝑒𝑑

(𝜎𝑏𝑓𝑙−𝑙𝑜𝑎𝑑𝑒𝑑+𝜎𝑏𝑓𝑙−𝑢𝑛𝑙𝑜𝑎𝑑𝑒𝑑)
   (11) 
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3.5 State of art - Strengthening strategies 

3.5.1 Double concrete deck 

To create “box-action” or a semi-closed cross-section on a composite girder bridge is somewhat 

difficult to achieve. There are some FE-modelling that has been done to support ways of 

creating a closed cross-section and increased resistance. One direction to go is to add a second 

concrete slab between the bottom flanges. This solution creates advantages in higher resistance 

in moments over supports, reduced thicknesses of lower steel flanges, better torsional and 

fatigue behavior. 

Strengthening the bridge with an extra concrete slab has a disadvantage in dead weight and 

higher total cost. Double composite action with two concrete decks gave an idea of improving 

the economy of steel bridges. Double composite concept was developed for girder bridges in 

the range of 60 to 120m long spans (Mendes & (n.d.), ). 

Conventional continuous steel bridges primarily benefit from composite action with concrete 

deck in the positive moment region. Similar composite action may also be achieved in the 

negative moment region by casting a bottom concrete slab between the points of inflection. 

Such a section is referred to as a double composite since it utilizes composite action in both the 

positive and negative moment regions. 

A FE-model study towards torsional stiffness was done between three different design 

solutions. The bridges were modeled as a four span bridge, each span reached 45 meters. The 

first alternative, Alt A, modeled as a simple twin I-girder bridge. Alternative B, had a second 

concrete layer placed between the bottom flanges but only at support regions. Solution three, 

alternative C, had double composite action with concrete slab applied to the entire deck 

(Mendes & (n.d.), ). 

 

Figure 22 Deflections caused by eccentric train load (Mendes & (n.d.), ). 

The FE-models were simulated with an eccentric train load and created a deformed deflection 

shape on the bridge sections as Figure 22. 
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Figure 23 Deflections depending on solution alternative (Mendes & (n.d.), ). 

Comparing deflection results between the alternatives, there are quite large differences the three 

alternatives. The difference between Alt A and Alt C delivers a reduction of the deflections to 

approximately 30 %. Deflection is not quite linearly related to the stresses, in point of interest, 

but is declaring a significant change in fatigue resistance. This interpret the good ability using 

double composite action towards torsional stiffness and fatigue resistance (Mendes & (n.d.), ). 

Advantages with this solution is high reductions of deflections and stresses. It creates a torsional 

rigidity of the cross section and uses this to extend the fatigue strength. The downside by adding 

a second concrete deck is that it develops in a larger self-weight situation and the attachment, 

of the concrete deck to bottom flange, is an unchecked issue that can be a fatigue category in to 

a primary subject (Mendes & (n.d.), ). 

3.5.2 CFRP sheets 

A study in Thailand explains a different approach on how to strengthen this design construction, 

which is by adding CFRP (Carbon-Fiber-Reinforced-Polymer) under the bottom flange. The 

study regarding CFRP sheets to the bottom flanges was investigated in two different models, 

two composite girder bridges with three and five girders (Kuntiyawichai & Limkatanyu, 2014). 

This strengthening is placed underneath the flanges with a special adhesive. This contributes to 

a fairly pleasant way of strengthening the lower flanges and is also notable in respect to its good 

weight/strength ratio. This solution does not contribute in a change of the torsional rigidity but 

decreases the deflections of the construction (Kuntiyawichai & Limkatanyu, 2014). One of the 

bridges that was evaluated is a three girder cross-section with traffic load placed in one lane at 

the adverse position. The bridge was 18 meters long with a girder distance of approximately 5 

meters. Deflections was reduced with CFRP sheets with 10 % on the composite bridge with a 

crack damage of 3 mm on the bottom flange (Kuntiyawichai & Limkatanyu, 2014). 

 

Figure 24 Displacements with and without CFRP sheets (Kuntiyawichai & Limkatanyu, 2014). 



26 

CFRP method contributes to an easy way of handling large sheets and with the attachment, 

simplify implementing this on the structure. The sheets do not create a fatigue category when 

placing and using this method on, e.g. bottom flanges. The CFRP shows an uncertainty in 

accordance to a long term situation where there is absence of adequate information regarding 

extended periods of use (Seracino, 2005). 

Strengthening composite girder bridges by way of reducing damage effects and increase fatigue 

life the research material in scientific studies are few. The knowledge in fatigue resistance by 

adding more details is still an unknown chapter and is in need to be fully investigated.  Examples 

as double concrete action and CFRP method is used but not in full scale. As for the double 

concrete, this approach is in most cases in the initial design phase and not as a strengthening 

method. 

3.5.3 Strengthening - In plane bracing 

As fatigue load is applied with eccentricity, Figure 20, a redistribution of the stresses is made. 

As the eccentric load creates a torsional moment and canted deformations the stresses at the 

loaded side is predominantly. These high magnitude of stresses are in need to decrease to a 

more satisfying level. Through these heavy vehicles, longitudinal and torsional forces appear 

and is supported by the structure. Beside the concrete deck, the girders are connected in the 

center and at supports with transversal beams and back walls, which is practically negligible in 

comparison to the concrete slab stiffness in regard to the load transfer. 

 

Figure 25 Cross-section view of double I-girder composite bridge. 

 

Figure 26 Section A-A, bottom flange from above. 
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A better distribution of the loads between the girders are very central at this point. The eccentric 

load provides a torsional moment with deflections downwards and inwards direction. Instead 

of the second concrete deck and CFRP sheets, a horizontal bracing is introduced between the 

bottom flanges to create more stiffness to the cross-section against torsional moment and canted 

deformations. 

3.5.4 K-bracing 

A K-shaped bracing is placed longitudinal of the flanges, Figure 27, created by steel members. 

The angles, α, in the bracing system is at an interval of 40 to 55 degrees, with an angle adjusted 

due to the position of the bracing connection. This location is based adjacent to the centered 

web stiffener, to reduce local stress concentrations. This strengthening approach of steel 

elements create a truss between the flanges makes the characteristics with respect to rotational 

deformations closer to those of a semi-closed cross-section. The amount of steel from the K-

bracing is negligible to the structures initial self-weight. 

 

Figure 27 Section view A-A, attached K-bracing in plane of the bottom flanges. 

As the traffic load is moving over the bridge the heavy load will create stresses in the K-bracing. 

This connection between the diagonals of the K-bracing allows for secondary bending to 

develop in the straight member which is very flexible. This is why the K-bracing does not take 

part in principle bending and has more potential to decrease stresses in the flange at the load 

side. 
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Figure 28 K-bracing installed in the horizontal plane between the bottom flanges. 

The K-bracing will pull back the longitudinal strains and compensate bending stresses to the 

other girder. This bracing is modelled and evaluated into what level of decreased stress range 

appearing on the bridge. By way of pruposing this strengthening, with validated result, in 

extention a increased number of load cycles is expected. This approach in strengthening bridges 

is challenging first and foremost in retrieving enough stress reductions but also in respect to 

appliyng at a full scale, towards all dimensions and geometry that exists in all composite girder 

bridges. 
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3.5.5 X-bracing 

Another truss configuration is the X-bracing. This development is quite similar to the K-bracing 

but with some few remarks to have in mind. The K-bracing contributes almost nothing to the 

global bending stiffness of the bridge-span. The case is not quite the same with the X-bracing 

which achieves a double role, torsion cage action and global bending strengthening. This comes 

to the detriment of the X-bracing connections to the lower flanges that have to transfer a higher 

load. 

 

Figure 29 X-bracing installed in the horizontal plane between the bottom flanges. 

The X-bracing, which has diagonals connected to each other, works more obvious as a truss. 

This situation creates a stiffer connection between the members and the bottom flanges. 

Therefore, the use of K-bracing is the truss system modelled and simulated in Abaqus and 

keeping the same aspect as sections pre-strengthened. 
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4 Results - Hand calculations 
Results and calculations are performed as a theoretical approach to verify the bridge towards 

fatigue resistance. The investigated bridges are first the Rokån bridge and then four arbitrary 

bridge sections but they are presented in a more modest process. 

 

Figure 30 Rokån bridge from the side (Trafikverket, 2014). 

Rokån is a composite bridge with a theoretical length of 16.2 meter, as where the rolled supports 

are attached. The complete steel length is 17.42 meters. The bridge is constructed with a 

cantilever on each side in a length of 0.61 meter each 

 

Figure 31 Cross-section of Rokån bridge. 

At the ends a concrete slab is installed, called back walls, that is present to distribute a torsional 

stiffness to the cross-section, Figure 32. At this back wall the ground adjacent acts as an 

abutment, soil pressure, towards the structure. 
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Figure 32 Back wall attachment to the steel girders. 
4.1 Hand Calculations 
The initial steps to carry out fatigue verification is to evaluate the composite structure. Since 

the primary structure is the steel girders there are an essential part to calculate the effective 

width of the concrete deck. This effective width is dependent of the ratio between elasticity 

modules for the concrete and steel. 

Concrete class used in Rokån bridge is C30/37 and which is also selected for the arbitrary 

sections. Of great importance is to take in consideration when calculating the effective width is 

approach the issue as a short term influence because of the instantaneous crossings the vehicles 

have on the concrete deck. 

Cross-sectional data is presented in Table 1 below. See full calculations in Appendix A. 

Table 1 Cross-section data for Rokån bridge. 

Part w (m) t (m) A (m2) e (m) A*e (m3) I (m4) 

Concrete deck 0.5500 0.2600 0.14300 -0.1300 -0.0186 0.00245 

Upper flange 0.4200 0.0200 0.00840 0.01000 0.00008 0.000009313 

Web 0.7500 0.0120 0.00900 0.39500 0.00356 0.00199 

Lower flange 0.5000 0.0280 0.01400 0.78400 0.01098 0.00911 

  ∑ 0.17440 ∑ -0.00398  

  2*∑ 0.34880 2*∑ -0.00795  

   etot -0.02279 Itot 0.01356 

The expected detail that is assumed to be the most liable against fatigue is the web stiffener. 

Web stiffener illustrated in Figure 2 is evaluated with provided detail category from Eurocode 

(EN 1993-1-9-2005, 2008). 

Moment of inertia for the cross-section is based on a simple beam model, which only considers 

the one half of the section and it is presented in Table 1. The sought stress range that is 

developed reacts as σmax and σmin. Stresses longitudinal in bottom flanges emerges from fatigue 
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load models and the initial starting point. With Naviers formula stresses in a specific point is 

calculated as equation 13. 

𝜎 =
𝑀

𝑊
   (13) 

From the moment of inertia, second order moment can be calculated with equation 14. 

𝑊 =
𝐼

ℎ−𝑒
   (14) 

4.1.1 LinPro 

Extracting moments at point of interest, an analysis program such as LinPro is a usable program. 

LinPro is a program to investigate static and dynamic analysis of plane frames and beams. This 

program is flexible towards creating structures to achieve a simple frame or beam linear static 

analysis. 

 

This single span bridge is a simple structure in regards to the load situations to achieve 

maximum stresses. As a bridge with several spans, influence lines are needed to be detected 

from the traffic loads. In that case, LinPro is an even more useful tool. 

4.2 Stress calculation at midspan 
The minimum stress level is derived from the bridge sections initial position, in this one span 

bridge, equal to 0. Since the sought stress range is with and without fatigue load the self-weight 

is neglected. Placing the FLM 3 to the bridge, the maximum stress at mid-point is retrieved.  

The web stiffeners are present at 1.0 and 8.1 meters. Since the contribution from the load is 

maximum at the stiffener in the middle, the stresses are calculated with the maximum moments 

adjacent to the stiffener. Lorry vehicle placed longitudinal on the bridge is presented in Figure 

33. 
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Figure 33 Simply supported bridge model with applied traffic load, FLM 3. 

Moment diagram for the lorry vehicle to the fatigue verification is in Figure 34. 

 

Figure 34 Moment diagram with load model 3 lorry vehicle. 

Minimum and maximum moments from initial step and heavy vehicle load is summarized in 

Table 2.  

Table 2 Maximum and minimum moment on given point. 

Mmax 1.08 MNm 

Mmin 0 MNm 

Since the simple beam model is used in the design face as a simply supported section this 

moment configuration is not approved for a fatigue verification to this already constructed 

bridge. And for the reduced stress levels to be evaluated on the fatigue verification it needs to 

be thoroughly calculated. 

For the real situation with the back wall and soil pressure this will create a change in the end 

constraints that is going towards a case somewhere between a free and fixed condition. 

Therefore, a deflection check is needed to confirm the end restraints that is appearing on Rokån 

bridge. 

At the year of 2011, LTU made field measurements on the Rokån bridge with the purpose to 

retrieve deflections and stresses on the bottom flange adjacent to the center web stiffener 

(Hällmark, 2012). The vehicle at the measurements was a three axle lorry with following load 

distribution, Figure 35. 

 

Figure 35 Load placement at measurements on Rokån bridge. 

Structure, Load Case: CASE1, Units: N-m

LinPro 2.7 | Enes Siljak | eness@bosnia.ba | www.line.co.ba

Moment Diagram, Comb: CASE1, Units: N-m

LinPro 2.7 | Enes Siljak | eness@bosnia.ba | www.line.co.ba
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Placement of lorry vehicle, in the transverse direction, at field measurements and the arbitrary 

cases is visualized in Figure 36. 

 

Figure 36 Placement of load in transversal direction, centered over the left girder, at Rokån bridge. 

For confirmation a ratio check is made between the deflection downwards in the midspan at the 

cases of clamped and simply supported, and the field measurements done on Rokån bridge at 

2011. This to get an idea what the real case constraint is approaching. 

Table 3 Deflections in midspan in field measurements 2011 (Hällmark, 2012). 

dunloaded 1.3 mm 

dloaded 4.1 mm 

Evaluating the deflections in LinPro with same traffic load as in the field measurements the 

results is evaluated, for the simply supported and the clamped condition. Since this beam model 

evaluates the longitudinal section of the bridge, deflections only appears on the loaded side. 

 

Figure 37 Simply supported bridge model with applied field vehicle (Hällmark, 2012). 

Deflection diagram representative by the traffic condition applied on the beam model with 

simply supported ends. 

 

Figure 38 Deflections from field measurement vehicle on the simply supported beam. 

Deflection occurring on the girder from the field vehicle on the simply supported beam is 6.3 

mm. 

Table 4 Deflections with simply supported ends. 

dunloaded 0 mm 

dloaded 6.3 mm 

Structure, Load Case: CASE1, Units: N-m

LinPro 2.7 | Enes Siljak | eness@bosnia.ba | www.line.co.ba

Deformed shape, Comb: CASE1, Units: N-m

LinPro 2.7 | Enes Siljak | eness@bosnia.ba | www.line.co.ba
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To apply the same load on a beam configuration that has the ends constrained in all directions 

the outcome will be different from the two other cases. 

 

Figure 39 Axle loads on the field measurements on a clamped beam model. 

Deflection diagram from the field vehicle present to the beam model with clamped ends. 

 

Figure 40 Deflections from field measurement vehicle on the clamped beam. 

Deflections in this situation are smaller with the clamped situation and is shown with the 

elementary cases. 

Table 5 Deflection of the beam model in a clamped end situation. 

dunloaded 0 mm 

dloaded 1.47 mm 

Summarizing the deflections of the FLM 3 for each case visualize that the real case situation is 

somewhere between simply- and clamped supported. 

Table 6 Deflection measurements for each case. 

 Simply 

supported 

Field 

measurements 

Clamped 

dloaded 6.30 mm 4.1 mm 1.47 mm 

As the constrained situation is a semi-supported, the moment diagram for the fatigue 

verification must be reduced to the proper value. If these constraints are presented as values 

from 1 to 0 and simply supported as 1, the reduced factor for the field testing is 0.65. This factor 

is assumed to be valid in transforming the deflection difference to the proper moment. 

Table 7 Ratio aspect from the semi-constraints on the field supports. 

 
Simply 

supported 

Field 

measurements 
Clamped 

Ratio 1 0.65 0 

To the moment distribution from the FLM 3, Table 2, the reduction factor is added for the 

support constraint. This reduction is an assumed linear change to the deflections and is therefore 

used on the moment. Stresses is derived in way of implementing the achieved moment at the 

two stress cases in equation (13). Maximum stress is given to 

Structure, Load Case: CASE1, Units: N-m

LinPro 2.7 | Enes Siljak | eness@bosnia.ba | www.line.co.ba

Deformed shape, Comb: CASE1, Units: N-m

LinPro 2.7 | Enes Siljak | eness@bosnia.ba | www.line.co.ba
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𝜎𝑚𝑎𝑥 = 0.65 ∗
𝑀𝑚𝑎𝑥

𝑊𝑏𝑓𝑙
= 42.48 𝑀𝑃𝑎  (15) 

Minimum stress is given to. 

𝜎𝑚𝑖𝑛 =
𝑀𝑚𝑖𝑛

𝑊𝑏𝑓𝑙
= 0 𝑀𝑃𝑎   (16) 

The stress range detected on Rokån bridge acts as the fatigue evaluated distribution, and is 

summarized in Table 8. 

Table 8 Maximum and minimum stresses at evaluated point. 

σmax 42.48 MPa 

σmin 0 MPa 

4.3 Fatigue verification calculation at midspan 

Verifying fatigue endurance on the bridge construction the applied fatigue load should evaluate 

the efficiency as equation (2). At point of interest on the bridge section, stress range Δσp is 

obtained from moment calculations. 

Stress range equals to equation (4): 

  ∆𝜎𝑃 = 𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛 = 42.48 𝑀𝑃𝑎  (17) 

The damage factors λi is obtained, for bridges with spans maximum of 80 meters, according to 

equation (8). 

λ1 depends on the length of the critical influence line or area. Determining, λ1, the influence 

length is Eurocode stacking up as a number of options on how to interpret the length for mid 

spans and supports. 

𝜆1 = 2,55 − 0,7 ∗
𝐿−10

70
   (18) 

Bridge theoretical length is 16.2 meter and gives. 

𝜆1 = 2,488    (19) 

λ2 consider the amount of traffic that flows on the slow lane.  

𝜆2 =
𝑄𝑚1

𝑄0
∗ (

𝑁𝑜𝑏𝑠

𝑁0
)

0,2

   (20) 

Nobs is the heavy traffic vehicles that is the govern vehicle value to interpret fatigue 

verifications. Nobs is an indicative value, which is according to Eurocode verified by how many 

slow lanes on the carriageway and location of given bridge (Eurocode, 1991). 

Nobs is corresponding to the value of real traffic crossing the bridges, ÅDTt, yearly heavy 

traffic/day. From the database BaTman, this traffic situation is present for each bridge in an 

average daily value for each year (Trafikverket, 2014). 
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For specific bridge designs the main contractor may have their own vehicle measurements to 

reinstate the Eurocode values. From Figure 41 appropriate Nobs is presented according to 

Eurocode. 

 

Figure 41 Number of heavy vehicles per year and slow lane (Eurocode, 1991). 

For the verification on Rokån a value of 50000 is used for Nobs, as it contains a low flow rate of 

traffic at a local road passage the smallest traffic amount is selected. A possibility is also 

implemented to add 10% of Nobs for each fast lane, but this will not be evaluated (EN 1993-1-

9-2005, 2008). 

Variables Q0 and N0 is set to 480 kN respectively 50000 cycles. Qm1 is according to 

(Trafikverket, 2011), 410 kN for regional traffic. This value is the redesigned lorry load of FLM 

3 of 480 kN into Swedish lorry weight. The contractor could change this value to 445 kN if 

traffic is on a long range direction (Eurocode, 1991).  

From information about traffic volume, λ2 can be calculated: 

𝜆2 = 0.539    (21) 

λ3 takes the design life time of the bridge into account. Eurocode recommends a value of tLd = 

100 years. Rokån bridge is calculated with same life time. 

𝜆3 = (
𝑡𝐿𝑑

100
)

0,2

= 1.0   (22) 

λ4 evaluates the traffic situations on the other lanes. Since no traffic is countable in this case at 

other lanes λ4 is set to unity, 1.0. 

λmax is considering the fatigue limit with a maximum value for the summarized damage factors. 

Eurocode recommend as λmax an interpolation depending of the greatest span length of the 

bridge, 16.2 meters: 

𝜆𝑚𝑎𝑥 = 2.5 − 0.5 ∗
𝐿−10

15
= 2.293  (23) 

Summarizing the damage factors 

𝜆 = 2.49 ∗ 0.54 ∗ 1.0 ∗ 1.0 = 1.341  (24) 
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That gives that  

𝜆 ≤ 𝜆𝑚𝑎𝑥 = 1.34 ≤ 2.29   (25) 

For a reference value of 2 million cycles the damage effect is calculated with equation (3): 

∆𝜎𝐸,2 = 1.34 ∗ 1.0 ∗ 42.48 = 56.96 𝑀𝑃𝑎 (26) 

In equation 2, Δσc explains the governing detail that is most vulnerable to fatigue failure. It is 

already stated that the web stiffeners at the center of the bridge will be the most likely to get 

damaged. Web stiffener detail is presented in Figure 42. 

 

Figure 42 Fatigue detail according to Eurocode (EN 1993-1-9-2005, 2008). 

From Eurocode table 8.4, a detail over web stiffener between two flanges is recognized. 

Eurocode evaluates this connection class as Δσc = 80 MPa (EN 1993-1-9-2005, 2008). 

Now verifying the fatigue damage on the structure according to equation (2): 

1.0∗56.96

80/1.35
= 0,96   (27) 

Results from calculation fatigue resistance is on right side of the criteria. Utilization for 

verification at stresses in mid-point is 96 %.  
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5 Finite element analysis 

5.1 Test Set-Up Rokån bridge 
A key point regarding the modeling is to have an equitable version in the FE-analyze as to the 

real bridge sections such as boundary conditions, loads and dimensions. This is important to 

have in mind that the results can be less reliable in absence of a complete model. 

Since the bridge is designed and constructed based on a beam model, a more exact investigation 

of the situation is preferred. This is an essential evaluation to get measurable and reliable results. 

Information requested is mostly stresses in mid-section at bottom flanges coinciding with the 

web stiffeners. 

To have verification of the FE-models the prefabricated composite bridge in Roknäs, Piteå is 

audited. In addition to stress variation on points of interest an evaluation of the lane factor is 

handled at each case. At detail, the starting procedure was to move the examined points at a 

adjacent section as local stress concentrations appears near discontinuities, e.g. at the web 

stiffeners. Cross-section of Rokån bridge is shown in Figure 43. 

 

Figure 43 Cross-section dimensions of Rokån bridge. 

5.2 Rokån bridge 
Rokån bridge where constructed in the year of 2000 with prefabricated elements on two equally 

sized steel girders. The bridge was put in place in only 30 hours. At this bridge during the years, 

measurements on deflections and stresses has been done (Hällmark, 2012). 

5.3 Abaqus 
Modelling a bridge section in Abaqus a global and local investigation is possible. Abaqus is not 

well used in bridge design but provides with a wide modelling capacity. Accessing hot-spot 

stresses and retrieve stress concentrations in sub-models is an advantageous procedure in 

Abaqus. 

A thorough check on Rokån bridge, with respect to stresses characteristics, is the primary 

outcome done in Abaqus. Interest regarding fatigue endurance on the bridge, stress relations 

with and without K-bracing is evaluated. Stresses are investigated at the middle section, 

adjacent to the web stiffener, on both girders at the bottom flanges. This is to compromise that 

the stiffener connection contribute to local stress fluctuations. 
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Models made in Abaqus are analyzed as an elastic configuration. The FE-model is built, based 

on shell elements. The added K-bracing is modeled as wire configurations with properties as a 

beam member. The soil attached on the back wall is built as solid elements with an elasticity 

modulus of crushed stone material (Hällmark, 2012). 

 

Figure 44 FE-model of Rokån bridge. 

Some small details have been neglected for example shear studs, edge beams and railings. 

Details of this kind do not affect the simulations extensively and is therefore redundant. As 

stated in (Eurocode, 1991) the designing load is placed where most damage will be made. Since 

no bridge is similar to the next, an extent to the limitations is done on where this load is placed. 

Girder bridges can have one to several lanes and number of girders that alters the load 

eccentricity. 

On this bridge section one load establishments has been simulated, Figure 45. The total width 

of the concrete deck is 7.0 meters and therefore the lorry is placed 0.5 meters away from the 

edge, centered over the left girder, because of the position of the railing. Bridges, though, tends 

to have larger cantilever lengths and therefore endure a significantly greater eccentricity then 

in this situation. 
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Figure 45 Load case on the bridges. 

The model is plotted with supports 0.61 meters from the girder ends as reference points on the 

bottom flange. The back wall is attached to the ends of each girder and is modelled as a shell 

element, Figure 46.  

 

Figure 46 Back wall attached to the girders endplates. 

The applied soil pressure is modelled on the surface of the entire back wall and is constrained 

to move in the longitudinal direction, Figure 47. 
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Figure 47 Soil pressure element attached to the back wall. 

The examined points is positioned with the distance of 0.2 meters from the web stiffener. This 

as a precaution not be influenced to possible stress concentrations at the stiffener. The points of 

interest is presented in Figure 48 and Figure 49. 

 

Figure 48 Positioning of the examined points longitudinal of the girders. 

Over the plotted model a certain mesh size is created. In this mesh the structure is defined in 

smaller pieces. This created mesh will define properties and stresses for the specific piece. Since 

the interest is to extract stresses in bottom flange at loaded and unloaded side, the mesh in the 

girder is the substantial. 

From the simulations on the models, stresses of each mesh node is evaluated. The idea was to 

have an amount of elements on each side of the web to have an equal spread of stresses along 

the bottom flange. The examined nodes along the width of the flange is visualized in Figure 49. 
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.  

Figure 49 Positioning of the evaluated points along the width of the bottom flange. 

At local stress environments it is emphasized that welded or irregular details, should with great 

accuracy, be modeled with all shapes and geometrical discontinuities in that what would seem 

to be a favorable crack initiation point. In this thesis the FE-models welded areas around the 

stiffener and the K-bracing connection is only attached to the surrounding nodes, because of 

the global examination. 

6 Results – FE-analysis 
In this chapter the results are presented and based on the knowledge of the real construction. 

Before introducing the K-bracing to the FE-model a necessary confirmation is done between the 

measured stresses retrieved in 2011. The measured stresses on Rokån bridge contains the 

stresses 0.20 m away from the web stiffener. Stresses presented in Table 9 is from the field 

measurements and in Table 10 is a similar analyzed FE-model of the bridge, which takes the 

pre-fabricated concrete in to consideration (Hällmark, 2012). 

Table 9 Stress measurements on bottom flanges at Rokån bridge, 2001 (Hällmark, 2012). 

σbfl-loaded 23.4 MPa 

σbfl-unloaded 5.6 MPa 
 

Table 10 Stresses from FE-model according to (Hällmark, 2012). 

σbfl-loaded 24.3 MPa 

σbfl-unloaded 6.6 MPa 

Stress differences in real measurements and from (Hällmark, 2012), gives lane factors 
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23.4

(23.4+5.6)
= 0.807   (28) 

24.3

(24.3+6.6)
= 0.786   (29) 

Based on the relevant aspects with the soil pressure and back walls, in comparison to the simple 

beam model, an accuracy is guaranteed to be simulated in Abaqus with the same points of 

interest.  

As the stress variations are evaluated at the lower flanges an average value is calculated of the 

examined mesh nodes. Stresses retrieved from each node is presented as a coordinate system 

with basis on going from one side to the other, Figure 50. Stresses evaluated from the model is 

based on the mesh size along the width of the flange, Figure 49. 

 

Figure 50 Coordinate system of the examined flanges. 
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Stresses retrieved from the Abaqus model, Table 11, shows that on the unloaded bottom flange 

there is a variety from 4.82 MPa to 9.83 MPa, which is distributed because of the rotation of 

the section, Figure 51. From the loaded side the node values follow the coordinate system with 

values from lowest to highest stresses over to the unloaded girder. 

 

Figure 51 Deflections and rotational displacements due to eccentric loading on Rokån. 

Table 11 Stress values with field measurement vehicle. 

Coordinates y/b Un loaded girder (Pa) Loaded girder (Pa) 

– 0.25 4.24E+06 2.21E+07 

 4.82E+06 2.27E+07 

 5.93E+06 2.38E+07 

0 7.66E+06 2.64E+07 

 8.20E+06 2.69E+07 

 9.29E+06 2.80E+07 

+ 0.25 9.83E+06 2.86E+07 

Average 7.14E+06 2.55E+07 

 Total 32.7 MPa 

From the stress values above the lane factor is calculated. 

25.5

(25.5+7.1)
= 0.781   (30) 

The deformations and stresses for the eccentric loading is showing a critical distribution to the 

loaded side. From field measurements on Rokån and the FE-analysis, the stresses developing 

is approximately 80 % of the totally applied load on the bridge and is visualized in Figure 52. 
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Figure 52 Deformed shape according to eccentric loading in Figure 45. 

With the FE-modeled simulated and analyzed theses values is compared to the previous 

measurements and simulations. 

Table 12 Stress measurements with field vehicle test on Rokån bridge. 

 Abaqus-model (Hällmark, 2012) Field measurements 

Lane factor 0.781 0.786 0.807 

σbfl-loaded (MPa) 25.5 24.3 23.4 

σbfl-unloaded (MPa) 7.14 6.6 5.6 

Difference 

measurements 

stresses 

0.92 0.96 1.0 

The difference between the stresses of the Abaqus model and the field measurements is 

approximately 8 %. The differences can be a result of the structures stiffness. The soil pressure 

against the bridge ends forms an abutment and reduces the maximum moment and in extent the 

stresses (Hällmark, 2012). The soil pressure is simplified as a constant abutment along the depth 

of the back wall, and is presented as material stiffness property of crushed stone, with the 

elasticity modulus to 50 MPa. 

The model conducted in Abaqus is a complete straight structure with no initial imperfections. 

This is a possible error since the initial deflection of the bridge could have reached below zero 

after the assembly. 

Since this soil is attached as an element on the back wall it also creates a tension development 

over the neutral axis, which is not the case since the soil do not contribute in this aspect. Another 

important aspect is the resistance developed by the concrete decks warping and torsional 

stiffness, which is the part that contributes most of the load transfer to the unloaded girder. The 

concrete deck varies in Rokån between 219 mm at the edge beams and up to 300 mm in middle 

(Hällmark, 2012). In the Abaqus model the concrete thickness has been set to a constant value 

of 260 mm.  
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7 Results FE-model - FLM 

7.1 Fatigue Load model 3 
Introducing the FLM 3 lorry vehicle, the same undertaking with eccentricity placement is made. 

The single vehicle with a total weight of 480 kN is placed in mid-point of the bridge. Stresses 

examined from the model is at same points as previous and is assessed towards fatigue 

verification. 

Table 13 Stress values with traffic load FLM 3 on Rokån bridge. 

Coordinate y/b Un loaded girder (Pa) Loaded girder (Pa) 

– 0.25 6.86E+06 3.37E+07 

 7.81E+06 3.47E+07 

 9.66E+06 3.66E+07 

0 1.25E+07 4.06E+07 

 1.34E+07 4.15E+07 

 1.52E+07 4.34E+07 

+ 0.25 1.61E+07 4.43E+07 

Average 1.17E+07 3.93E+07 

 Total 50.9 MPa 

Lane factor and stresses of both girder bottom flanges in section x = 0.20 m is summarized in 

Table 14. 

Table 14 Lane factor and stresses on both girders. 

Lane factor Unloaded (MPa) Loaded (MPa) 

0.771 11.7 39.3 

With a total axle load of 480 kN as opposed to the field measurement load of 250 kN this 

contributes to a decreased lane factor. This is a reasonable change when the increment of the 

load starts an initial increased load transfer to the unloaded girder. 
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7.2 Fatigue load model 4 
The fatigue load estimation is accordance to a single heavy vehicle model and a long term 

influence is not as accurate as real traffic measurement. Instead Eurocode presents a set of 

lorries as FLM 4, Figure 18. 

As results is developed earlier with stresses adjacent to the center stiffener, the same stress 

evaluation of loaded and unloaded girder is shown in Table 15 for the FLM 4. 

Table 15 Stress level with Lorry 1 as the simulated vehicle. 

Lorry 1   

Coordinate y/b Un loaded girder (Pa) Loaded girder (Pa) 

– 0.25 3.63E+06 1.93E+07 

 4.12E+06 1.98E+07 

 5.08E+06 2.08E+07 

0 6.56E+06 2.30E+07 

 7.02E+06 2.35E+07 

 7.96E+06 2.44E+07 

+ 0.25 8.43E+06 2.49E+07 

Average 6.11E+06 2.23E+07 

Each lorry vehicle is placed at center position of the girder in the longitudinal way. From 

Abaqus the set of lorries is simulated and on both girders, stresses and lane factor is evaluated 

from the node values. All stress values from the node placements is fully shown in Appendix 

B. 

Table 16 Lane factor and stresses from the applied lorries according to FLM 4. 

 Lane factor 
Unloaded girder 

(MPa) 

Loaded girder 

(MPa) 

Lorry 1 0.785 6.11 22.3 

Lorry 2 0.789 9.55 35.7 

Lorry 3 0.774 11.3 38.6 

Lorry 4 0.773 8.59 29.3 

Lorry 5 0.785 8.89 32.4 

7.3 Accumulated damage method 
As determined in chapter 4.3, the fatigue assessment is measured to the design criteria of the 

fatigue verification. Next step is to calculate with actual amount of traffic the remaining life 

time of the Rokån bridge. In accordance to the FLM 4, these lorry vehicles are passing over the 

bridge one at a time. Each lorry causes an alternating stress variation throughout the crossing. 

Stresses are obtained according to Abaqus simulation at loaded girder. All five lorries cross the 

bridge and assembles a certain stress level to the web stiffener. Lorry 1 is presented in Table 

17. 
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Table 17 Stress levels at loaded girder caused by Lorry 1. 

Lorry 1 

Loaded girder (Pa) 

1.93E+07 

1.98E+07 

2.08E+07 

2.30E+07 

2.35E+07 

2.44E+07 

2.49E+07 

22.3 MPa 

The remaining lorries is summarized from the Abaqus simulation in Table 18. The distribution 

of the lorries depends on progress of the traffic and is accounted. The variation of stresses is 

compared to the fatigue limit, 32.37 MPa. 

Table 18 Total stress value on loaded girder for FLM 4, set of lorries. 

 Lorry 1 Lorry 2 Lorry 3 Lorry 4 Lorry 5 

σbfl-loaded 22.3 MPa 35.7 MPa 38.6 MPa 29.3 MPa 32.4 MPa 

The number of cycles until failure, of web stiffener detail, for each stress fluctuation is 

according to equation 36 (EN 1993-1-9-2005, 2008).  

𝑁𝑖 =
(∆𝜎𝐷)𝑚∗5∗106

(∆𝜎𝑏𝑓𝑙,𝑙𝑜𝑎𝑑𝑒𝑑)
𝑚   (31) 

Stresses from each lorry are compared to the limit calculations on chapter 3.4.3 and detail 

categorization in Figure 9. Each stress variation seems to be under the limit of the constant 

amplitude fatigue limit ΔσD, 58.94 MPa, therefore is the slope of m = 5 used for every cycle 

count. Values below the fatigue limit ΔσL, 32.37 MPa are neglected. 

Every lorry crossing the road transfers to different number of total cycles. Calculating the 

number of cycles depending on stress values from Lorry 1 to Lorry 5. 

Number of cycles in accordance to Lorry 1. 

𝑁1 =
58.945∗5∗106

22.35 = 649765573.2  (32) 

Evaluating total damage, Trafikverkets database states the amount of lorries passing the bridge, 

ÅDTt (Trafikverket, 2014). 

ÅDTt for Rokån is 144. 

From Figure 18, the distributed traffic is categorized in three categories to divide the different 

lorry vehicles. (Trafikverket, 2014) categorize this road bridge as a regional distributed bridge 

and therefore is the medium traffic column selected. 



50 

Heavy vehicle is distributed as in Table 19. 

Table 19 ÅDTt distribution for each lorry. 

ÅDTt % 144 

Lorry 1 40 57.6 

Lorry 2 10 14.4 

Lorry 3 30 43.2 

Lorry 4 15 21.6 

Lorry 5 5 7.2 

The calculated damage with this ÅDTt is assumed to continue with this amount along the entire 

lifetime. Since the stress values achieved from Lorry 1 and Lorry 4 is below the fatigue limit 

these two damage values can be neglected from the total accumulation, hence an uncracked 

structure is assumed. Table with all parameters is shown in Appendix C. Total damage in 

comparison to the fatigue detail of the web stiffener is shown in Table 20. 

Table 20 Partial damage accumulation calculation. 

 nday nyear Δσi Ni ni/Ni 

Lorry 2 14.4 5256 35.7 61574850.6 0.00008536 

Lorry 3 43.2 15768 38.6 41576713.4 0.00037925 

Lorry 5 7.2 2628 32.4 99874454.8 0.00002631 

    Summation 0.00049 

From the total damage influenced by the lorries the remaining life time reaches approximately 

2037 years. 

Table 21 Remaining life time of Rokån bridge. 

Total damage 0.00049  

Remaining lifetime 2036.98 years 

Forward chapter investigates in hope of a decreased efficiency with a K-bracing between the 

bottom flanges. 
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7.4 Rokån - Introduced K-bracing 

The introduced K-bracing is placed in the plane between the two bottom flanges, Figure 53. 

The K-bracing is set with a cross-sectional area of 2000 mm2. An assumption to this area was 

made with respect to self-weight and initial costs. The cross-section of the bracing was 

presumed with an arbitrary geometry. 

FE-models in Abaqus were simulated with definition to geometric linearity and therefore no 

consideration to buckling effects. The compressed members gave therefore equal results to 

other geometries with same cross-sectional areas. Therefore is a buckling calculation made, 

according to (EN 1993-1-1-2005, 2008), based on the forces appearing on the K-bracing 

members in chapter 8.1. In the simulation all members were plotted as perfectly straight truss 

members. In a real case the members include an initial imperfection, which is a progress towards 

buckling. 

 

Figure 53 FE-model of Rokån bridge in Abaqus with K-bracing 

Based on same procedure of extracting stresses on the lower flange, the bridge was simulated 

with the applied K-bracing. The K-bracing was placed between the two supports. Each member 

end is fixed to the bottom flange with a node attachment, Figure 54. This is a simplified 

connection of the bracing. Attachment at site will be welded, bolted or a combined connection. 
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Figure 54 Node attachment of the K-bracing to the bottom flange. 

Introduced K-bracing on Rokån with fatigue load model, FLM 3, is simulated in Abaqus. 

 

Figure 55 Deformed shape of Rokån bridge with applied K-bracing. 

Table 22 Stress distribution with K-bracing with applied FLM 3. 

Coordinate y/b Un loaded girder (Pa) Loaded girder (Pa) 

– 0.25 8.25E+06 2.90E+07 
 9.88E+06 3.02E+07 
 1.28E+07 3.24E+07 

0 1.28E+07 3.83E+07 
 1.53E+07 3.92E+07 
 1.68E+07 4.14E+07 

+ 0.25 1.99E+07 4.27E+07 

Average 1.49E+07 3.62E+07 

 Total 51.1 MPa 
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With the bracing positioned on Rokån bridge, the model gives an average stress reduction on 

the loaded girder by 8.27 %. The unloaded girder has an increased stress value to an amount of 

27.2 % and is transferred from the loaded girder by the K-bracing. 

Table 23 Differences on both girders and the lane factor by introduced K-bracing. 

 Without K-bracing K-bracing Difference stresses 

Lane factor 0.77 0.708 8.17 % 

σbfl-loaded 39.3 MPa 36.2 MPa 8.27 % 

σbfl-unloaded 11.7 MPa 14.9 MPa 27.2 % 

7.4.1 Fatigue verification – K-bracing 

From chapter 4.3 the verification calculations where based on the beam model and the related 

stress variation. With this reduced stress situation, the verification method is calculated again. 

Stress value at 2 million cycles is recalculated to a reduced stress range with equation (33). 

∆𝜎𝑝,𝑟𝑒𝑑 = 0.917 ∗ 42.48 = 39.0 𝑀𝑃𝑎  (33) 

∆𝜎𝐸,2 = 1.34 ∗ 1.0 ∗ 39.0 = 52.25 𝑀𝑃𝑎 (34) 

1.0∗52.25

80/1.35
= 0.88   (35) 

As for the fatigue verification the efficiency is reduced from 0.96 to 0.88 and removes the cross-

section to a safer state. 

Table 24 Efficiency reduction according to the fatigue verification method. 

 Without K-bracing K-bracing Difference 

Verification 0.96 0.88 7.9 % 

7.4.2 Accumulated damage method - K-bracing 

Developing this stress reduction to an extent of remaining life time with an amplified damage 

control is in accordance to 7.2 up to 8.2 % decreased stress values. Stress reductions for the 

FLM 4 simulation is presented in Appendix D. The FLM 4 cases outcomes in a variety of stress 

fluctuation. 

Table 25 Summarized reduction of each set of lorries. 

Without K-bracing Lorry 1 Lorry 2 Lorry 3 Lorry 4 Lorry 5 

σbfl-loaded 22.3 MPa 35.7 MPa 38.6 MPa 29.3 MPa 32.38 MPa 

      

K-bracing Lorry 1 Lorry 2 Lorry 3 Lorry 4 Lorry 5 

σbfl-loaded 20.7 MPa 33.2 MPa 35.9 MPa 27.2 MPa 30.1 MPa 
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Since the stress levels created of the heavy vehicles is between the intervals of ΔσD = 58.94 

MPa and ΔσL = 32.37 MPa, they are inside the same slope m = 5, according to Figure 9. There 

is a simplified solution to present the increased number of cycles and prolonged lifetime. At 

this interval in compared detail curve, the curve slope is equal to 5 and the prolonged factor is 

calculated as follows. 

1

(1−0.072)5 = 1.44 𝑡𝑖𝑚𝑒𝑠   (36) 

According to equation (40) the remaining lifetime of the bridge can be multiplied with 1.44. 

This K-bracing creates independent stress reductions at every load case. As shown in Table 25, 

Lorry 5 is with the bracing creating a stress value below the fatigue limit and therefore can be 

excluded in the accumulated damage calculation. Instead of using the factor of 1.44 to multiply 

with the remaining life time, the damage calculation is used towards the decreased stress levels 

and presented in Table 26. 

Table 26 Damage accumulated calculation as K-lacing introduced. 

 nday nyear Δσi Ni ni/Ni 

Lorry 2 14.4 5256 3.32E+07 88110093.2 0.00005965 

Lorry 3 43.2 15768 3.56E+07 62220893.0 0.00025342 

    Summation 0.00031 

 As the FE-model where simulated and analyzed based on the improvement of the K-bracing 

the increased life time is calculated to 3194.2 years. 

Table 27 Increased remaining life time of Rokån bridge. 

Total damage 0.00031  

Remaining lifetime 3194.2 years 

The extended lifetime attains to approximately 3194.2 years and increases the lifetime with 

approximately 1.57 times, which is slightly more than the simplified calculation of 1.44 times. 

Evaluating the given bridge with the accumulated damage method is somewhat different then 

the fatigue verification method in Eurocode. The accumulated damage method gives in this case 

lifetimes of thousands of years which is practically impossible but gives a hint on the stress 

spectrums and how it effects the condition of the bridge. Accumulated damage calculation is 

fully presented in Appendix C. 

8 Arbitrary Cross-section 
A parametric study is also made on arbitrary bridge sections similar to Rokån bridge. The results 

are based on the strengthening of Rokån bridge and gives an indication as to how the K-bracing 

can improve and resist their situation towards fatigue. The initial step for creation of the 

arbitrary bridges was based on Rokån bridge. The bridge sections were modeled equivalent 

with a few parametric changes. The arbitrary bridge cross-sections where modeled as Figure 

56. 
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Figure 56 Arbitrary cross-sections with varying width between the girders and varying concrete deck width. 

The girder dimensions was altered, according to Figure 56, in consideration of increasing the 

knowledge to other cross-section geometries. The arbitrary sections are based with two span 

lengths of 15 and 25 meter and two girder widths, w, of 4 and 6 meter. Because of the different 

girder widths, a correction was made on the concrete deck, where the models always had a 

cantilever of 1.5 meters on each side, which gives concrete slab widths, b, to 7 and 9 meter. The 

load is appearing at same position as on Rokån bridge. 

Unlike the Rokån bridge, at the supports the back wall is neglected and instead two very stiff 

diagonals are attached to the two girders on the upper and lower edge of the web, Figure 57. 

These support crosses are made to have no influence in the elongation to extreme weather, with 

regards to high temperatures.  

 

Figure 57 Support crosses attached on the end plates. 

Having a support cross will not establish the full amount of rigidity between the girders as with 

the back wall. To ensure the situation by introducing these support crosses a simulation in 

Abaqus where made on Rokån bridge, with and without the K-bracing. 

The results is showing that the stresses are much higher on the loaded and unloaded girder. The 

interesting is that the stress reductions are very much the same on Rokån bridge, with a 

difference of 0.3 %, between attached support crosses and back walls. 
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Table 28 Stress distribution on Rokån bridge with attached support crosses. 

 Without K-bracing K-bracing Difference stresses 

σbfl-loaded 50.4 MPa 46.2 MPa 8.60 % 

σbfl-unloaded 16.3 MPa 20.7 MPa 24.9 % 

Using this support configuration, the arbitrary cross-sections where modeled similarly as Rokån 

bridge. Simulations were made with point of interest one third into the girders at web stiffener, 

Figure 4, unlike Rokån bridge where the stresses was examined from the midpoint. 

 

Figure 58 Examined points on the arbitrary bridge sections. 

 

Figure 59 Points along the width of lower flange. 

From all four simulations altered values were obtained. Further the bridge modelled as 15 meter 

and girder width of 4 m is presented. 
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Table 29 Stress values on section, w = 4 m and L = 15 m, without K-bracing. 

Coordinate y/b Un loaded girder Loaded girder 

– 0.25 2.07E+06 1.73E+07 
 2.50E+06 1.77E+07 

 3.38E+06 1.86E+07 

0 4.26E+06 1.95E+07 

 5.11E+06 2.03E+07 

 5.97E+06 2.10E+07 

+ 0.25 6.40E+06 2.14E+07 

Average 4.24E+06 1.94E+07 

 Total 23.6 MPa 

Stresses on each girder established by the FLM 3 is in total 23.6 MPa, distributed to each girder 

as in Table 30. 

Table 30 Summarized stress levels of each girder and lane factor without K-bracing. 

Lane factor Unloaded (MPa) Loaded (MPa) 

0.821 4.24 19.4 

And with the K-bracing applied in the plane between the two bottom flanges the stress is 

reduced to levels as follows in Table 31. 

Table 31 Stress values on section, w = 4 m and L = 15 m, with introduced K-bracing. 

Coordinate y/b Un loaded girder Loaded girder 

– 0.25 2.21E+06 1.41E+07 

 3.14E+06 1.48E+07 

 4.90E+06 1.62E+07 

0 6.35E+06 1.71E+07 

 7.62E+06 1.88E+07 

 8.99E+06 2.04E+07 

+ 0.25 9.73E+06 2.13E+07 

Average 6.13E+06 1.76E+07 

Lane factor is calculated to 0.741 and the total stress value is 23.7 MPa. 

Table 32 Summarized stress levels of each girder and lane factor with K-bracing. 

Lane factor Unloaded (MPa) Loaded (MPa) 

0.741 6.13 17.6 

As the strengthening is applied the stress reduction arises to about 10 % and for the lane factor 

a similar value occurs. In comparison to the Rokån bridge, the decreased stress is about 2 % 

higher in this arbitrary case. 
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Table 33 Comparison of the stress spectrum and lane factor for bridge, w = 4 m and L = 15 m. 

Loaded girder Without K-bracing K-bracing Difference 

Stress range 19.4 MPa 17.6 MPa 10.0 % 

Lane factor 0.821 0.741 9.75 % 

Analyzing all models in Abaqus the stresses came in variation as relatively large intervals. The 

stress reduction for each case is presented in Table 34. 

Table 34 Reduction results for all arbitrary bridge sections. 

Loaded girder Without K-bracing K-bracing Difference 

Stress range 

(w = 4m - L = 15m) 
19.4 MPa 17.6 MPa 10.0 % 

Stress range 

(w = 4m - L = 25m) 
41.4 MPa 34.5 MPa 16.6 % 

Stress range 

(w = 6m - L = 15m) 
20.1 MPa 19.0 MPa 5.9 % 

Stress range 

(w = 6m - L = 25m) 
43.0 MPa 38.2 MPa 11.2 % 

8.1 Buckling check 
Since the Abaqus simulation did not consider buckling effects, buckling resistance is checked 

with the Eurocode methods, for the compressed forces appearing on the K-bracing. The forces 

are evaluated from the arbitrary section that developed the highest stress reductions. The length 

of 25 meters and girder width of 4 meters. The force is dominant in the end members and are 

the forces measured from the model. 

 

Figure 60 Plotted forces and deflections of the K-bracing of the arbitrary section. 

The K-bracing works in general as a normal truss system. Forces produced in the members are 

a bit different with this K configuration. From the left side to the middle the top diagonal is 

subjected to compression as where the top diagonals on the right side is subjected to tension. 

The lower diagonal members are exposed to reversed loads in comparison to the top diagonals, 

Figure 60. 
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Figure 61 End members subjected to tension and compression forces in the end section. 

The examined values from the elements are separated to tensile and compressive forces. Figure 

61 visualize members at the left end. Member 1 is subjected to compression and member 2 to 

tension. These two values are the ones evaluated. The other end is achieving the same forces 

due to symmetry of the model. 

The forces acting on member 1 and 2 are shown in Table 35. 

Member 1 -55.56 kN 

Member 2 55.56 kN 

Table 35 Forces on end members in K-bracing. 

Buckling resistance is calculated according to Eurocode (EN 1993-1-1-2005, 2008). Simulating 

the models with geometrical linearity no particular cross-section was needed. Therefore, in the 

hand calculation of buckling resistance a cross-section that would seem likely was evaluated. 

The cross-section evaluated was a RHS (rectangular hollow section) with the cross-section area 

of 2000mm2. The RHS is a closed cross-section that does not assemble dirt which may have an 

increased progress to wear and corrosion. 

From (Ruuki, 2011) cross-section data is retrieved. 

Table 36 Dimensions for calculated RHS member of 2000mm2. 

H 0.12 m 

B 0.06 m 

T 0.006 m 

R 0.015 m 
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Figure 62 Cross-section for the RHS (Ruuki, 2011). 

Since the interesting evaluation is for the compressed member the buckling resistance is 

calculated. The buckling resistance for compressed members is calculated according to equation 

(37) 

𝑁𝑏,𝑅𝑑 =
𝜒∗𝐴∗𝑓𝑦

𝛾𝑀1
   (37) 

Procedure is the same for tensional members but with an introduced reduction factor, χ. The 

reduction factor for the member 1 is calculated to 0.33. Steel quality is set to S355 which gives 

a yield strength, fy, to 355 MPa. Partial coefficient, γM1, is set to 1.0. See full calculations in 

Appendix E. 

Buckling load is calculated to  

𝑁𝑏,𝑅𝑑 =
0.29∗0.002∗355∗𝑒6

1.0
= 208.0 𝑘𝑁  (38) 

The buckling resistance is calculated to 208.0 kN. As shown in Table 35 the forces the K-

bracing members will be exposed to with the FLM 3 is 55.56 kN. Buckling of the members will 

therefore not occur. 

8.2 Fatigue verification 
Based on this parametric study the outcome is important in purpose towards fatigue endurance. 

Fatigue assessment according to Eurocode is therefore calculated in this study also. Calculation 

is based on the bridge length of 25 meter and girder width of 4 meter. 

Cross-sectional data is stated in Table 37. 

Table 37 Cross-sectional data over bridge section, w = 4 m and L = 25 m. 

Part w (m) t (m) A (m2) e (m) A*e (m3) I (m4) 

Concrete deck 0.5500 0.2600 0.1430 -0.1300 -0.0186 0.0097 

Upper flange 0.4500 0.0200 0.0090 0.0100 0.0001 0.0001 

Web 1.4540 0.0160 0.0233 0.7470 0.0174 0.0133 

Lower flange 0.6200 0.0260 0.0161 1.4870 0.0240 0.0302 

  ∑ 0.1914 ∑ 0.0228  

  2*∑ 0.3828 2*∑ 0.0457  

   etot 0.1194 Itot 0.0532 
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Moment is measured for the FLM 3 over the bridge length 25 m. 

 

Figure 63 Moment diagram for arbitrary cross-section with FLM 3. 

Moment is tabulated below with upper and lower limit. Since the load case gives a straight line 

over the point of interest, no interpolation is needed. 

Table 38 Maximum and minimum moment from the section. 

Mmax 2.136 MNm 

Mmin 0 MNm 

And with the section modulus from Appendix A, the calculated moment is giving the stress 

values. No reduction for the support restraints since this is assumed to be a simply supported 

model. 

𝜎𝑚𝑎𝑥 =
𝑀𝑚𝑎𝑥

𝑊𝑏𝑓𝑙
= 55.41 𝑀𝑃𝑎  (39) 

Minimum stress is given to 0 for this case also. The stress spectrum is given to 

Table 39 Maximum and minimum stresses from the section. 

σmax 55.41 MPa 

σmin 0 MPa 

Damage equivalent factors with this 25 meter bridge section is calculated. 

λ1 is given to. 

𝜆1 = 2,55 − 0,7 ∗
𝐿−10

70
= 2.4   

For damage factor λ2 the Nobs is set to 50.000 as category 4 in Figure 41, as the same traffic 

distribution to the Rokån bridge verification. 

𝜆2 =
𝑄𝑚1

𝑄0
∗ (

𝑁𝑜𝑏𝑠

𝑁0
)

0,2

= 0.539 

λ3 with recommended design value of 100 years. 

𝜆3 = (
𝑡𝐿𝑑

100
)

0,2

= 1.0   (40) 

λ4 is 1.0 as earlier cases. 

λmax the Eurocode recommendation of interpolation depending of the greatest span length. Span 

length is 25 meter. 

Moment Diagram, Comb: CASE1, Units: N-m

LinPro 2.7 | Enes Siljak | eness@bosnia.ba | www.line.co.ba
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𝜆𝑚𝑎𝑥 = 2.5 − 0.5 ∗
25−10

15
= 2.0  (41) 

Summarizing the damage factors 

𝜆 = 2.4 ∗ 0.539 ∗ 1.0 ∗ 1.0 = 1.293  (42) 

That gives that  

𝜆 ≤ 𝜆𝑚𝑎𝑥 = 1.293 ≤ 2.0   (43) 

For the reference value of equivalent damage effect is calculated 

∆𝜎𝐸,2 = 1.29 ∗ 1.0 ∗ 55.41 = 71.67 𝑀𝑃𝑎 (44) 

Verification of the fatigue damage efficiency 

1.0∗71.67

80/1.35
= 1.21   (45) 

As respect to an equal Nobs and a higher length, the efficiency rises to an unsafe level. From 

0.96 for the Rokån bridge to 1.21 for this arbitrary section. The section is 21 % on the unsafe 

side to the verification. 

In bridge section, w = 4 m and L = 25 m, the reduced stress level from the K-bracing is 

multiplied with equation 46. 

∆𝜎𝑝,𝑟𝑒𝑑 = 0.834 ∗ 55.41 = 46.21 𝑀𝑃𝑎  (46) 

Stress spectrum to the equivalent 2 million cycles with reduced value 

∆𝜎𝐸,2 = 1.29 ∗ 1.0 ∗ 46.21 = 59.77 𝑀𝑃𝑎 (47) 

And finishing with the fatigue verification 

1.0∗46.21

80/1.35
= 1.01   (48) 

Efficiency is lowered from 1.21 to 1.01 in extent to the strengthening effort and reaches a more 

satisfactory level, but still not on the safe side. Having a reduction generating 16.6 % smaller 

stresses at the loaded girder, the simplified method can be used to translate this in a factor to 

the remaining life time. 

1

(1−0.166)5
= 2.48 𝑡𝑖𝑚𝑒𝑠   (49) 

This entails a lifetime extension of 2.5 times and may be more too different geometrical bridges. 

This level of reduction can increase the life of an equally sized bridge and delay reconstruction 

and maintenance faces. 

An interesting aspect to have in mind is that the higher reductions of the stresses the prolonged 

lifetime will increase exponentially. Diagram 3 shows what the influence of 5 % decreased 

stress level will do to the extended life time. 
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Diagram 3 Lifetime factor with various stress reduction values. 

From the arbitrary cross-sections the stress reductions are varying. Stresses reduced by the 

applied K-bracing are between 5.9 to 16.6 %. Since on these arbitrary cross-sections there were 

two parameters changed, width between the girders and length of the bridge. These results have 

added into a beginning of linearity with respect to a ratio according to the length over the width. 

Diagram 4 describes this assumed association between the length/width ratios. 

 

Diagram 4 Stress reduction in respect to length/width ratio. 

Since the Rokån bridge is plotted and simulated to the actual drawings, in consideration to the 

back wall, extraction point at center position and various cross-section. This otherwise 

geometries creates a length/width ratio that is somewhat under the related configuration as in 

Diagram 4. This may have been effected by the size of the girders which are quite small. 
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Deformations that are arising from the FLM 3, are therefore not in the magnitude to create a 

better functionality of the K-bracing. 

  

Diagram 5 Length and width ratio corresponding to the arbitrary bridges and Rokån. 

9 Sensitivity analysis 
Evaluation of the eccentric load and the K-bracing creates varying reductions depending on the 

bridges geometric structures. A further investigation is a sensitivity check regarding the 

placement of the vehicle load and the K-bracings cross-sectional area. 

The traffic load where always placed centered of the girder and K-bracing estimated with a 

cross-sectional area of 2000 mm2. These variables will be tested to a more extreme situation 

and value, in hope to exchange varying results. 

9.1 Load placement 
In the Rokån bridge the load was placed at the maximum edge possible, due to railing and edge 

beam, centered over the girder and 0.5 meters from the edge. 

Knowing that these bridges can attain longer cantilevers than 1.5 m, as on the Rokån bridge, a 

simulation is done by placing the vehicle load to the far edge. Although implementing this is 

impossible for the real case. 
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Figure 64 Traffic load placed at the edge on Rokån bridge. 

Moving the load towards the left edge creates more eccentricity and in extent a higher value of 

the flange stresses to the loaded side. 

Simulating the Rokån bridge model as traffic loads crossing at far edge in Abaqus gave the 

following results. 

Table 40 Stress values, loaded on edge, without K-bracing. 

Coordinate y/b Un loaded girder (Pa) Loaded girder (Pa) 

– 0.25 2.56E+06 3.58E+07 

 3.72E+06 3.71E+07 

 5.99E+06 3.95E+07 

0 9.11E+06 4.46E+07 

 1.02E+07 4.57E+07 

 1.24E+07 4.78E+07 

+ 0.25 1.35E+07 4.88E+07 

Average 8.22E+06 4.27E+07 

 Total 51.0 MPa 
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Measured values with applied K-bracing. 

Table 41 Stress values, loaded on edge, with K-bracing. 

Coordinate y/b Un loaded girder (Pa) Loaded girder (Pa) 

– 0.25 4.69E+06 2.89E+07 

 6.49E+06 3.07E+07 

 9.95E+06 3.39E+07 

0 1.25E+07 4.22E+07 

 1.43E+07 4.33E+07 

 1.79E+07 4.56E+07 

+ 0.25 1.98E+07 4.67E+07 

Average 1.22E+07 3.87E+07 

 Total 51.0 MPa 

By moving the vehicle load 0.5 m against the edge creates higher stress in the loaded girder. 

Comparing the load cases with same K-bracing situation the results is changing to a reduction 

of the stresses to 10.02 % instead of the 8.27 % reduction for the original position. 

Table 42 Stress reductions, traffic load at the edge. 

Loaded girder Without K-bracing K-bracing Difference 

Stress range 

(Loaded girder) 
42.7 MPa 38.7 MPa 10.02 % 

This analysis proves therefore to with considerable certainty, the strengthening method 

achieves better stress reductions to loads with greater eccentricity. By this knowledge, in 

bridges configuration, this can enhance a particular number of composite bridges. 

9.2 Cross-section area - K-bracing 
Cross-section areas in the bracing method can alter in size from low to high values. Cross-

section area used in earlier chapters was consistent to 2000 mm2, and depending on self-weight 

and costs this size can vary to the most effective way. 

A sensitivity analysis is therefore made to have a visual of what happens on Rokån bridge if the 

K-bracing area is changed. The FE-model over Rokån is then applied with an increased area of 

the K-bracing to twice the size, 4000 mm2. 

Table 43 Stresses transferred and reduced with K-bracing area to 4000 mm2. 

Coordinate y/b Un loaded girder (Pa) Loaded girder (Pa) 

– 0.25 9.23E+06 2.78E+07 

 1.08E+07 2.91E+07 

 1.38E+07 3.15E+07 

0 1.56E+07 3.80E+07 

 1.72E+07 3.88E+07 

 2.04E+07 4.04E+07 

+ 0.25 2.20E+07 4.12E+07 

Average 1.56E+07 3.53E+07 
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 Total 50.9 MPa 

By increasing the K-bracing area to twice the original size, it contributes to a decreased stress 

level on the loaded girder to 35.3 MPa. Stress spectra in initial model, free from K-bracing, was 

equal to 39.3 MPa, Table 13. 

Retrieving a decreased stress level of 8.27 %, with K-bracing area 2000 mm2, it falls out to a 

10.5 % reduction with an enhanced cross-section area of 4000 mm2. 

Table 44 Stress reduction for Rokån bridge with K-bracing area of 2000 mm2 and 4000 mm2. 

2000 mm2 Without K-bracing K-bracing Difference 

Stress range 

(Loaded girder) 
39.3 MPa 36.2 MPa 8.27 % 

    

4000 mm2 Without K-bracing K-bracing Difference 

Stress range 

(Loaded girder) 
39.3 MPa 35.3 MPa 10.5 % 

A difference, slightly over 2 %, between the two areas are probably not a good enough result 

in view of the increased amount of steel. This is assumed with no respect to what an increased 

K-bracing area will have for influence on other bridge sections, such as the arbitrary cross-

sections. 
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10 Discussion 
In what follows aspects of the mechanical behavior as well as future research directions are 

discussed. 

The fatigue loading models FLM 3 and FLM 4 were used for fatigue assessment calculations. 

For the verification of the strengthening approach the Rokån bridge was chosen. An ABAQUS 

model was constructed and the results were compared with existing measurements done by 

LTU. Good convergence was observed with respect to the simplifications done in the ABAQUS 

model which was hence validated for a complete exploitation.  

The Eurocode provides a fatigue verification method based on the number of passes of vehicles 

weighting over 10 tons. The accumulation method is based on the yearly traffic load in a more 

reliable way. The strength exploitation factor before the K-bracing was computed to a value of 

96 % for the Rokån bridge. This result allows no margin with respect to the recommended 

lifetime. Note that this value was obtained from midspan moment reduction due to the retaining 

back wall of the abutment; in addition, the traffic load was taken as the minimum provided by 

the Eurocode. 

On the other hand, using the damage accumulation method the estimated life turns out to be 

2000 years. This approach evidently produces overly optimistic results. 

Introducing the K-bracing in Rokån bridge results in an 8.3 % alleviation of the variable loads 

stresses. This decreases the fatigue exploitation factor by 7.9 % resulting to a 44 % increased 

bridge lifetime. 

Evaluating the two fatigue methods according to Eurocode one realizes they represent different 

approaches for fatigue endurance verification. In comparison, the damage accumulation method 

takes into account the cut-off limit of the fatigue detail category. Following the damage 

accumulation method one obtains a decreased lifetime of 57 %. 

The particular case of Rokån bridge is not an ideal example of effectiveness of using the K-

bracing approach for strengthening. Tensile stresses in the girders remain quite high. Regarding 

the FLM 3 stress ratio at the loaded girder, one obtains a value of 77.1 % without any 

strengthening and 70.8% when the K-bracing is applied. Comparing this ratio to a box girder 

bridge it presents of 50 % on each side. This difference appears to be rather high. 

The reason for these stress reductions are so low is the geometry of the Rokån bridge where we 

are dealing with a short length bridge combined with a low depth girder. The K-bracing is 

working due to strains from FLM 3 but is not reaching a level to work in a more accomplished 

way. 

Taking into account that the fatigue load model of the Eurocode is a one vehicle approach, one 

can consider of placing several heavy vehicles on the bridge at the same time, which has not 

been studied in fatigue assessment of bridge design. In situations concerning longer bridges the 

likelihood to have more than one heavy vehicle on the bridge at the same time is higher. This 

results to larger stress cycles that obviously cause higher damage. 
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To obtain a better understanding for the potential of K-bracing in different bridge geometries, 

a number of arbitrary girder cross-section and span combinations where investigated those 

entailed arbitrary bridge geometries, with roller support at the ends. As obvious the particular 

attachment of the deck girders to the abutments back wall was omitted as such an arrangement 

is not practical for longer spans. 

These arbitrarily generated bridges were used with span lengths of 15 and 25 meters. Fatigue 

verifications were conducted and the highest level of fatigue exploitation was 21 % above 

recommended value attained for the longer span. The arbitrary cases fatigue verification was 

proved to exceed the verification unity. 

The arbitrary bridge sections analyzed gave a parametric view of the fatigue loads regarding 

the stresses distributed on the bottom flanges. The cases showed different reduction effects with 

the applied K-bracing, ranging between 5.9 and 16.6 %. Of the four sections it was possible to 

deduce a correlation of variable stress alleviation and the ratio of span to between the girders 

distance.  

What needs to be considered is that the traffic loads presented are taken directly on the girder, 

which is not the most adverse case. This study is therefore an optimistic approach with respect 

to the load distributions proposed in the Eurocode. This was verified with the sensitivity 

analysis made with the fatigue load at the edge of Rokån. 

If the results from the Rokån bridge are to be compared with the results of the arbitrary bridges 

one can see that the 15 meter bridge, with the distance of 4 meters between the girders, is 

reaching a decreased stress level to about 10 %. This cross-section is very similar to Rokån 

except for the web height, which is almost twice as high. This could be the situation that the 

deformations are increasing and the reason for the increased stress reduction achieved by the 

K-bracing. 

Since this bridge has been simulated and calculated with the assumption of no detected fatigue 

cracks, the accumulation method is calculated with respect to the cut off limit of the fatigue 

detail category. It is established that a fatigue crack will reduce the constructions fatigue 

resistance. A model including a crack initiation at the web stiffener is therefore an interesting 

case as to how it will behave with the added K-bracing.  

On the field, there are some strategies to strengthening this kind of construction. Two 

approaches are the CFRP sheets and the second concrete deck. Both options are applied on the 

bottom flanges, where the CFRP sheets are placed on the girders’ lower flanges and the concrete 

deck in the space between the flanges. 

Looking at the results, chapter 3.5, the aforementioned strengthening methods give deflections 

reduction by approximately 10 % for the CFRP sheets and by 30 % for the second concrete 

deck. These solutions are not comparable to the K-bracing, by way of load cases and bridge 

geometries, but can point to the effects they induce on the respective section. 

As for the reason why the results are so high on the method using a second concrete deck, in 

comparison to the K-bracing, that can be explained with the complete closed cross-section the 



70 

second concrete deck creates. The concrete deck will also work in full extent in the global 

bending action, a role that the K-bracing avoids almost completely 

Knowing the effects of these strengthening methods there are some remarks to consider. Both 

the K-bracing as well as the second concrete deck connect to the bottom flanges; both these 

joints are not investigated with respect to fatigue detail categorization. Therefore, the part 

evaluated in the thesis, i.e. the web stiffener, might not be the most vulnerable detail according 

to this consideration. For the CFRP sheets there exists no fatigue check with respect to long 

term actions, a fact that creates an uncertain situation. 

Both the steel K-bracing and the CFRP methods cause no significant weight increases, i contrast 

to the concrete deck which results to an unfavorable increase of the structure’s self-weight. 

Another aspect is the total cost of the methods. The second concrete deck and its execution 

might induce very high costs. For all these methods, a thorough investigation has to be made as 

to the extent they may be applied for an investment before constructing a new bridge. 
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11 Conclusion 
The present study is not intended to constitute a complete a parametric study of strengthening 

a double girder composite bridge with K-bracings. Instead, it can be a starting point of an 

assessment of using this technique on bridges in service. Several artificial bridge geometries 

were investigated and one can therefore obtain an initial estimate of the potential of the method. 

The stresses produced by FLM 3 and FLM 4 are within reasonable levels to that make the 

fatigue endurance on Rokån bridge acceptable with the Eurocode verification and accumulation 

methods. 

Decreasing the stresses created by the eccentric load, on an I-girder bridge, to equivalent values 

as for a “box-girder” bridge is difficult to obtain. Achieving results of 50 % stress reductions is 

difficult with respect to the final cost.  

One can notice that to achieve higher stress reductions the bridge sections needs to have larger 

geometries than Rokån. To expect reductions around 15 to 20 %, as for the arbitrary section is 

reasonable as the population of these bridges is rather large. From the Trafikverkets database it 

was found that in the Swedish road network there exist approximately 400 bridges in the 

interval of 20-30 meters of span or higher. 

The potential variable stress reduction improvements are capable of extending the lifetime by 

2 or 3 times and maybe even more. This is subject to the traffic situation and fatigue knowledge 

of present bridge design. We now know for a fact that during the past century the traffic volume 

and weight have increased exponentially. Even with this kind of rise in the near future, this 

strengthening method may still satisfy the recommended lifetime of 100 years or more. 
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12 Future work 
Here are stated proposals for future work that could both ensure the K-bracings effect to a bridge 

and to what impact this method might contribute to composite girder bridges. 

As shown in chapter 8.2 the role of the ratio between length and width is demonstrated and 

creates an interesting objective to the stress reductions to the arbitrary sections. As for the 

Rokån section, which not coincide to the achieved linearity, might be explained to the cross-

sections structure. An interesting approach is the association between the aforementioned ratio 

and how this could develop in future research. 

The introduced K-bracing is connected to the bottom flanges with node attachments. The 

connections are most likely bolted to the flange and should be thoroughly investigated with 

respect to the fatigue detail categorization. 

As the study of altering different parameters is presented in a small scale this investigation 

should be explored in a larger range. This is an essential part if this strengthening method is 

capable to be fully introduced on bridges. 

The study is based on FEM-analysis of the stresses in the mid-span. Next step is to transform it 

into a laboratory test. This in order gives further support to the model simulations. 
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14 Appendices 

14.1 Appendix A 

L 16.2 m 

Mmax 1080000 Nm 

b,btg 3.5 m 

Es 2.10E+05 Mpa 

Ec 3.3E+04 Mpa 

η0(short) 6.36  

b,eff 0.550 m 

etot -0.0228 m 

2*∑ Itot 0.0271 m4 

Wbfl 0.017 m3 
Table A 1 Parametric and cross-section data for Rokån bridge. 

L 25 m 

Mmax 2136000 Nm 

b,btg 3.5 m 

Es 2.10E+05 Mpa 

Ec 3.3E+04 Mpa 

η0(short) 6.36  

b,eff 0.550 m 

etot 0.1194  

2*∑ Itot 0.1064  

Wufl 0.039 m3 
Table A 2 Parametric and cross-section data for arbitrary section L = 25 m. 
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14.2 Appendix B 

Lorry 2 

Un loaded girder Loaded girder 

5,71E+06 3,11E+07 

6,47E+06 3,19E+07 

7,95E+06 3,34E+07 

1,02E+07 3,69E+07 

1,10E+07 3,76E+07 

1,24E+07 3,91E+07 

1,31E+07 3,98E+07 

9.55E MPa 35.7 MPa 

 

Lorry 3 

Un loaded girder Loaded girder 

6,66E+06 3,32E+07 

7,58E+06 3,42E+07 

9,36E+06 3,60E+07 

1,21E+07 3,99E+07 

1,30E+07 4,08E+07 

1,47E+07 4,26E+07 

1,56E+07 4,35E+07 

11.3 MPa 38.6 MPa 
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Lorry 4 

Un loaded girder Loaded girder 

5,06E+06 2,52E+07 

5,76E+06 2,59E+07 

7,12E+06 2,73E+07 

9,22E+06 3,03E+07 

9,88E+06 3,09E+07 

1,12E+07 3,23E+07 

1,19E+07 3,30E+07 

8.59 MPa 29.3 MPa 

 

Lorry 5 

Un loaded girder Loaded girder 

5,25E+06 2,81E+07 

5,97E+06 2,88E+07 

7,37E+06 3,02E+07 

9,54E+06 3,35E+07 

1,02E+07 3,42E+07 

1,16E+07 3,56E+07 

1,23E+07 3,63E+07 

8.89 MPa 32.4 MPa 
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14.3 Appendix C 
Damage accumulation - without strengthening 

 n, day n, year Δσi Ni ni/Ni 

Lorry 1 57.6 21024 2.23E+07 649765573.2 0.00003236 

Lorry 2 14.4 5256 3.57E+07 61574850.6 0.00008536 

Lorry 3 43.2 15768 3.86E+07 41576713.4 0.00037925 

Lorry 4 21.6 7884 2.93E+07 165617935.1 0.00004760 

Lorry 5 7.2 2628 3.24E+07 99874454.8 0.00002631 

    Summation 0.00057 

     1751.67 

 

Damage accumulation - with strengthening 

 n, day n, year Δσi Ni ni/Ni 

Lorry 1 57.6 21024 2.07E+07 939167457.6 0.00002239 

Lorry 2 14.4 5256 3.32E+07 88110093.2 0.00005965 

Lorry 3 43.2 15768 3.56E+07 62220893.0 0.00025342 

Lorry 4 21.6 7884 2.70E+07 248339222.7 0.00003175 

Lorry 5 7.2 2628 3.00E+07 145365426.5 0.00001808 

    Summation 0.00039 

     2595.49 
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14.4 Appendix D 

Lorry 1 

Un loaded girder Loaded girder 

4.41E+06 1.70E+07 

5.24E+06 1.76E+07 

6.70E+06 1.87E+07 

7.95E+06 2.18E+07 

8.71E+06 2.22E+07 

1.03E+07 2.34E+07 

1.11E+07 2.40E+07 

7.78 MPa 20.7 MPa 

Stress reduction 7.41 % 

 

Lorry 2 

Un loaded girder Loaded girder 

7,04E+06 2,76E+07 

8,30E+06 2,85E+07 

1,05E+07 3,02E+07 

1,24E+07 3,50E+07 

1,35E+07 3,56E+07 

1,60E+07 3,73E+07 

1,72E+07 3,83E+07 

12.1 MPa 33.2 MPa 

Stress reduction 7.19 % 
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Lorry 3 

Un loaded girder Loaded girder 

8,00E+06 2,87E+07 

9,58E+06 2,98E+07 

1,24E+07 3,19E+07 

1,48E+07 3,76E+07 

1,62E+07 3,85E+07 

1,92E+07 4,07E+07 

2,08E+07 4,19E+07 

14.4 MPa 35.6 MPa 

Stress reduction 8.13 % 

 

Lorry 4 

Un loaded girder Loaded girder 

6,05E+06 2,17E+07 

7,26E+06 2,26E+07 

9,40E+06 2,42E+07 

1,13E+07 2,86E+07 

1,24E+07 2,92E+07 

1,47E+07 3,09E+07 

1,59E+07 3,19E+07 

11.0 MPa 27.0 MPa 

Stress reduction 8.18 % 

 

Lorry 5 

Un loaded girder Loaded girder 

6,36E+06 2,45E+07 

7,58E+06 2,55E+07 

9,75E+06 2,71E+07 

1,16E+07 3,17E+07 

1,27E+07 3,24E+07 

1,51E+07 3,40E+07 

1,63E+07 3,50E+07 

11.4 MPa 30.0 MPa 

Stress reduction 7.56 % 
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14.5 Appendix E 
The buckling resistance for compressed members is calculated according to equation (50) in 

(EN 1993-1-1-2005, 2008). 

𝑁𝑏,𝑅𝑑 =
𝜒∗𝐴∗𝑓𝑦

𝛾𝑀1
    (50) 

γM1 is a safety factor that is set to 1.0.  

First there is to decide the classification of the cross-section. This classification is a measure 

tool on how the cross-section is structured and outcomes if it is stable or not. There are 4 classes 

possible for the cross-section. To be achieved as Class 1 following equations is to be checked. 

𝑐

𝑇
≤ 33 ∗ 𝜀    (51) 

C is the webs inner height. 

𝑐 = 𝐻 − 2 ∗ 𝑇 − 2 ∗ 𝑅   (52) 

And with values according to Table 36 

𝑐 = 120 − 2 ∗ 6 − 2 ∗ 15 = 78 𝑚𝑚  (53) 

ε is a ratio dependent on the nominal yield strength, 235 MPa and to the one used, 355 MPa. 

ε = √
235

𝑓𝑦
    (54) 

Insertion to equations above gives 

13 ≤ 26.85    (55) 

This means that the cross-section is in Class 1. The cross-section needs no further review. 

The reduction factor, χ, is dependent on the slenderness parameter, λ, and given buckling curve. 

χ is decided with equation (56) 

𝜒 =
1

𝜙2+√𝜙2−λ2
    (56) 

ϕ is a factor that is dependent to the cross-sections slenderness and the initial imperfection. 

𝜙 = 0.5 ∗ [1 + 𝛼 ∗ (λ − 0.2) + λ2]  (57) 

α is the imperfection factor for a given cross-section, steel class and buckling direction and is 

tabled in (EN 1993-1-1-2005, 2008) table 6.1 and 6.2. For a rectangular cross-section the 

imperfection factor is 0.49 

λ is the slenderness factor and is described for the whole members geometry. The slenderness 

factor is decided for Class 1 according to equation (58) 
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𝜆 = √
𝐴∗𝑓𝑦

𝑁𝑐𝑟
    (58) 

Ncr is the critical buckling load according to Euler theory. The K-bracing is supposed to be 

pinned on both ends and is on the safe side. E is set to 210 GPa. The critical length for the 

member is varying along the length of the bridge but at the ends the length is 2.8 meters. 

Moment of inertia for the cross-section is retrieved from (Ruuki, 2011) steel table, I = 1.09 E-6 

m4. 

𝑁𝑐𝑟 = 𝜋2 𝐸∗𝐼

𝐿2     (59) 

The critical buckling load is given to 

𝑁𝑐𝑟 = 𝜋2 210∗𝑒9∗1.09∗𝑒−6

2.82 = 287.5 𝑘𝑁  (60) 

The slenderness factor is then calculated to 1.58 

𝜆 = √
0.002∗355∗𝑒6

287.5
= 1.58   (61) 

The factor ϕ is set to 1.88 

𝜙 = 0.5 ∗ [1 + 0.49 ∗ (1.58 − 0.2) + 1.582] = 2.08 (62) 

The buckling reduction factor is then calculated 

𝜒 =
1

2.082+√2.082−1.582
= 0.29  (63) 


