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Abstract   
 

There are approximately 4000 railway bridges in Sweden managed by the Swedish 

Administration of Transport (Trafikverket), of which a common construction type is 

the reinforced concrete (RC) trough bridge, which is a structure that consists of a slab carried 

by two longitudinal main beams which transfer loads towards the supports. A substantial 

amount of the RC trough bridge population is approaching the end of their service 

lives which consequently implies that the replacement of some of these bridges can be expected 

in the near future. Extending their service lives can yield positive effects from a financial- as 

well as an environmental perspective, and therefore it is highly beneficial to evaluate their 

capacities as realistically as possible. One factor that may help improve accuracy during the 

determination of their capacities is an evaluation of how it is affected by the location of the 

railway track on the bridge.  In current design codes defined by Trafikverket, consideration is 

taken to horizontal track displacement for a minimum displacement of 0.1 m if there doesn’t 

exist data suggesting that a larger displacement is prevalent on the bridge. However, 

Trafikverket has received data which suggest that a considerable number of bridges could 

experience load eccentricities which exceed the standard minimum value. This raises the 

question whether or not 0.1m is the most optimal limit value for load eccentricity on railway 

bridges. For RC trough bridges, a larger load eccentricity may result in one main beam carrying 

a larger portion of the load which will decrease the axle load which the bridge can carry. It is 

therefore important to evaluate the influence of larger horizontal displacements than what is 

currently is considered as a preventive action.  

 

In addition, several studies on Swedish concrete bridges constructed during the 

20th century have pointed to a significant increase in concrete compressive- and tensile strength 

over time. This suggests that it is possible that a considerable amount of RC trough bridges 

have a higher capacity than what was originally intended, and further research is required in 

order to understand the behaviour of these bridges when key material parameters are altered.      

 

There are three main tasks which this master thesis seeks to complete. The first part is a detailed 

analysis of a database named BaTMan (Bridge and Tunnel Management) that belongs to 

Trafikverket. In this analysis parameters such as span length, age, material type and 

damages for every identified railway bridge is extracted and further processed in Microsoft 

Excel in order to gain a clear overview of the RC trough bridge population. The second task 

regards the development of a non-linear finite element model of a typical RC trough 

bridge named Lautajokki. The model is analysed using ATENA Science and its behaviour is 

verified against test results obtained during a full-scale test of the bridge performed 

by Paulsson et al. (1996). The last task is to use the devolved model to perform a parametric 

study where the effects of changes in load eccentricity, compressive strength as well as tensile 

strength is studied.           

  

Keywords: concrete, trough bridges, parametric study, FEM, BaTMan, ATENA, load 

eccentricity, compressive strength, tensile strength    

 



 
 

Sammanfattning 

 

I Sverige finns det ungefär 4000 broar avsedda för tågtrafik och som också förvaltas av 

Trafikverket. Bland dessa broar är trågbroar utav armerad betong en vanlig konstruktionstyp, 

vilket är en bro där en betongplatta spänns upp av två huvudbalkar vars funktion är att föra last 

vidare till stöden. En betydande del av dessa broar närmar sig slutet av deras förväntade 

livslängd vilket innebär att de kan förväntas vara i behov av att bytas ut inom en förutsebar 

framtid. Om det är möjligt att förlänga livslängden hos dessa broar skulle det innebära fördelar 

ekonomiskt såväl som miljömässigt. En faktor som kan hjälpa till att bidra till en ökad livslängd 

är en ökad förståelse av hur järnvägsbanans läge på en bro påverkar dess bärförmåga. 

Trafikverkets gällande dimensioneringskoder tar hänsyn till en lastexcentricitet på minst 0.1 m 

ifall det inte finns data som pekar på att lastexcentriciteten för den undersökta bron är större. 

Emellertid så har Trafikverket tagit del av mätdata som pekar på att minimumvärdet av 0.1m 

överskrids hos en betydande mängd järnvägsbroar. Det väcker frågan om huruvida 0.1m är det 

mest optimala gränsvärdet. För trågbroar spelar lastexcentricitet en stor roll för dess kapacitet 

då det kan medföra att en huvudbalk bär en större andel last vilket följdvis leder till att bron 

klarar av att bära en mindre axellast. I förebyggande syfte är det därför viktigt att undersöka 

vad för effekt dessa överskridna värden har på bärförmågan hos broar.  

 

Vidare, så har tidigare studier som utförts på tågbroar utav betong som konstruerats under 1900-

talet visat att betongens tryck- och draghållfasthet ökat avsevärt över tid. Det är därför möjligt 

att en betydande andel av Sveriges bropopulation besitter en högre kapacitet än den som tidigare 

beräknats. För att förstå hur beteendet hos dessa broar förändras vid förändring av kritiska 

materialparametrar så krävs det att vidare studier utförs. 

 

Det här examensarbetet har 3 huvudmål som eftersträvas att uppnås. Det första målet är en 

analys av en befintlig databas ägd av Trafikverket vid namn BaTMan (Bro och Tunnel 

Management). Analysen fokuserar på att vidarearbeta exporterad data angående bland annat 

spannlängder, ålder och konstruktionstyp från BaTMan. Datan sammanställs i Microsoft Excel 

för att få en tydlig överblick över hur bropopulationen i Sverige ser ut. Det andra målet är att 

utveckla en 3D-modell enligt dimensionerna av en typisk trågbro utav betong vid namn 

Lautajokki. Modellen kommer analyseras icke-linjärt med den finita elementmetoden (FEM). 

Programmet som används är ATENA Science och resultaten kommer att verifieras mot tidigare 

tester utförda på bron för att säkerställa att modellen beter sig lämpligt. Det sista målet är sedan 

att använda modellen för att utföra en parameterstudie där effekten av lastexcentricitet, 

betongen tryckhållfasthet och betongens draghållfasthet undersöks.  

 

Nyckelord: betong, trågbroar, parameterstudie, FEM, BaTMan, ATENA, lastexcentricitet, 

tryckhållfasthet, draghållfasthet 
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1.0 Background  
The Swedish railway net consist of approximately 15600 km of tracks of which 14200 km are managed 

by the Swedish Administration of Transport (Trafikverket), see Figure 1 (Trafikverket, 2019a).  

 

Figure 1. The Swedish railway net, Trafikverket (2019a). 

Along the tracks, there are approximately 4000 railway bridges that are managed by Trafikverket of 

which reinforced concrete (RC) trough bridges constitute around 20.0% of the bridge population 

(BaTMan, 2021). Trough bridges are constructed as a slab suspended between two longitudinal main 

beams that carry the loads towards the support. The structure typically forms a “U-shape” which allows 

for them to be filled with ballast in order to distribute loads from the sleepers, rails and traffic 

appropriately vertically as well as latterly. The traffic load is transferred to the ballast using sleepers on 

which the rail is fastened. According to Trafikverket (2020a), the most common sleeper type in Sweden 

is the concrete sleeper which is used for almost 71% of the railway track.  

Figure 2 displays a 3D-model of a typical RC trough bridge and Figure 3 displays an example of a RC 

trough bridge located in Rättelöv in Sweden. 
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Figure 2. 3D-model of an RC trough bridge, see ANNEX E (Sarmiento et al. 2021). 

 

 

a.                                                                                  b. 

Figure 3. A Swedish Trough Bridge located in Rättelöv. View from a. Side and b. top (BaTMan, 2021). 

According to Dinas et al. (2017) most of European bridges were between 50 – 100 years old at the time 

of the study. Du (2015) affirmed that Sweden is not an exception in this case and also experiences an 

aging bridge population. As bridges get older, they start to deteriorate which can cause the capacity of 

the structure to decrease. The deterioration varies depending on several factors, such as the conditions 

of the surrounding environment. In the case that the structure is deemed to be unsafe as a result of 

extensive deterioration or an update in structural codes, an owner of a bridge is faced with a dilemma in 

which they must choose an appropriate action for the bridge. Either the bridge must be replaced by a 

structure that performs according to current codes or it can be strengthened using various methods, both 

of which are costly procedures. Subsequently, it is highly beneficial, if possible, to prolong the 

replacement of railway bridges in hopes of extending their life spans.  

In addition to deterioration, another factor that may result in strengthening or replacement of some 

bridges is the need of increasing the allowed axle load on the track. This aspect is highly relevant to 

consider since the allowed axle load on the Swedish railway system has been increased several times as 

a result of society progressing and a rise in the need for transportation of goods (Persson & Sten, 2003). 

This has at times required extensive research in order to safely transition to the new increased axle load. 

One of Sweden’s most heavily loaded tracks is called the Iron Ore Line and it is used to transport iron 
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ore from the city of Kiruna to the harbours of Luleå, Sweden and Narvik, Norway. The track was 

originally designed to carry an axle load of 14 tonnes, but this was increased to 25 tonnes in 1955 to 

accommodate the increased transportation volumes of iron ore (Persson & Sten, 2003). The need 

continued to grow even further and in 1998 the line was upgraded and allowed a 30-tonne axle load. 

Investigations and monitoring were made on four bridges in order to assess the safety of transitioning 

to the suggested axle load of 30 tonnes. In addition, one bridge called Lautajokki had previously been 

replaced and was brought to Luleå University of Technology where a full-scale fatigue test was 

performed as well as a static loading test (Paulsson et al. 1996). The testing and implementation of a 

new maximum allowed axle load of 32.5 tonnes is underway, having already been implemented for the 

distance Vitåfors – Luleå (Trafikverket, 2020b) which makes it highly relevant to evaluate the capacity 

of the RC trough bridges which constitute a considerable portion of the Swedish railway bridge 

population. 

The full-scale tests performed by Paulsson et al. (1996) concluded that the RC trough bridge displayed 

many signs of remaining capacity, in comparison to the design codes which suggested that the bridge 

would have insufficient capacity with regards to the proposed axle load of 30 tonnes. Following the 

tests, concrete cylinders were taken from the slab and beam of the bridge in order to analyse the 

compressive- and tensile strengths of the bridge. The prescribed concrete quality of the bridge was K40 

for which the characteristic compressive strength is 28.5 MPa (the Swedish Administration of Transport, 

2019b). However, the tests showed that the mean values of the concrete compressive strengths were 

72.6 MPa and 81.9 MPa for the slab and the main beams, respectively. This means that the compressive 

strength in the bridge was equivalent of concrete quality K80. A similar result was affirmed for the 

tensile strength of the concrete. The capacity of the bridge was also found to be significantly higher than 

the design axle load of the Iron Ore Line. The bridge was tested up to an axle load of 87.5 tonnes, almost 

three times the suggested increased axle load, without definite failure being detected. Table 1 displays 

the characteristic values of the compressive- as well as tensile strength for the prescribed concrete 

quality as well as the experimentally obtained values: 

Table 1. Characteristic values of the compressive- and tensile strength for the prescribed concrete quality of the Lautajokki 

bridge as well as the experimentally obtained values. 

Concrete quality K40 (Prescribed) Results Slab Results Beam 

Compressive strength [MPa] 28.5 72.6 81.9 

Tensile strength [MPa] 1.95 3.3 3.64 

 

In addition, Thun et al. (2006) describes the results of cylinder tests performed on 20 other Swedish 

concrete bridges constructed during the 20th century which showed that the compressive strength of the 

concrete had increased by an average of 70% by the time the tests were performed during the mid 90s, 

see Figure 4. Note that the bridge displaying the largest deviation was disregarding when calculating the 

average increase in concrete compressive strength as it was concluded that it might have been the result 

of inappropriate storage of the concrete prior to the casting of the bridge. 
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Figure 4. Comparison between original concrete compressive strength and the later measured compressive strengths (Thun 

et al. (2006).  

There is limited research on the sensitivity of the key material parameters for RC trough bridge. With 

an aging railway bridge population containing many bridges of this type, it is highly relevant to evaluate 

the behaviour of these structures with regards to alterations of their material parameters which may 

occur over time. In addition, a need is identified to update the knowledge regarding the current state of 

the railway bridge population in Sweden in general and for RC trough bridges in particular as there 

currently does not exist much research regarding these types of bridges.  

Increasing load eccentricity due to lateral track displacement is another factor that needs to be considered 

during bridge capacity evaluation. Horizontal forces may cause the entire track to shift latterly which 

may cause the structure to have lesser capacity with regards to axle load. This may yield negative 

financial effects as a result of strengthening, maintenance and possibly replacement becoming necessary. 

In addition, this counteracts the goal to increase to allowed axle load on the track which subsequently 

hinders a more efficient transport of goods and ultimately has negative impacts on the environment. 

Currently, a minimum load eccentricity of 0.1m is the standard minimum value considered during the 

determination of a structure’s capacity. However, Trafikverket has received measurements which 

suggest that a considerable amount of railway bridges experience larger displacements. The reason for 

lateral displacements is described by Koike et al. (2014) as lateral forces exerted on the sleepers that 

exceeds the lateral resistance of the track. Nakamura et al. (2016) affirmed that the displacement can be 

magnified due to seismic events which causes the lateral resistance to decrease. In addition, Khatibi et 

al. (2016) affirmed that the ballast properties and its geometry have significant impacts on the lateral 

track resistance as well. As a result, it is very important to evaluate what influence excessive lateral track 

displacements have on the behaviour and capacity of bridges as a preventive action to save money, 

resources as well as increase safety for passengers.   
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2.0 Introduction  

2.1 Aim, objectives and tasks 

The aim of this thesis is to make it possible to optimize the life spans of RC trough bridges in order to 

yield positive environmental- and financial effects. One of objective defined in this thesis in order to 

work towards this is to gain further understanding of how compressive- and tensile concrete strength as 

well as load eccentricity affects the behaviour of RC trough bridges. Another objective is to obtain a 

clearer overview of the Swedish railway population as well as the RC trough bridge population in order 

to understand what problems Swedish railway bridges are facing. In order to achieve these objectives, 

the following tasks are defined for the thesis: 

• Review the Bridge and Tunnel Management database owned by the Swedish Administration of 

Transport and further process the information in Microsoft Excel.  

• Review literature regarding the software ATENA and how it solves non-linear static structural 

problems using the finite element method (FEM). In addition, research of previous studies 

regarding lateral track displacement, concrete properties and current design codes are reviewed.  

• Develop a FE-model according to the Lautajokki bridge that was previously tested at Luleå 

University of Technology and validate that it is behaving appropriately by comparing the FE-

results to the experimental ones.  

• Use the model to perform a parametric study using ATENA Science where the effect of load 

eccentricity, concrete compressive strength, concrete tensile strength and the choice of concrete 

class is evaluated. 

Two additional tasks that are connected to this thesis have been to help produce two conference papers. 

One paper, which will be submitted for a review before or on October 1st, is based upon the results of 

this thesis, see Annex E. The other paper has been accepted for publication and is connected to the 

master’s thesis by Jacob Gustafsson which has been written during the same time period as this thesis, 

see Annex F.  

2.2 Hypotheses and research questions 

It has been established that there might be excessive load eccentricities located on the Swedish Railway 

network and its effect on its bridges must be evaluated in order to keep them sustainable and safe. One 

hypothesis of this research is that load eccentricity may have a significant effect on how the applied 

traffic loads are distributed between the two main beams of an RC trough bridge. Subsequently, it is 

believed that the capacity of the structure will decrease as the load eccentricities increase.  

Secondly, the current bridge data defined by Dinas (2017) points to an aging bridge population. It is 

believed that this is true for many RC trough bridges. Old is in this case defined as being 50 years old 

or older.  

Thirdly, it is believed that the compressive- and tensile properties of the concrete will have a notable 

effect on the capacity of the structure. It is also believed that it might influence the failure mode present 

in the structure.  

In order to evaluate the hypothesis stated in thesis, the following research questions are raised: 

• What is the average age of railway bridges and RC trough bridges in Sweden?  

• What are the most common materials for railway bridges and the most common geometrical 

parameters for RC trough bridges in Sweden? 

• What types of damages is the railway bridge population and RC bridges experiencing?  
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• How is an RC trough bridge affected by eccentric loads caused by horizontal rail displacement 

of a straight track? 

• Does the concrete compressive- and tensile strengths affect the overall capacity or failure 

mode of RC trough bridges?  

• What influence does the concrete quality have on the behaviour of RC trough brigdes? 

2.3 Limitations  

To fit the aims and objectives of this thesis, the evaluation of BaTMan will be analysed with regards to 

railway bridges but will cover the entirety of Sweden. There are many parameters within the BaTMan-

system that could be exported and evaluated. In this study, the parameters that will be covered are 

general dimensions, structure types, ages and damages. All data is based upon information exported by 

the BaTMan helpdesk.  

The FE-model is based on the experimental tests previously performed by Paulsson et al. (1996) in order 

to validate the model’s accuracy. The work conducted during this thesis will be limited to examining 

the static post loading test of the Lautajokki bridge, although the fatigue test will be studied in order to 

gain further understanding of how this might affect the results obtained during the static loading test. 

During the tests, load – deformations curves for several displacement monitors were obtained as well as 

general cracking patterns at the bottom face of the bridge. These can be used to determine whether the 

FE-model is behaving appropriately or not. Due to a fatigue test being performed prior to the static 

loading, it is recognized that it might be impossible to replicate the experimental results with extreme 

accuracy.  

With regards to the parametric study, the study is limited to only evaluate the effect of load eccentricity 

for a straight track and just RC trough bridges. Other bridge types and curved tracks might be 

suggestions for future work.  The load eccentricities that will be examined are 0cm (centered track), 

10cm (currently considered eccentricity) and 20 cm (excessive eccentricity). Further, the evaluation of 

the effect of changes in concrete compressive ad tensile strengths will also be limited to examining only 

RC trough bridges. The material properties that will be analysed are the ones defined for concrete 

qualities K40 (Design class for Lautajokki), K60 (Intermediate Value) and K80 (Measured class for 

Lautajokki).  

2.4 Structure of the thesis  

1. Background  

This section briefly discusses what a trough bridge is and explains problems regarding them and bridges 

in general that need to be addressed. It introduces findings in previous research regarding railway bridges 

and trough bridges and gives a general background as to why this thesis is needed. 

2. Introduction  

This section discusses what goals this thesis aims towards as well as what objectives are defined in order 

to reach them. Research questions that will aid this process is stated and the limitations of the work is 

brought up. 

3. Analysis of BaTMan 

In this section the analysis of the BaTMan database that belongs to Trafikverket will be described and 

the findings will be presented. Firstly, some important definitions will be presented to explain what the 

terminology in the analysis of the database refer to and how bridge data is represented in BaTMan. Then, 

the results of the analysis of the database will be displayed for the entire Swedish railway population as 

well as for the RC trough bridge population in Sweden. 
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4. Previous studies 

In this part of the thesis, the current available literature regarding lateral track displacement and concrete 

material properties is reviewed. Special focus will be given to the experimental tests performed by 

Paulsson et al. (1996) as this is the test which the model used in the parametric study will be based upon. 

5. Design Standards 

In this part of the thesis, the design codes are reviewed to describe how traffic loads, load eccentricity 

and concrete material properties are addressed. 

 

6. FE-analysis  

This section will be divided into three sections with the first one being a description of the model 

formulation for the chosen FE-model including what materials have been used, geometry etc. The 

second sub-section will cover a sensitivity analysis performed on the model during its development 

where it is shown what parameters affected the bridges behaviour. The last part will cover the parametric 

study of the load eccentricities and material properties and give a description of how it was performed 

as well as comment on their results. 

7. Discussion 

This section will also be divided into three sections. The first section will include reflection and 

discussion of the work performed as well as the results obtained. Conclusions will be drawn based on 

previous work analysed in the literature review and the results obtained. The second sub-section answer 

the defined research questions and bring up the most interesting findings of the work. The last part will 

suggest future work that can be performed.  

8. References 

In this section all references and codes used in the thesis is listed.  

9. Annexes 

In the annexes, important attachments that are not including in the main text of the report in presented. 

A visualization of the thesis structure is displayed in Figure 5. 
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Figure 5. Visualization of the thesis structure. 
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3.0 Analysis of BaTMan  
In this section of the thesis, a review of the BaTMan database, owned by Trafikverket is performed. 

Data has been exported from the system into Microsoft Excel, in which the data has been further 

processed in order to draw conclusions regarding the conditions and properties of the railway bridge 

population in Sweden.  

3.1 Definitions 

3.1.1 Materials 

During the analysis of the BaTMan database, 4 main material categories were identified: 

• Concrete 

• Masonry 

• Composite 

• Steel 

For concrete bridges, 5 different sub-material categories have been identified: 

• Reinforced Concrete 

• Prefabricated reinforced Concrete 

• Prestressed Concrete 

• Prefabricated Prestressed Concrete 

• Unreinforced Concrete 

Prestressed concrete bridges are typically able to accommodate longer spans than reinforced concrete 

bridges. Unreinforced concrete structures are often constructed as short-spanned arch bridges due to 

them being unable to carry high tension. Examples of concrete bridges are shown in Figure 6. 

Reinforced Concrete  Prestressed Concrete Unreinforced Concrete 

 

Figure 6. Examples of different types of concrete bridges in BaTMan (BaTMan, 2021). 

For masonry bridges, 2 different sub-material categories have been identified: 

• Masonry 

• Masonry with Concrete deck 

Much like unreinforced concrete structures, it is common to construct masonry bridges as arches due to 

their low tensile capacity. Generally, masonry bridges that implement a concrete deck also have 

relatively short spans. Examples of masonry bridges are shown in Figure 7. 
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                                    Masonry                    Masonry with Concrete deck 

 

Figure 7. Examples of Masonry bridges defined in BaTMan, (BaTMan, 2021). 

For composite bridges, 2 sub-material categories were identified: 

• Composite Action of Concrete and Steel 

• Composite Action of Prefabricated Concrete and Steel 

In composite bridges, steel and concrete work together as one material, Figure 8. By combining the good 

compressive strength of concrete and the excellent tensile properties of steel, composite bridges are 

generally able to accommodate longer spans compared to regular reinforced concrete structures. 

Composite Action of Concrete and Steel 

 

Figure 8. Example of a composite bridge in BaTMan, (BaTMan, 2021). 

Three sub-material categories of steel bridges have been identified: 

• Steel with Timber Deck 

• Steel and Concrete without Composite Action 

• Steel 

Steel bridges are generally able to accommodate longer spans compared to reinforced concrete and 

masonry bridges, Figure 9. 

Steel                                               Steel with Timber Deck   Steel and Concrete without Composite Action 

 

Figure 9. Examples of steel bridges in BaTMan, (BaTMan, 2021). 
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3.1.2 Structure types 

In addition to different materials, 5 different main structure categories were identified: 

• Arch bridges 

• Beam bridges 

• Slab bridges 

• Pipe bridges 

• Truss bridges 

3 types of arch bridges have been identified in BaTMan, Figure 10: 

• Roman Arch Bridges 

• Bridges with an Underlying Arch 

• Bridges with an Overlying Arch 

Arch (Roman)                        Arch (Overlying)               Arch (Underlying) 

 

Figure 10. Examples of different arch bridges defined in BaTMan, (BaTMan, 2021). 

Beam- and slab bridges are two other identified structure types, Figure 11. Slab bridges are generally 

constructed using reinforced concrete while beam bridges can be constructed using reinforced concrete 

or steel. 

                  Slab bridge        Beam bridge (Concrete) Beam bridge (Steel) 

 

Figure 11. Examples of a slab bridges as well as beam bridges constructed using different materials defined in BaTMan, 

(BaTMan, 2021). 

Two types of truss bridges have been identified, Figure 12: 

• Truss bridges 

• Trussed Arch bridges 
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Truss bridge   Trussed Arch Bridge 

 

Figure 12. Examples of different truss bridges defined in BaTMan, (BaTMan, 2021). 

The final identified structure type is the pipe bridge of which an example is shown below, Figure 13: 

   Pipe bridge 

 

Figure 13. Example of a pipe bridge defined in BaTMan, (BaTMan, 2021). 

3.1.3 Excel Functions 

The following are explanations of some of the important, and frequently occurring functions that have 

been used during the analysis of the BaTMan database. A general explanation of how the functions are 

written and what they return is explained. 

COUNTA, COUNTIF and COUNTIFS 

The COUNTA-function take several ranges (a range is a set of cells in Excel) as its arguments and 

returns the total number of the selected cells that contain a value (Aren’t empty). The syntax of the 

function is: 

𝐶𝑂𝑈𝑁𝑇𝐴(𝑟𝑎𝑛𝑔𝑒1; 𝑟𝑎𝑛𝑔𝑒2; 𝑟𝑎𝑛𝑔𝑒3 … 𝑟𝑎𝑛𝑔𝑒𝑛) 

The COUNTIF-function takes a range containing a number of cells as well as a condition (A value 

which one or several cells can be compared to in Excel) as arguments. The function then returns the 

number of cells in the selected range that have the same value as the set condition using the following 

syntax: 

𝐶𝑂𝑈𝑁𝑇𝐼𝐹(𝑟𝑎𝑛𝑔𝑒; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛) 

The COUNTIFS-function is very similar to the COUNTIF-function although several ranges and 

conditions can be defined according to the following syntax: 

 

𝐶𝑂𝑈𝑁𝑇𝐼𝐹𝑆(𝑟𝑎𝑛𝑔𝑒1; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1; 𝑟𝑎𝑛𝑔𝑒2; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛2 … 𝑟𝑎𝑛𝑔𝑒𝑛; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑛) 
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The first range is compared to the first condition and so forth. The function then counts the number of 

instances where the values in all defined ranges is equal to their corresponding condition value 

simultaneously.  

SUM, SUMIF and SUMIFS 

The SUM-function takes a number of ranges of integers as arguments and returns their sum according 

to the following syntax:  

𝑆𝑈𝑀(𝑟𝑎𝑛𝑔𝑒1; 𝑟𝑎𝑛𝑔𝑒2; 𝑟𝑎𝑛𝑔𝑒3 … 𝑟𝑎𝑛𝑔𝑒𝑛) 

Similar to the COUNT-function, the SUM-function can also be modified to sum ranges based on 

conditions using SUMIF (Single range against a single condition) and SUMIFS (Several ranges and 

conditions must be met). In addition, the functions take a sumrange as an argument which are the cells 

that are added if the condition/conditions are met. The following syntaxes are used:  

𝑆𝑈𝑀𝐼𝐹(𝑟𝑎𝑛𝑔𝑒; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛; 𝑠𝑢𝑚𝑟𝑎𝑛𝑔𝑒) 

𝑆𝑈𝑀𝐼𝐹𝑆(𝑠𝑢𝑚𝑟𝑎𝑛𝑔𝑒; 𝑟𝑎𝑛𝑔𝑒1; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1; 𝑟𝑎𝑛𝑔𝑒2; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛2 … 𝑟𝑎𝑛𝑔𝑒𝑛; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑛) 

MATCH, MODE.MULT and INDEX 

The MATCH-function takes a selected value and a selected range as its argument and return its position 

within the selected range. It also accepts a third, optional input which determines the accuracy of the 

search. In this study, the input is set to 0 which indicates that it searches an exact match for the selected 

value: 

𝑀𝐴𝑇𝐶𝐻(𝑣𝑎𝑙𝑢𝑒; 𝑟𝑎𝑛𝑔𝑒; 0) 

The MODE.MULT-function takes a selected range as its argument and return a list of the most 

frequently occurring integer/integers. The following syntax is used: 

 

𝑀𝑂𝐷𝐸. 𝑀𝑈𝐿𝑇(𝑟𝑎𝑛𝑔𝑒) 

A very important note is that the MODE.MULT-function fails to return a value when the most frequent 

value/values only happen in 1 instance. For instance, it will fail to deliver a value if one tries to find the 

most frequent damage for composite bridges if there only would exist one bridge instance. It is therefore 

important to verify instances where the function fails to return a value. 

The INDEX-function takes a selected range and a row number as arguments and returns the value at 

that given location in the range using the following syntax:  

𝐼𝑁𝐷𝐸𝑋(𝑟𝑎𝑛𝑔𝑒; 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛) 

IF and AND 

The IF-function take a statement and two values as arguments. The first of the values is the TrueValue 

which is returned if the statement is true and the other one is the FalseValue returned if the statement is 

false.   

𝐼𝐹(𝑆𝑡𝑎𝑡𝑒𝑚𝑒𝑛𝑡; 𝑇𝑟𝑢𝑒𝑉𝑎𝑙𝑢𝑒; 𝐹𝑎𝑙𝑠𝑒𝑉𝑎𝑙𝑢𝑒) 
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The AND-function takes several statements as arguments and return true if all statements are true, and 

false if they any of them are not. 

 

𝐴𝑁𝐷(𝑆𝑡𝑎𝑡𝑒𝑚𝑒𝑛𝑡1; 𝑆𝑡𝑎𝑡𝑒𝑚𝑒𝑛𝑡2; … ; 𝑆𝑡𝑎𝑡𝑒𝑚𝑒𝑛𝑡𝑛) 

MAX 

The MAX-function takes a range of values and return the maximum value within the range: 

𝑀𝐴𝑋(𝑟𝑎𝑛𝑔𝑒) 

UNIQUE, FILTER and LEN 

The UNIQUE-function takes one range of cells as its argument and returns an array of all unique 

instances found within the range. The following syntax is used: 

𝑈𝑁𝐼𝑄𝑈𝐸(𝑟𝑎𝑛𝑔𝑒) 

The FILTER-function takes one range of cells as well as a condition as its arguments. The function 

returns a list of all instances within the selected range where the conditions has been fulfilled according 

to the following syntax: 

𝐹𝐼𝐿𝑇𝐸𝑅(𝑟𝑎𝑛𝑔𝑒; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛) 

The LEN-function takes a range of cells and return its length as an integer. The following syntax is used: 

𝐿𝐸𝑁(𝑟𝑎𝑛𝑔𝑒) 

3.2 Analysis  

3.2.1 Materials 

After the data had been exported the total number of bridges for each sub material category was 

calculated using the COUNTIF-function previously described: 

 𝑛 = 𝐶𝑂𝑈𝑁𝑇𝐼𝐹(𝑟𝑎𝑛𝑔𝑒; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛) (1) 

   

where,  

𝑛 = number of identified bridges within a certain sub material category 

𝑟𝑎𝑛𝑔𝑒 = The cells containing data regarding sub-material category for each bridge   

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 = The name of a certain sub-material category  

 

The number of bridges in each sub-material category was divided by the total number of bridges that 

belong its corresponding main material group to display how predominant the sub-material category is 

within its main material category, see Table 2. Bold cells indicate the most common sub-material 

category within its respective main material category. In addition, the average ages for each sub-material 

category as well as the number of identified bridges within a sub-material category that are at least 50 

years old is displayed. The calculations of the structure ages were done with consideration taken to 

instances where the superstructure has been replaced: 

 

 𝑎𝑔𝑒 = 2021 − MAX(𝑣𝑎𝑙𝑢𝑒1 ; 𝑣𝑎𝑙𝑢𝑒2) (2) 
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where, 

𝑣𝑎𝑙𝑢𝑒1  = Construction year 

𝑣𝑎𝑙𝑢𝑒2 = Possible year of superstructure replacement 

 

The average age for each sub material category was calculated using the following formula:  

 𝐴𝑔𝑒𝑚𝑒𝑎𝑛,𝑠𝑢𝑏 =
SUMIF (𝑟𝑎𝑛𝑔𝑒; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛; 𝑠𝑢𝑚𝑟𝑎𝑛𝑔𝑒)

𝑛
 (3) 

   

where, 

𝑠𝑢𝑚𝑟𝑎𝑛𝑔𝑒 = All cells containing the calculated structure age of a bridge  

𝑟𝑎𝑛𝑔𝑒 = All cells containing the data regarding sub-material category of a bridge 

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 = Name of the sub-material category  

𝑛 = number of identified bridges for a certain sub-material category 

 

The number of bridges with a structure age of at least 50 years was found for each sub material category 

using a COUNTIFS-function: 

 

 𝑛 = 𝐶𝑂𝑈𝑁𝑇𝐼𝐹𝑆(𝑟𝑎𝑛𝑔𝑒1; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1; 𝑟𝑎𝑛𝑔𝑒2; " ≥ 50") (4) 

  

where, 

𝑟𝑎𝑛𝑔𝑒1 = The cells containing data regarding sub-material category for each bridge   

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1 = The name of a certain sub-material category  

𝑟𝑎𝑛𝑔𝑒2 = The cells containing data regarding structure age   

 

Table 2. Number of bridges in each sub material category and amount of  bridges that are at least 50 years old. 

 

A summary of the data for the main material categories is displayed in Table 3. The total number of 

bridges is a sum of the number of all bridges in Table 2 belonging to the same main-material category. 

The percentage is calculated as what portion of the entire Swedish railway bridge population this 

corresponds to. For each main material group, their average age is calculated by summarizing the 

product of the number of bridges for all their sub-material categories by their respective average ages: 

Identified Materials Main material 

category 

Nr. of 

Bridges 

% of main 

category 

Ave. 

Age 

Age >= 

50yrs 

Reinforced concrete Concrete 2984 89.2 43.1 1197 

Prestressed concrete Concrete 296 8.8 31.2 35 

Unreinforced concrete Concrete 6 0.2 87.5 6 

Prefabricated Reinforced Concrete Concrete 60 1.8 33.1 10 

Prefabricated Prestressed Concrete Concrete 1 0.03 48.0 0 

Masonry Stone 98 82.4 127.4 94 

Masonry with Concrete Deck Stone 21 17.6 100.2 19 

Composite Action of Prefabricated 

Concrete and Steel 

Composite 2 3.0 

5.0 

0 

Composite Action of Concrete and 

Steel 

Composite 64 97.0 

22.2 

1 

Steel with Timber Deck Steel 16 3.2 87.0 14 

Steel and Concrete without Composite 

Action 

Steel 18 3.6 

30.0 

2 

Steel Steel 467 93.2 63.9 291 

Undefined - 6 100 62.2 0 

SUM  4039   1673 
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 𝐴𝑔𝑒𝑚𝑒𝑎𝑛,𝑚𝑎𝑖𝑛 =
𝑆𝑈𝑀(∑ 𝑛𝑖 ∗ 𝐴𝑔𝑒𝑚𝑒𝑎𝑛,𝑠𝑢𝑏,𝑖)

𝑛𝑡𝑜𝑡
 (5) 

    

where,  

𝑛𝑖 = The number of bridges for a certain sub-material category 

𝐴𝑔𝑒𝑚𝑒𝑎𝑛,𝑠𝑢𝑏,𝑖 = The average age for a certain sub-material category 

𝑛𝑡𝑜𝑡 = The total amount of bridges within the main material category 

 

Table 3. Main material categories identified in BaTMan.  

Materials Nr of Bridges % of population Ave. Age 

Concrete 3347 82.9 41.9 

Masonry 119 2.9 122.6 

Composite 66 1.6 21.7 

Steel 501 12.4 63.4 

Undefined 6 0.1 62.2 

SUM 4039  
 

 

From the data it is concluded that concrete is the most common material type among Swedish railway 

bridges, which constitutes approximately 82.9% of the entire railway bridge population. Among the 

concrete bridges, a clear majority are reinforced concrete bridges with the second largest subcategory 

being prestressed bridges. In total, 1673 bridges have a structure age above 50 years, corresponding to 

approximately 41.4% of the entire Swedish railway bridge population. In Figure 14, the age distribution 

for each main material category is displayed. In order to calculate the number of bridges of a certain 

main material category that exist within a specific age range, the calculation has first been done for each 

sub material category according to the following formula: 

 𝑛 = 𝐶𝑂𝑈𝑁𝑇𝐼𝐹𝑆(𝑟𝑎𝑛𝑔𝑒1; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1; 𝑟𝑎𝑛𝑔𝑒2; ≤ 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛2) − 𝑛𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠    (6) 

 

where, 

𝑛 = number of identified bridges for a certain sub material category 

𝑛𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 = The number of bridges identified for the age interval before the one examined  

𝑟𝑎𝑛𝑔𝑒1 = All cells containing the sub-material category of a bridge  

𝑟𝑎𝑛𝑔𝑒2 = All cells containing the structure age of a bridge  

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1 = The name of a certain sub material category 

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛2 = The upper limit of the age range examined 

 

The SUM-function is then used to summarize the number of bridges within the main-material categories 

for the different age intervals, Figure 14. The y-axis in Figure 14 - Figure 16 is given as a percentage of 

the entire main material category, e.g. a value of 30 for concrete between the structure ages 41-60yrs 

means that 30% of the 3347 concrete bridges are between 41 and 60yrs old.    
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Figure 14. Age distribution among the identified main categories (BaTMan, 2021). 

The analysis of the age distribution in combination with the average age displayed in Table 3 show that 

a considerable portion of steel bridges are more than 60 years old. Masonry structures are also found to 

be old, although this is expected due to masonry structures commonly being constructed as short spanned 

roman arch bridges that does not require maintenance to the same extend as other materials. It is also 

noted that composite bridges generally are relatively young compared to steel- and masonry bridges. 

Eq. (6) was also utilized to evaluate the span length distribution as well as the number of spans among 

the different main material categories. For the evaluation of span lengths, 𝑟𝑎𝑛𝑔𝑒2 in Eq. (6) was set to 

all cells containing data regarding span lengths and 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛2 was set to the upper limit for the span 

lengths evaluated. The results are displayed in Figure 15.  

 

Figure 15. Span length distribution among the identified main categories (BaTMan, 2021). 

For the evaluation of the number of spans 𝑟𝑎𝑛𝑔𝑒2 in Eq. (6) was set to all cells containing data regarding 

number of spans and 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛2 was set to be equal (instead of less or equal) to the number of spans 

evaluated. The results are displayed in Figure 16 below.  
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Figure 16. Number of spans among the identified main categories (BaTMan, 2021). 

Figure 15 and Figure 16 show that within all main material categories the bridges are most commonly 

single span bridges. It is noted that it is more common for steel and composite bridges to have a larger 

number of spans and they are also found to be more likely to have longer spans. In opposite, it is clear 

that masonry and concrete bridges are used to accommodate shorter spans and they do not have multiple 

spans to the same extent as steel and composite bridges.  

3.2.2 Conditions and damages 

The Swedish Administration of Transport defines 4 different condition classes that describes the urgency 

of a certain damage experienced by a bridge. Table 4 displays the different condition classes as well as 

the urgency of the type of damage.  

Table 4. Displays the different conditions classes defined by The Swedish Administration of Transport as well as the urgency 

of the types of conditions. 

Condition 

class 

Urgency 

TK 0  Requires maintenance in more than 10 years to keep its function 

TK 1  Requires maintenance in less than 10 years to keep its function 

TK 2  Requires maintenance in less than 3 years to keep its function 

TK 3  Requires maintenance at the time of inspection to keep its function 

 

In the occurrence of damages in conditions class TK3, an investigation is required as soon as possible to 

verify that the classification was done correctly.  

In BaTMan each damage is given an individual “Functionality class” which indicates what the 

implication of the existing damage might be and in this analysis damages that are classed as “Load 

bearing” are the only ones considered. In addition, an identified damage is given a defined damage type, 

affected structural part, damaged material and what caused the damage. Hence, a bridge may experience 

several instances of the same type of damage, but they might be put in different conditions classes. An 

example of how it can be presented is displayed in Table 5. Figure 17 displays an example of a TK3 

damage taken from BaTMan. 

0

20

40

60

80

100

1 2 3 4 5 6 7+

P
E

R
C

E
N

T
A

G
E

 [
%

]

NUMBER OF SPANS [-]

SUMMARY - NUMBER OF SPANS

Concrete

Masonry

Composite

Steel



19 

 

Table 5. An example of how damages are presented in BaTMan. 

Construction 

number 

Damage Type Damaged material Cause of Damage Damaged Part Condition class 

3500-1234-5 Corrosion Steel Environmental Main beam TK3 

3500-1234-5 Corrosion Steel Environmental Main beam TK1 

3500-1234-5 Splitting Concrete Loading Edge Beam TK2 

 

a.

b. 

Figure 17. Example of a structural issue in TK3. A shear crack noted in a cross beam of a bridge in Skellefteå. View from a. 

Side and b. beneath the damaged beam (BaTMan, 2021). 

A summary of the total amount of bridges placed in the different condition classes have been done with 

respect to the identified main material categories. In order to do so, Eq. (6) have once more been utilized. 

In this case, 𝑟𝑎𝑛𝑔𝑒2 is all cells containing data regarding condition classes and these values are only 

tested against one variable, namely the name of the condition classes. The formula is used for all 

combinations of sub material categories as well as conditions classes and is then used to summarize the 

results for the main material classes, see Figure 18. The percentages are given as a portion of the total 

number of bridges in each main material category. Note that each bridge is only counted once based on 

its most severe damage, e.g. a bridge with one damage in TK0 and another in TK3 will be regarded as 

being in TK3. Hence, bridges labelled “-’’ does not have any reported damages.  
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Figure 18. Condition class distribution within the respective main material categories. 

30 bridges have been identified to have at least one instance of damage corresponding to TK3. If one 

was to combine the span lengths of these bridges, the total length of the structure would be 

approximately 1065m.  For structures in class TK2 and TK3 where more pressing repairs are needed, 

steel bridges are in the top of both categories with percentages of 17% and 4% respectively. It is 

important to consider that steel bridges were found to be relatively old in general. As it is with many 

things, old age causes excessive deterioration and may lead to an accumulation of more severe damages. 

Therefore, this finding may probably be partially attributed to the old age of steel bridges. The least 

percentage of bridges in TK2 or TK3 is found for concrete with a combined value of approximately 7% 

for both condition classes. Further, it is noted that the largest value for TK0 is 45.5% which is found for 

composite bridges, whereas steel bridges have the lowest percentage of TK0 classed damages where 

only 18% are in that category. Considering the averages ages of both material groups, this is an expected 

finding as composite bridges are relatively young and steel bridges are relatively old. Masonry bridges 

have the largest percentage of bridges that are classed as TK1, which amounts to 48.7%. Composite 

bridges have the least TK1 classed damages with a value of 30.3%.  

 

The most common types of damages identified to structures varies with respect to their respective main 

material groups and what condition classes the damages have been identified. The same is true for the 

most commonly damaged material, the most common reason for damages as well as what structural part 

is most often affected. An analysis of bridge damages been done by combining INDEX, MODE.MULT, 

IF and MATCH according to the formula below: 

 𝐼𝑁𝐷𝐸𝑋 (𝑟𝑎𝑛𝑔𝑒1; 𝑀𝑂𝐷𝐸. 𝑀𝑈𝐿𝑇 (𝐼𝐹(𝑇𝐸𝑆𝑇); 𝑀𝐴𝑇𝐶𝐻(𝑟𝑎𝑛𝑔𝑒1; 𝑟𝑎𝑛𝑔𝑒1; 0)))) (7) 

 

where, 

𝑟𝑎𝑛𝑔𝑒1 = Range containing data regarding damage type or damaged material, cause of damage etc. 

depending on what parameter is evaluated. 

𝑇𝐸𝑆𝑇 = Range containing conditions classes is equal to the evaluated class AND range containing sub-

material categories is equal to the one evaluated.   



21 

 

Afterwards, the total amount of damages for each damage type, damaged material, cause of damage and 

damaged structural element was calculated using the following COUNTIFS-statement for each sub-

material and summarizing the results: 

 𝐶𝑂𝑈𝑁𝑇𝐼𝐹𝑆(𝑟𝑎𝑛𝑔𝑒1; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1; 𝑟𝑎𝑛𝑔𝑒2; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛2; 𝑟𝑎𝑛𝑔𝑒3; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛3) (8) 

where, 

𝑟𝑎𝑛𝑔𝑒1 = Range containing data regarding sub material category 

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1 = Name of the evaluated sub material category 

𝑟𝑎𝑛𝑔𝑒2 = Range containing name of condition class 

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛2 = Evaluated condition class 

𝑟𝑎𝑛𝑔𝑒3 = Range containing data regarding damage type or damaged material, cause of damage etc. 

depending on what parameter is evaluated. 

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛3 = The name of the most common damage type, damaged material, cause of damage or 

damaged part depending on what parameter is evaluated.  

 

Table 6 - Table 9 display summaries of the most common damage types, damaged materials, causes of 

damage and affected structural elements based on the main material category and the different conditions 

classes. They also show the number of bridges that experience at least one instance of the damage as 

well as what percentage of the number of bridges in that main material category this corresponds to, e.g. 

31.1% for Masonry bridges in Table 6 means that 31.1% of all Masonry bridges experience at least 1 

tensile crack. In cases there is a conflict between two equally common damages, the label “Multiple” is 

used. The number of unique bridges experiencing a certain type of damage is calculated according to 

the following formula: 

 𝑆𝑈𝑀 (− − (𝐿𝐸𝑁 (𝑈𝑁𝐼𝑄𝑈𝐸(𝐹𝐼𝐿𝑇𝐸𝑅(𝑟𝑎𝑛𝑔𝑒; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛2; 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛3))) > 0)) (9) 

 

where, 

𝑟𝑎𝑛𝑔𝑒 = All cells containing construction numbers for the bridges  

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1 = Checking if a bridge is in the evaluated condition class 

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛2 = Checking if a bridge is in the evaluated main material group 

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛3 = Checking if a bridge experience the evaluated damage  

 

Table 6. Summary of damages in condition class TK0. 

 

Below are some examples of common structural damages in TK0, Figure 19 - Figure 22.  

Material 
Group 

Type  Nr % Material Nr % Reason  Nr % Part Nr % 

Concrete Tensile 
cracks 

1164 34.8 RC 
concrete 

2227 66.5 Loading 811 24.2 Edge 
beam 

939 28.1 

Masonry Cracks 37 31.1 Stone 55 46.2 Loading 40 33.6 Arch 56 47.1 

Composite Tensile 
cracks 

32 48.5 RC 
concrete 

44 66.7 Shrinkage 22 33.3 Bridge 
Deck 

20 30.3 

Steel Corrosi

on 

97 19.4 RC 

concrete 

137 27.3 Environmental 121 24.2 Front 

wall 

88 17.6 
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Figure 19. Tensile Crack in the edge beam of a concrete bridge (BaTMan, 2021). 

 

Figure 20. Crack in one of the masonry blocks of a masonry arch (BaTMan, 2021). 

 

Figure 21. Tensile cracks in the bridge deck of a steel-concrete composite bridge (BaTMan, 2021). 
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Figure 22. Corroding reinforcement in the front wall of a steel bridge (BaTMan, 2021). 

Table 7. Summary of damages in condition class TK1. 

 

Below are some examples of common structural damages in TK1, Figure 23 - Figure 26.  

 

Figure 23. Tensile Cracks in the edge beam of a concrete bridge (BaTMan, 2021). 

Material 

Group 

Type Nr % Material Nr % Reason  Nr % Part Nr % 

Concrete Tensile 

cracks 

365 10.9 RC 

concrete 

1103 33.0 Environmental 450 13.4 Edge 

beam 

417 12.5 

Masonry Deformation 26 21.8 Stone 39 32.8 Environmental 21 17.6 Arch 24 20.2 

Composite Tensile 
cracks 

9 13.6 RC 
concrete 

18 27.3 Loading 8 12.1 Edge 
beam 

5 7.6 

Steel Corrosion 105 21.0 Steel 127 25.3 Environmental 119 23.8 Beam 60 12.0 



24 

 

 

Figure 24. Deformation of a masonry block (BaTMan, 2021). 

 

Figure 25. Tensile crack in the bridge deck of a composite bridge (BaTMan, 2021). 

 

 

Figure 26. Corrosion of a beam and a bolt in a steel bridge (BaTMan, 2021). 
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Table 8. Summary of damages in condition class TK2. 

 

Below are some examples of common structural damages in TK2, Figure 27 - Figure 30.  

 

Figure 27. Tensile crack in the edge beam of a concrete bridge (BaTMan, 2021). 

 

Figure 28. Deformation of a masonry block in a masonry arch (BaTMan, 2021). 

Material 
Group 

Type Nr % Material Nr % Reason  Nr % Part Nr % 

Concrete Tensile 

cracks 

43 1.3 RC 

concrete 

181 5.4 Environmental 59 1.8 Edge 

beam 

49 1.5 

Stone Deformation 8 6.7 Stone 9 7.6 Loading 8 6.7 Arch 5 4.2 

Composite Splitting 2 3.0 Multiple - - Multiple - - Multiple - - 

Steel Corrosion 43 8.6 Steel 53 10.6 Environmental 43 8.6 Beam 24 4.8 
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Figure 29. Splitting of concrete in the edge beam of a composite bridge (BaTMan, 2021). 

 

Figure 30. Corrosion inside of a rectangular steel girder (BaTMan, 2021). 

Table 9. Summary of damages in condition class TK3. 

 

Below are some examples of common structural damages in TK3, Figure 31 - Figure 34. 

Material 
Group 

Type Nr % Material Nr % Reason  Nr % Part Nr % 

Concrete Splitting 2 0.1 RC 
concrete 

7 0.2 Multiple - - Multiple - - 

Stone Deformation 2 1.7 RC 

concrete 

3 2.5 Loading 3 2.5 Multiple - - 

Composite Tensile 

cracks 

1 1.5 RC 

concrete 

1 1.5 Loading 

Traffic 

1 1.5 Edge 

beam 

1 1.5 

Steel Corrosion 7 1.4 Steel 9 1.8 Environmental 5 1.0 Beam 7 1.4 
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Figure 31. Splitting of concrete in a concrete bridge (BaTMan, 2021). 

 

Figure 32. Deformation of masonry blocks in a side wall (BaTMan, 2021). 

 

Figure 33. Tensile crack in an edge beam of a composite bridge (BaTMan, 2021). 
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Figure 34. Corrosion of paint and steel on a steel beam (BaTMan, 2021). 

An evaluation was performed regarding the occurrence of different conditions classes with regards to 

their geographical location in Sweden. The Swedish Administration of Transport defines 6 regions, 

Figure 35. 

 

Figure 35. Region defined in BaTMan (Trafikverket, 2010). 

In addition, bridges may also be categorized to the region “Movable” which is all bridges that can open 

to allow for instance boat traffic to pass. Calculations was done with regard to the occurrence of 

structural damages in the different regions. In the data, the bridges are classified according to the most 

severe damage, i.e., a bridge with both TK2 classes damages and TK3 classes damages is regarded as 

being placed in TK3. The calculations are based on the total number of bridges in every region that 
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experience structural damages in the different condition classes as well as the percentage of all bridges 

that this corresponds to within a region. In addition, the regions are also calculated according to the 

percentage of structural damages per 1 square meter in their respective region to consider that some 

region may have only few bridges but they might have a relatively large bridge area. The total number 

of bridges in a region was calculated using Eq. (6) by setting 𝑅𝑎𝑛𝑔𝑒1 equal to the cells containing data 

of the regions the bridges belong to and 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1 is set to the evaluated region. 𝑅𝑎𝑛𝑔𝑒2 is set to the 

cells containing the maximum condition classed experienced by the bridges and 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛2 is the 

evaluated condition class. The results are displayed in Table 10 - Table 13.  

Table 10. Damages based on region and condition class TK0. 

TK0 South East West North Stockholm Mid Movable 

% 38.8 28.0 39.7 49.2 26.2 36.2 7.1 

Nr. 329 145 391 252 113 265 1 

TK/m2 38.1 32.6 43.7 41.1 21.5 32.5 45.6 
 

Table 11. Damages based on region and condition class TK1. 

TK1 South East West North Stockholm Mid Movable 

% 43.2 34.7 38.8 21.3 39.7 35.5 21.4 

Nr. 366 180 382 109 171 260 3 

TK/m2 42.9 32.5 29.1 30.9 41.3 36.2 5.4 
 

Table 12. Damages based on region and condition class TK2. 

TK2 South East West North Stockholm Mid Movable 

% 7.6 5.8 10.4 7.2 8.1 8.7 21.4 

Nr. 64 30 102 37 35 64 3 

TK/m2 8.6 9.2 10.4 11.3 18.1 10.4 16.4 

 

Table 13. Damages based on region and condition class TK3. 

TK3 South East West North Stockholm Mid Movable 

% 0.1 0.0 2.4 0.4 0.0 0.1 14.3 

Nr. 1 0 24 2 0 1 2 

TK/m2 0.0 0.0 1.8 0.8 0.0 1.5 17.6 

 

Percentage wise, it is found that movable bridges display the largest values for number of bridges placed 

in the two most severe condition classes. The opposite is found for the two lowest which suggest that 

movable bridges experience a relative increase in severe damages in general, when compared to the 

remaining bridge population.  

 

Disregarding moveable bridges, it is noted region West display the larger number of bridges in all 

categories. In addition, results show that Stockholm has the largest or second largest value per square 

meter for all categories although the total number of bridges are relatively low. This could be due to 

Stockholm containing larger bridges with respect to total bridge area.  

 

Percentage wise as well as in total number, region west display largest portion of bridges with damages 

in condition class TK2.  
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For TK1, it is noted that the south region has the maximum value percentage wise. The west region 

again has the largest number of bridges in this condition class. The lowest number of bridges in found 

in region North. 

 

For TK0 Stockholm display the lowest values in every category, which could suggest that bridges in 

Stockholm very seldom only experience structural damages in this condition class. With regard to 

percentage, the North region experiences the largest value for TK0 damages. In addition, the North 

region experiences the second largest value with regards to damages per square meter. 

 

3.2.3 Structure Types 

Several different structure types have been identified in Sweden, of which the most common structure 

types are the beam bridge and the slab bridge which accounts for 48.0% and 44.1% of the bridge 

population respectively, see Table 14. 

Table 14. Identified main structure categories in BaTMan. 

Main Structure 

Category 

Nr of Bridges % 

Arch bridges 160 4.0 

Beam bridges 1937 48.0 

Slab bridges 1778 44.1 

Pipe bridges 111 2.8 

Truss bridges 47 1.2 

Undefined 6 0.1 

SUM 4039  

 

Just as for the main material categories, the number of bridges was calculated as a summation of the 

identified bridge in their respective sub-material categories. This was done using Eq. (1) although setting 

𝑟𝑎𝑛𝑔𝑒1 as the cells containing the sub-structure categories for each bridge and having 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1 be 

the evaluated structure type. Different types of arch bridges and truss bridges have been identified and 

the total amounts of bridges identified for all structure types are displayed in Table 15. 

Table 15. Sub material categories identified in BaTMan. 

Sub Structure Category Main structure 

Cateogry 

Nr. of 

bridges 

% of Main structure 

Category 

Arch bridge (Roman) Arch bridge 144 90 

Arch bridge (Underlying) Arch bridge 8 5 

Arch bridge (Overlying) Arch bridge 8 5 

Beam bridge Beam bridge 1937 100 

Pipe bridge Pipe bridge 111 100 

Slab bridge Slab bridge 1778 100 

Truss bridge Truss bridge 43 91.5 

Trussed Arch bridge Truss bridge 4 8.5 

Undefined Miscellaneous  6 100 

Summation  4039  
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3.2.4 Trough bridges 

  

A total of 809 bridges, or approximately 20.0% of the Swedish railway population, are defined as trough 

bridges constructed as RC trough bridges. Some important takeaways that were found regarding 

geometrical data of trough bridges are: 

• Average age: 54.6 years old 

• They are most commonly found in region West (28.2% of all RC trough bridges) 

• Average span length: 6.8m 

• Average total structure width: 5.4 m 

• Number of bridges in TK3: 2 (0.25% of the RC trough bridge population) 

The most common damages, damaged materials, causes of damage and damaged parts, with regards to 

condition class, has been identified. Just as for the entire railway bridge population, Eq. (7) was used to 

do this. Table 16 displays the number of bridges that experience at least one instance of the most 

common damage as well as what portion of the total RC trough bridge population in their respective 

conditions classes this corresponds to. The number of unique bridges with a certain damage was 

calculated using Eq. (9).  

 

Table 16. Summary of damages of RC trough bridges. 

TK Type Nr % Material Nr % Reason Nr % Part Nr % 

TK0 Tensile 

Cracks 

162 20.0 RC 

concrete 

487 60.2 Loading 226 27.9 Edge 

Beam 

247 30.5 

TK1 Deformation 130 16.1 RC 
concrete 

364 45.0 Environmental 183 22.6 Edge 
Beam 

147 18.2 

TK2 Deformation 26 3.2 RC 

concrete 

56 6.9 Environmental 18 2.2 Edge 

Beam 

18 2.2 

TK3 Deformation 1 0.1 RC 

concrete 

2 0.2 Loading 1 0.1 Multiple - - 

 

The location of RC trough bridges with respect to the different condition classes was found using Eq. 

(1) using 𝑟𝑎𝑛𝑔𝑒1 as the cells containing region data and 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛1 being the evaluated region. Table 

17 displays the total number of RC trough bridges within the different conditions classes that exist in 

the regions and Table 18 displays what percentage of the entire RC trough bridge population the number 

corresponds to.   

Table 17. Number of damaged bridges based on region and the different conditions classes. 

TK South East West North Stockholm Mid 

TK0 60 29 66 20 8 44 

TK1 73 69 123 23 22 88 

TK2 16 6 27 3 5 19 

TK3 0 0 2 0 0 0 

 

 

 

 

 



32 

 

Table 18. Percentage of damaged bridges based on region and the different conditions classes. 

TK Buildings 

South 

Buildings 

East 

Buildings 

West 

Buildings 

North 

Buildings 

Stockholm 

Buildings 

Middle 

TK0 36.4 20.6 28.9 40.0 17.4 24.6 

TK1 44.2 48.9 53.9 46.0 47.8 49.2 

TK2 9.7 4.3 11.8 6.0 10.9 10.6 

TK3 0 0 0.9 0 0 0 

 

It is noted that region west contain the larger number of damaged RC trough bridges within all condition 

classes. Region west also has the highest values percentage wise except for condition class TK0 where 

regions North and South display larger values. 

4.0 Discussion – BaTMan Analysis 
The section of the thesis that regards the BaTMan analysis aimed towards gaining a clear overview of 

the state of railway bridges in Sweden in general and RC trough bridges in particular. This has been 

done by exporting information from the BaTMan database for further processing. This section answers 

the research question that were raised in the beginning of the thesis regarding the BaTMan analysis and 

summarizes the most interesting findings. It also discusses some important drawbacks in the performed 

work that have been noted during the process of completing this part of the thesis. 

4.1 Reflection - BaTMan Analysis 

One drawback of the performed analysis of the BaTMan database is the fact that for some bridges the 

data exported from the BaTMan Helpdesk was not in agreement with the data found in the BaTMan 

database, i.e., the export could for instance say that a bridge was constructed as concrete while the 

database itself stated it was steel. In addition, there exist some cases where possible errors have been 

made when the bridges were documented, for instance one bridge was classified as a truss bridge when 

its structural system clearly did not contain trusses. However, these cases occurred very seldom and 

even though the error has not been quantified, the number of errors that was detected during this whole 

process could probably be counted on one hand. Therefore, the analysis still gives good indication of 

the state of the Swedish railway bridge population today.  

4.2 Research Questions 

What is the average age of railway bridges and RC trough bridges in Sweden?  

The average age of railway bridges in Sweden varies between the different material existing categories. 

The oldest average age was found for masonry bridge which are 122.6 years on average. Steel bridges 

are the second oldest material group based on average age (63.4 year) followed by concrete bridges 

(41.9 years) and lastly composite bridges (21.7 years).  

 

In addition, it was found that the bridge population is getting old which implies the possibility of it 

starting to accumulate an increasing number of damages in the years to come. This analysis concluded 

that 41.4 % of the Swedish railway bridge population is above 50 years old. RC trough bridges have an 

average age of 54.6 years old which means that they are relatively old compared to the average ages of 

all concrete bridges. 
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What are the most common materials and geometrical parameters for railway bridges and RC 

trough bridges in Sweden? 

It was found that reinforced concrete is the most common construction material which is used for 

approximately 83 % of Sweden’s railway bridges. The most common structure types are beam bridges 

and slab bridges. In addition, a fifth of the population is classified as RC trough bridge. For all material 

categories, the bridges are most commonly constructed as single-span bridges, but it is more common 

for steel- and composite to have more spans than it is for concrete- and masonry bridges.  

It was affirmed that the average RC trough bridge has a span length of 6.8 m and a structure width of 

5.4 m. 

What types of damages is the railway bridge population and RC bridges experiencing?  

With regards to steel bridges, corrosion was found to be the most common structural issue within all 

condition classes. For the most severe condition classes (TK2 and TK3) the most common parts to be 

damaged are beams, the most common material of a damaged part is steel and the most common cause 

of damages on steel bridges are environmental effects.  

For concrete bridges, tensile cracks (TK0-TK2) and splitting (TK3) are common types of damages. 

Common causes of damage for condition classes TK2 and TK3 are environmental effects (TK2) and 

loading (TK3), and the most common structural parts damaged is an edge beam (TK2) and the wing 

wall (TK3).  

For masonry bridges, deformation is a common damage type for classes TK1-TK3. TK3 damages most 

frequently occurs in edge beams and the most commonly damaged material is concrete. It is therefore 

possible that the most commonly damaged masonry bridges are concrete decks placed on masonry 

supports.  

For composite bridges in TK3, the most common structural damage type is splitting. The most common 

cause of damages is loading, and the most commonly damaged part is the edge beam. 

For RC trough bridges in TK2 – TK3, the most common damage type is deformations. The most 

common cause of damages is loading. For TK2 the most commonly damaged part is the retaining wall 

and for TK3 damages are equally common in bearings, wing walls and edge beams. 

An interesting and reassuring finding from the BaTMan analysis is that the railway bridge population in 

Sweden seems to be in quite good condition. 30 bridges in total are placed in the most critical condition 

class TK3 which requires immediate verification and preventive measures if the bridge is confirmed to 

belong to the condition class. Only 2 RC trough bridges are placed in condition class TK3. However, as 

previously stated it was found that the bridge population is getting old which implies the possibility of 

it starting to accumulate an increasing number of damages in the years to come.  

4.3 Suggestions for Future Work 

The data regarding bridges which have been covered in this thesis may very well be used as a good 

indication of the general state of the railway bridges in Sweden. In this thesis the data is collected such 

that one can easily obtain this overview without having to review BaTMan data themselves which can 

be time consuming. However, the work on bridges is never finished and this data will become obsolete 

and therefore a suggestion for future work is to update the database with new exports when an 

information update is required. Perhaps, new parameters and functionality could be added, and the focus 

could lie on bridge types other than RC trough bridges. One last suggestion for future work on this topic 
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would be to evaluate if the Excel Spreadsheet could be reformatted to have a more professional look 

and to require less computational power. Executing simple commands such as “Save” can take some 

time in its current form.  
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5.0 Previous studies  
There are several factors that influence the lateral resistance of a railway track. In this section, a literature 

review regarding the parameters that affects the lateral resistance of railway tracks as well as previous 

experimental tests done on RC trough bridges is presented. 

5.1 Thun et al. (2006)  

Thun et al. (2006) describes the results of testing the concrete compressive strength of 20 Swedish 

concrete trough bridges constructed between the years 1931 – 1962. Further, 8 additional bridges were 

studied with regards to concrete compressive- as well as tensile strengths. Two important research 

questions that was sought out to be answered were:  

• Does concrete compressive strength increase over time? 

• Can a difference in concrete compressive strength for the different structural members (Slab 

and main beams) be expected in Swedish RC trough bridges? 

5.1.1 20 bridges constructed between 1931 - 1962 

In order to determine the difference between the 28-day curing strength for the evaluated bridges, the 

authors chose to drill concrete cylinders with a length and diameter of 100 mm from each bridge 

specimen. According to the authors, cylinders with an equal length and diameter of 100 mm – 150 mm 

can give a strength value equivalent to that of 150 mm cubes cured under the same conditions. The size 

of the original cubes was however 200 mm which meant that the original cube strength of each specimen 

had to be increased by a factor of 1.053 according to the Swedish standards of the time (BBK94).  

In Figure 4, the results of the comparison between the original concrete compressive strength and the 

concrete strength at the time of the tests is shown for each bridge specimen. The results show that 5 

bridges have experienced an increase of 0-10 MPa, 10 bridges an increase of 10-30 MPa and 5 bridges 

an increase above 30 MPa. The maximum value obtained was an increase of 52 MPa, however the value 

for this bridge was attributed to insufficient storing conditions in its first few days of curing. Excluding 

this bridge, the average increase in a bridges concrete compressive strength was found to be 70% when 

compared to its 28-day curing strength. In order to confirm the time-dependent changes in the 

compressive strength, a statistical hypothesis test was performed using a method called t-test which can 

be used to confirm a statistical significance of a tested null-hypothesis. The null-hypothesis was that the 

concretes compressive strength is equal to the strength of a drilled out concrete cylinder. An analysis in 

the software Statgraphics at the 95% confidence level rejected the null-hypothesis and thus a statistical 

significance was affirmed for the change in concrete compressive strength over time. It is concluded 

that bridges built during this era can be expected to experience the increase in concrete compressive 

strength described in their study.  

5.1.2 Eight bridges constructed between 1965 – 1990 

8 other bridges are described that were tested for compressive strength, uniaxial tensile strength as well 

as splitting strength in one case, Figure 36. 
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Figure 36. Test results of the concrete properties test done on 8 Swedish concrete bridges constructed between 1965 – 1990 

(Thun et al. 2006). 

A similar behaviour was affirmed for this set of bridges with increases in the values of the concrete 

strengths. In this case, the authors were unable to compare the obtained test values with the 28-day 

curing strengths and instead it was compared to their respective prescribed concrete qualities which 

varied between K40 – K45. It would then be reasonable to assume that the concrete compressive strength 

would be approximately 45 – 47 MPa tested on 150mm cubes at the 28-day curing day. The result of 

the material tests performed showed increases in concrete compressive strength between 30% - 90% 

compared to after 28 days of curing.  

With regards to changes in the strength between structural members of an RC trough bridges, it was 

found that the compressive strength of the main beams was 15% stronger than that of the slab, at a 95% 

confidence level. A similar behaviour was noted for the tensile strength of the structural members. 

However, it was smaller (8.5%) and the authors were unable to verify its statistical significance.  

5.2 Paulsson et al. (1996)  

This section describes the geometry and material properties of the Lautajokki bridge that was tested at 

LTU in 1996. In addition, the test set-up and results of the tests will also be presented. The bridge was 

initially loaded by a static load corresponding to an axle load of 300kN (30 tonnes) which was the 

allowed axle load for the Iron Ore Line at the time. Afterwards, the bridge was tested for fatigue by 

loading it with 6 million load cycles with axle loads ranging from 0-360kN. A second static load of 

875kN was then applied to the bridge in order to perform a failure test. Finally, the concrete cylinders 

were drilled out of the bridge in order to test its material properties. These tests were performed by 

Paulsson et al. (1996) and in their report further information can be found regarding them.  
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5.2.1 Geometry 

The Lautajokki bridge is an RC trough bridge with a longitudinal span length of 6.1m and a transverse 

span length of 3.1m. Figure 37 displays a 3D-model of the bridge without ballast, sleepers or rails. 

Figure 38 - Figure 40 display digitalized drawings for the Lautajokki bridge based on the old standard 

drawings defined by the Swedish Administration of Transport that were used for the construction of the 

bridge, Annex A. A complete reinforcement specification for the bridge is found in Annex B. 

 

Figure 37. 3D model of Lautajokki including the location of the sections displayed in Figure 38 - Figure 40. 

 

Figure 38. Section A: Longitudinal cross section of the bridge slab (Half of the bridge is modelled and units are in mm). 

 

 

Figure 39. Section B: Longitudinal cross section of one of the main beams (Half of the bridge is displayed and units are in 

mm). 
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Figure 40. Section C: Transverse cross section of the bridge (Units in mm). 

All reinforcement bars are type Ks40 which is a ribbed bar with a characteristic yield strength of 410 

MPa. 

Table 19. Diameters of the reinforcement bars in the Lautajokki Bridge. 

Bar Code Ø Bar Code Ø Bar Code Ø 

A1 10 B1 16 J1 25 

A2 16 D1 10 J2 25 

A3 16 EX1 10 M1 25 

A4 25 EX2 8 - - 

A5 16 G1 16 - - 

 

5.2.2 Test set-up 

5.2.2.1 Loading tests  

The loads were applied using a large, steel rig which carried the machines that loaded the bridge by two 

point loads, Figure 41. The point loads were applied to a rectangular steel cross section put in the 

transverse direction of the bridge which carried the point load to two steel beams which also had 

rectangular cross sections. These beams were placed on metal bars which allowed them to divide their 

respective loads among two points in the longitudinal direction of the bridge to simulate axle loads, 

Figure 42 - Figure 43. A ballast layer with a thickness of 0.6m, concrete sleepers as well as steel rails 

were added to the bridge.   
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Figure 41. Test set up of the Lautajokki bridge (Paulsson et al. 1996). 

Figure 42 and Figure 43 display the location of the applied axle loads. P denotes the load applied by the 

load device. 

 

Figure 42. Transverse load distribution of the applied point load (Units in mm). 

 

Figure 43. Longitudinal load distribution of the applied point load (Units in mm). 

Instrumentation for monitoring vertical displacements (VD, VE, VF and VG) at the mid span of the 

bridge were installed at the following locations, Figure 44.  
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Figure 44. Monitoring points for vertical displacement at the mid span of the bridge (Units in mm). 

The authors also added other Linear variable displacement transducers (LVDT’s), Figure 45 and Figure 

46. Note that two displacement monitors HE1 and HE2 have also been added at the mid span which 

monitor the rotation of the beam in the transverse direction. There was missing information of the 

placement of these monitors, so they have been assumed to be placed at the same height as HA1 and 

HA2, HE1 being at the same height as HA1, etc.  

 

Figure 45. Vertical- and horizontal displacement monitors added at the support during the test of the Lautajokki bridge 

(Paulsson et al. 1996). 

 

Figure 46. Vertical- and horizontal displacement monitors added during the test of the Lautajokki bridge (Paulsson et al. 

1996). 
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5.2.2.2 Material Tests 

To conclude the investigations of the Lautajokki bridge, 9 concrete cylinders were drilled from the 

bridge to evaluate its properties. The location of where the cylinders were taken is displayed in Figure 

47. The results from the tests are described in section 5.2.3.4. 

 

Figure 47. Location of drilled concrete cylinders of the Lautajokki bridge (Thun et al. 2000). 

5.2.3 Results  

5.2.3.1 Static Pre-loading  

During the static 30 tonne loading, the Lautajokki bridge displayed linear behaviour without any 

significant permanent deformation being noted, Figure 48. 

 

Figure 48. Load – Displacement curve after obtained from the 30 tonne static loading of Lautajokki (Paulsson, et al. 1996). 

5.2.3.2 Fatigue Test  
During the fatigue tests, measurements were continuously made at an axle load of 250 kN as well as 0 

kN, Figure 49. The results display that that the curve for 0 kN and 250 kN follow the same pattern, 
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which suggests that the stiffness of the bridge has been maintained and that the noted increase in 

displacement is largely due to concrete creep.  

 

Figure 49. Load Cycles - Displacement curve obtained from the fatigue test performed on Lautajokki at monitoring point VG 

(Paulsson, et al 1996). 

It was concluded that no substantial crack propagation had occurred, although some very fine cracks 

were noted at the bottom side of the bridge, Figure 50. Table 20 below states at what point during the 

fatigue test each crack was noted.  

 

Table 20. Explanation of the crack numbering displayed in Figure 50. 

Crack number Number Of Cycles  

1 5 

2 555 

3 1 555 

4 10 000 

5 50 000 

6 100 000 

7 200 000 

8 350 000 

9 500 000 

10 850 000 

11 1 000 000  

12 1 495 000 

13 2 000 000 

14 2 277 000 

15 3 000 000 

16 4 549 000 

17 5 580 000 

18 6 000 000 
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Figure 50. Crack pattern obtained after the tests were completed. 

5.2.3.3 Static Post-loading  

The bridge was loaded up to 875kN at a rate of 45kN/min. Figure 51 displays the Load – Displacement 

curve obtained for monitoring points VD - VH.  

 

Figure 51. Load - Displacement curve obtained for monitoring point VD-VH (Paulsson et al. 1996). 

The structure maintained its stiffness up until approximately 600-700kN after which it gradually 

decreased. After the maximum load of the rig (875kN) was obtained it was kept constant for 75 minutes 

during which the displacement continued to increase by 3mm. It was noted that the deformation was 

quick at the beginning from the point where the load was kept constant and became gradually slower. 

This suggests that the reinforcement of the structure could have started to yield at some or several points, 

but it was not verified. The authors found that an assumption of yielding at 875 kN was in reasonable 

agreement with hand calculation according to the old Swedish codes (BBK94) which suggested that the 

structure would yield at approximately 1000kN, if concrete quality K80 is assumed. Further, it was 
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further affirmed that the stiffness of the structure had not been substantially decreased during the fatigue 

test.   

The results of the monitoring of points VA1 and VA2 at the support is displayed below, Figure 52.  

 

Figure 52. Results obtained for monitoring points VA1 and VA2 during the static post loading of the Lautajokki bridge 

(Paulsson, et al. 1996). 

The results obtained from monitoring points VA1 and VA2 show that the support had rotated during 

previous static preloading and the fatigue test and that there existed some initial displacement at the 

support. Monitoring point V2 which is placed at the inner side of the support show that the support is 

being compressed whereas the outside monitoring point (VA1) is remains practically in the same 

position until approximately 600 kN. At this point it is noted that both the inner and out monitor start to 

deform faster in the same direction which indicates that the support is being uniformly compressed and 

deformed rather than rotating.  

The results obtained from the monitoring points HE1 and HE2 are displayed below, Figure 53.  



45 

 

 

Figure 53. Results obtained for monitoring points HE1 and HE2 during the static post loading of the Lautajokki bridge 

(Paulsson, et al. 1996). 

The results obtained from monitoring points HE1 and HE2 display that the main beams experienced 

some rotation as it was being loaded.  

5.2.3.4 Material Tests  

Compression tests were performed on the cylinders displayed in Figure 47 as well as uniaxial tensile 

tests and splitting strength tests. Specimen numbers beginning with a S denotes that the cylinder was 

taken from the slab, and B means it was taken from the main beam, Table 21. 

Table 21. Results of the material tests done on the Lautajokki bridge.  

Comp.     Uniaxial     Splitting   

Specimen 

Nr. 

𝒇𝒄𝒄  
[𝑴𝑷𝒂] 

𝒇𝒄𝒄.𝒎  
[𝑴𝑷𝒂] 

s 

[MPa] 

Specimen 

Nr. 

𝒇𝒄𝒕 [𝑴𝑷𝒂]  𝒇𝒄𝒕.𝒎 [𝑴𝑷𝒂] s 

[MPa] 

Specimen 

Nr. 

𝒇𝒄𝒔 [𝑴𝑷𝒂]  𝒇𝒄𝒔.𝒎 [𝑴𝑷𝒂] s 

[MPa] 

S1:2 69.9           

S3:2 70.8           

S5:2 78.2           

S6:2 66.5 72.6 4.2         

S2:1 69.3       S1:1 3.93   

S2:2 74.1       S3:1 4.67   

S4:1 74.0   Unknown 2.90   S5:1 5.19   

S4:2 77.8   Unknown 2.91 2.90 - S6:1 3.89 4.4 0.6 

B1:2 80.3           

B1:2 83.4 81.9 - B2:2 3.64 3.64 - - - - - 

 

Using the value obtained from the crack test, the tensile strength was determined to be 3.3 MPa using 

Eq. (10) according to BBK94 table 7.3.3.3b. The cylinders taken from the Lautajokki bridge had a 

diameter of 100 mm which on average gives a 7% larger tensile capacity compared to cylinders of 

diameter 150 mm which BBK94 dictates shall be used, which is taken into consideration in the equations 

by dividing the mean value by 1.07.  

 𝑓𝑐𝑡,𝑠 = 𝑓𝑐𝑠,𝑚 ∗
0.8

1.07
 (10) 
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The authors estimated what concrete quality was prevalent in the bridge to compare the results to the 

properties of the originally prescribed concrete quality. The mean compression strength obtained in the 

slab as well as the main beams corresponded to using the following equations obtained from old Swedish 

Construction Codes BBK94 (Thun et al. 1999):  

 𝑓𝑐𝑐,𝑚 ≥ 𝑓𝑐𝑐,𝑐 ∗ 𝑒
(

1.4∗𝑠
𝑓𝑐𝑐,𝑚

)
 (11) 

   

 𝑓𝑐𝑐,𝑚𝑖𝑛 ≥ 𝑓𝑐𝑐,𝑐 − 5 (12) 

   

 𝑓𝑐𝑐,𝑚𝑖𝑛 ≥ 𝑓𝑐𝑐,𝑐 ∗ 0.8 (13) 

   

 𝑓𝑐𝑐,𝑚 ≥ 𝑓𝑐𝑐,𝑐 + 4 (14) 

 

where,  

𝑓𝑐𝑐,𝑚 = Mean compressive strength 

𝑓𝑐𝑐,𝑚𝑖𝑛 = Minimum value obtained for compressive strength 

𝑓𝑐𝑐,𝑐 = Characteristic compressive strength 

𝑠 = Standard deviation 

 

For the main beams, a standard deviation of 2.2 was calculated and used for the determination of the 

characteristic compressive strength, although it is noted that the sample size is too small to determine a 

reliable standard deviation. For the main beams, the characteristic compressive strength was calculated 

to be 𝑓𝑐𝑐,𝑏𝑒𝑎𝑚 = 77.9MPa which is which is sufficient of concrete quality class K80 for which the 

requirement is 𝑓𝑐𝑐 = 62𝑀𝑃𝑎. For the slab, the characteristic compressive strength was determined to be 

𝑓𝑐𝑐,𝑠𝑙𝑎𝑏 = 67MPa, which also is sufficient for concrete quality K80. The prescribed concrete quality was 

K40, for which the requirement is 𝑓𝑐𝑐 = 32𝑀𝑃𝑎, which means that the concrete compressive strength 

has substantially increased.  

 

For the evaluation of the concrete quality class regarding tensile strength, first an estimate was 

performed using the results of the splitting strength tests. The following equations were used according 

to BBK94 (Thun et al. 1999): 

 

 

 𝑓𝑐𝑠,𝑚 ≥ 𝑓𝑐𝑡,𝑐 + 0.5 (15) 

 

 𝑓𝑐𝑠,𝑚 ≥ 𝑓𝑐𝑡,𝑐 − 0.5 (16) 

   

 𝑓𝑐𝑠,𝑚 ≥ 𝑓𝑐𝑡,𝑐 ∗ 0.8 
(17) 

 

 𝑓𝑐𝑠,𝑚 ≥ 𝑓𝑐𝑡,𝑐 ∗ 𝑒
(

1.4∗𝑠
𝑓𝑐𝑠,𝑚

)
 (18) 

 

 

where, 

𝑓𝑐𝑠,𝑚 = Mean tensile strength 

𝑓𝑐𝑡,𝑐 = Characteristic tensile strength of the concrete 
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The tests were only performed in the slab and the results showed that the characteristic tensile strength 

was 𝑓𝑐𝑡 = 2.5 MPa, which corresponds to tensile class T3.0 for which the requirement is 𝑓𝑐𝑡 = 2.5 MPa.  

Eq. (15) – (18) were also used to evaluate the tensile strength with regards to the uniaxial tensile tests 

performed. The results showed that the characteristic tensile strength was 𝑓𝑐𝑡 = 2.4MPa which does not 

satisfy the requirement of tensile strength class T3.0. It is instead placed in class T2.5 for which the 

requirement is 𝑓𝑐𝑡 = 2.1MPa. Below is the stress – deformation curve obtained from the tensile test of 

a cylinder with 2.91 MPa tensile strength, Figure 54. 

 

 
Figure 54. Stress – Deformation curve obtained from the tensile test. 

5.3 Koike et al. (2014) 

Koike et al. (2014) used a pull-out test to measure the lateral resistance of different sleeper types on 

ballasted tracks. The test set up consisted of a sand box made from mostly aluminum which had a 

horizontal loading jack attached to it that was set to load the sleeper at a rate of 0.4mm/min. In order to 

ensure that there was sufficient friction between the bottom of the sand box and the ballast which it was 

filled with during the test, sandpaper was added to its bottom, Figure 55.  

 

Figure 55. Test set up for the pull-out test (Koike et al. 2014). 

The sleepers used during the test were constructed at a scale of 1/5 which the authors suggest leads to a 

lateral resistance that is 1/125 of the lateral resistance of a full-size test. The different sleepers were of 

different shapes (rectangular or parallelopiped) and some of them had wings of different sizes, Figure 
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56. 

 

Figure 56. The different sleeper types used during the experimental tests performed by Koike et al. (2014). 

In addition to using different sleeper types, Koike et al. (2014) tested single sleepers as well as panels 

consisting of different sleepers connected by a rigid frame, see Figure 57. In Figure 57 it is also shown 

how the ballast area is 1007 x 970 mm at the bottom and decreases to 680 x 970 mm at the top. In 

addition, the location of the loading jack and the vertical- and horizontal displacement transducers are 

displayed. 

The ballast was gradually filled in the sand box using the tamping and vibration method which allowed 

the authors to obtain a dry density of 1.60g/cm3 for each test. Due to previous research performed which 

showed that the lateral resistance of the sleepers can be reduced after tamping due to the ballast 

becoming loosely compacted, the authors were extremely careful during this process in order minimize 

any non-uniformity within the dry density.  



49 

 

 a.

 

                                                                b.   

Figure 57. Test set up for a single sleeper (a.) as well as a panel consisting of several sleepers (b.) (Koike et al. 2014). 

The results of the pull-out test on the single sleepers showed how the track displayed an initial resistance 

where the load would gradually increase with a relatively small deformation being observed. However, 

each test reached a maximum value for the load at which point the load remained close to constant 

whereas the displacements kept growing. It was found that the shape of the sleeper did not affect the 

lateral resistance significantly, however the the usage of wings as well as their sizes (See Figure 56, 

sleeper types c-f) was found to have a significant effect on the lateral resistance of the track. A similar 

behavior was noted for the multiple sleepers pull out test, Figure 58. 
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a.                                                                 b. 

Figure 58. Results of the single sleeper pull out test (a.) and a 5 sleeper pull out test (b.)(Koike et al. 2014). 

It was found that the values obtained from the single sleeper pull out tests generally generated a larger 

lateral resistance than for the values obtained from the tested panel consisting of 5 sleepers. The 

comparisons for sleepers a-d are displayed in Figure 59. 

 

Figure 59. Comparison between single sleeper test and panel test for sleeper types a-d (Koike et al. 2014). 

The authors continued by investigating how an even more increased number of sleepers within the 

panels would affect the lateral resistance of the track. It was found and concluded that a larger number 

of sleepers yielded less lateral resistance of the track using sleeper types b and e, Figure 60. 
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a.                                                                 b. 

Figure 60. Comparison of lateral track resistance for different number of sleepers. Image a. shows the results for sleeper 

type b and b. shows the results for sleeper type e (Koike et al. 2014). 

During buckling events where the rail may be displaced it is not uncommon that more than 10 sleepers 

are affected. Therefore, the authors estimated the lateral resistance per sleeper in relation to the number 

of sleepers used in a panel based on the results obtained from the singe sleeper pull out test. It was 

concluded that the lateral resistance per sleeper started to converge towards a stable value as the number 

of sleepers increased, Figure 61.  

 

Figure 61. Lateral resistance per sleeper in relation to the number of sleepers used in the test (Koike et al. 2014). 

5.4 Nakamura et al. (2016) 

Nakamura et al. performed a shaking table test on a full-scale model in order to verify the influence of 

seismic activity on the lateral resistance of ballasted railway tracks. The test-set up consisted of a steel 

tank with a length of 7m, a width of 5m and a height of 0.6 m, Figure 62 - Figure 63. The load was 

applied using springs of different stiffnesses and the displacement transducers measure horizontal 

displacement.  
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a.                                                                 b. 

Figure 62. Test set up of the shaking table test. View of set up for a. straight track test and b. curved track test (Nakamura et 

al. 2016). 

 

Figure 63. Picture of the test set up (Nakamura et al. 2016). 

The properties of the rail and sleepers, the ballast thickness and the cant used for the curved track is 

displayed in Figure 64. 

  

Figure 64. Properties used during the shaking table test. 

A cement board was installed at the bottom of the shaking table in order to obtain an appropriate friction 

between the ballast and the table. The ballast was applied using the vibration method described in section 

5.3 until a dry density of 1.6 tonnes/m3 was obtained.  

There were two types of shaking wave function applied during the test. One was a sine-wave which was 

applied 10 times at a frequency of 3Hz and the other one was the response wave obtain from the 
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earthquake on top of the Tokamachi viaduct that occurred in 2004. The loads were applied using springs 

as either 0, 2, 4 or 6kN as shown in Figure 65. 

 

Figure 65. Test cases for the shaking table test (Nakamura et al. 2016). 

Prior to the shaking table test, a horizontal loading test was performed where the sleepers were loaded 

at a pace of 2mm/min. Then another loading test was performed after a shaking test using a sine wave 

of 8m/s2 was performed, Figure 66. The results showed that the straight track experienced a 37% 

decrease in lateral ballast resistance, measured at 2mm displacement. For the curved track, a similar 

effect was noted where a reduction of 24% was obtained.  

 

Figure 66. Ballast lateral resistance before and after the shaking table test for the straight as well as the curved track 

(Nakamura et al. 2016). 

The authors continued to test the ballast lateral resistance for sleepers loaded by different lateral loads 

under different sine waves. Figure 67 displays the results for the lateral loads 0kN, 2kN and 4kN 

respectively under the sine waves 6m/s2 and 7m/s2. Results are displayed for both a straight track as well 

as a curved track. It was shown that the influence of seismic events caused increasing sleeper 

displacement in all instances, regardless of whether track was curved or not. It is noted that the 

displacements remain relatively small when there are no lateral forces acting on the sleeper. However, 

the displacements increase significantly when a lateral load is applied to a sleeper during the shaking. 
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Figure 67. Sleeper displacement over time during the shaking tests of both a straight and a curved track. Resultws shown for 

a. Lateral force of 0 kN, b. 2 kN and c. 4 kN (Nakamura et al. 2016). 

Figure 68 displays the obtained results for the residual sleeper displacement for a straight track as well 

as the curved one. The results are displayed for different lateral forces applied to the sleepers under the 

influence of different types of waves.  

 
Figure 68. Residual sleeper displacement obtained during shaking test using different wave types and intensities. Results 

shown for a. Straight track and b. curved track (Nakamura et al. 2016). 

Finally, the authors concluded that the shaking clearly increased the sleeper displacement in ballasted 

railway tracks. It was affirmed that the influence of the shaking was significantly increased by the 

presence of lateral loads on the sleepers, however the difference between a straight and a curved track 

was relatively small.  

5.5 Khatibi et al. (2017) 

Khatibi et al. (2017) performed a DEM-analysis (Discrete Element Method) where the results of a field 

experiments were simulated. The model which they developed were used to perform a sensitivity 

analysis for the lateral resistance of the railway track based on different geometrical- and material 

properties of the modelled ballast. Ballast depth, ballast shoulder width and shoulder height, particle 

friction and the ballast porosity were investigated, Figure 69. 
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Figure 69. Explanation of the geometric parameters evaluated (Khatibi et al. 2017). 

The field tests were a single tie push test the configurations in Figure 70 were evaluated. 

 

Figure 70. Field test configuration for the single tie push test (Khatibi et al. 2076). 

The obtained results regarding the relationship between lateral load and horizontal sleeper displacement 

is displayed in Figure 71. It is noted that the track stiffness is decreasing when there is less ballast present 

at the ends of the sleeper. 

 

Figure 71. Lateral force and Lateral displacements obtained for the different test configurations (Khatibi et al. 2017). 

During the DEM-simulations, irregularly shaped particles were used since spherical elements are not 

able to depict accurate behavior of two particles under shear. The sleeper used was B70 and in Figure 

72 the schematic for the DEM-model as well as the ultimately developed model is displayed.  
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a. 

  b. 

Figure 72. Schematics drawing of the model (a.) as well as the established model (b.) (Khatibi et al. 2017). 

The results of the parametric study are displayed in Figure 73 – Figure 77. With regards to ballast depth, 

it was concluded that the stiffest track was obtained using a 30cm ballast depth, Figure 73. 

 

a.                                                                 b. 

Figure 73. Results of ballast depth evaluation. a. shows load-displacement diagram and b. influence of ballast depth on track 

resistance. Shoulder width = 40cm, Shoulder height = 0cm, ballast porosity = 0.35 and particle friction = 0.9 (Khatibi et al. 

2017). 



57 

 

With regards to shoulder width, its influence was found to be relatively small, Figure 74. The same was 

affirmed for the should height, Figure 75. 

 
Figure 74. Influence of shoulder width on lateral track resistance. Shoulder height = 0 cm, ballast depth = 30 cm, ballast 

porosity = 0.35 and particle friction = 0.9 (Khatibi et al. 2017). 

 

 
Figure 75. Influence of shoulder height on lateral track resistance. Shoulder width = 40 cm, ballast depth = 30 cm, ballast 

porosity = 0.35 and particle friction = 0.9 (Khatibi et al. 2017). 

The inter particle friction was found to have an influence on the lateral track resistance, Figure 76. The 

same was found for the ballast porosity which was found to have a significant impact. It was found that 

a 10% decrease in porosity could increase the lateral track resistance by 18%, Figure 77.  

 

Figure 76. Influence of particle friction on lateral track resistance. Shoulder height = 0 cm, ballast depth = 30 cm, ballast 

porosity = 0.35 and shoulder width = 40 cm (Khatibi et al. 2017). 
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Figure 77. Influence of ballast porosity on lateral track resistance. Shoulder height = 0 cm, ballast depth = 30 cm, ballast 

particle friction = 0.9 and shoulder width = 40 cm (Khatibi et al. 2017). 

In conclusion, the authors affirmed that the material properties of the ballast as well as the geometry of 

the ballasted railway track influence the tracks’ ability to resist lateral loads.  

Koike et al. (2014), Nakamura et al. (2016) and Khatibi et al. (2017) pointed out different factors for 

which it is expected a negative effect of railway track resistance and subsequently increase lateral 

displacements. Sleeper dimensions, seismic events and ballast properties have an impact on the track 

resistance to lateral forces and may all results in extensive eccentricity on bridges. For instance, 

Nakamura et al. (2016) affirmed that an 80 mm track displacement would be possible using a 4kN lateral 

force during a seismic event. In relation to this, Trafikverket (2019b) define that the lateral forces should 

be taken as 25 % of the breaking force caused by rapid retardation of the train. For bridges with span 

lengths up to 20 m, the breaking force should be set to 70 kN which means that the lateral force for 

bridges on this size is calculated to be 17.5 kN. This force is more than 4 times what Nakamura tested 

for which could lead to lateral track displacements exceeding the currently considered one (100 mm).    

However, the current literature points out a lack of experimental and analytical research of what effect 

this has on RC trough bridges which subsequently may cause problems for the existing railway bridge 

population if lateral displacements become excessive. This thesis aims to add to the existing knowledge 

of how this type of bridge, which is prevalent within the Swedish railway network, reacts to this type of 

location change for the applied traffic loads.  

  



59 

 

6.0 Design Standards 
This section will cover the current design practices that are implemented for railway bridges and railway 

tracks in Sweden.  

6.1 Vertical Loads 

The vertical traffic load on railway tracks in Sweden is determined depending on the geometry of the 

carts of the train. Currently, there are three types of carts that are used in Sweden, TLM1, TLM2 and 

TLM3, Figure 78. In the figure, the measurements are given in meters and Q denotes the axle load of 

the cart. For train located along the Iron Ore Line, TLM3 is used. 

 

Figure 78. Vertical traffic load placements (Trafikverket, 2019b). 

The load applied to the rail is distributed between 3 sleepers which is dependent on the placement of the 

load in relation to the sleepers, Figure 79. 

 

Figure 79. Load distribution of the axle load applied to the rail (Trafikverket, 2020c). 

Further, Trafikverket (2020c) defines how the distribution of the loads applied to the sleepers should be 

distributed through the concrete and down to the face of the bridge, Figure 80. 

 

Figure 80. Load distribution through the ballast (Trafikverket, 2019b). 
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6.2 Load Eccentricity  

Consideration is taken regarding the lateral displacement of the railway track. The current design 

standards stated by Trafikverket (2020c) defines that each bridge must be checked for a lateral 

displacement of at least 0.1 m. In cases where the geometry of the bridge does not allow for a lateral 

displacement of this magnitude, the maximum possible value should be used if it exceeds a minimum 

value of 0.05 m.  

Data presented to Trafikverket has indicated that some bridges experience larger lateral displacements 

than 0.1m, which raises questions regarding the suitability of the current minimum displacement to 

consider during capacity evaluation. For trough bridges, this might lead to an overestimation of the 

capacity with regard to axle load as a result of one main beam having to carry an excessive load, Figure 

81. 

 

Figure 81. Visualization of the identified problem connected to underestimating the lateral track displacement on RC trough 

bridge. 

6.3 Concrete Quality  

Trafikverket (2020c) defines the characteristic values of the compressive as well as tensile strength of 

concrete for different concrete qualities used during the time when the Lautajokki bridge was 

constructed. Table 22 define what characteristic material properties are prescribed to concrete qualities 

K40 – K80 as well as what concrete quality these parameters equates to using current standards defined 

by Eurocode 2 (EC2). 

Table 22. Concrete qualities used during the time of construction of the Lautajokki bridge, their corresponding characteristic 

properties and what concrete quality this equates to according to EC2. 

Concrete 

Quality 

Compressive Strength 

[MPa] 

Concrete 

Quality EC2 

Tensile Strength 

[MPa] 

Concrete 

Quality EC2 

K40 28.5 C25/30 1.95 C16/20 

K45 32.0 C30/37 2.10 C16/20 

K50 35.5 C35/45 2.25 C20/25 

K55 39.0 C35/45 2.40 C20/25 

K60 42.0 C40/50 2.50 C20/25 

K70 49.5 C45/55 2.60 C25/30 

K80 56.5 C55/67 2.65 C25/30 
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7.0 Finite Element Analysis (FEA) 
This section of the thesis will describe the theory behind FEM and ATENA, the formulation of the 

model as well as the sensitivity analysis that was performed to validate its behaviour. Lastly, the 

parametric study of the validated model will be described, and the results will be presented.  

7.1 Theoretical Background  

The use of the finite element method to design and analyse structures has rising in popularity since it 

was first introduced. The word “Finite element” (FE) was introduced in the 1960s but important 

mathematical work regarding the development of the method was published as early as the 1940s. 

Initially, the interest of the method was largest for engineers working with aeronautical problems which 

was a driving factor in the increasing interest of the subject. The first commercial finite element software 

was made public in the 1970s which resulted in the interest for the method spreading to different sectors 

where engineers needed a way of finding approximate solutions for boundary value problems 

(Torstenfelt, 2007).  

7.1.1 General 

FEM can be used to analyse a structure assuming either linear behaviour or non-linear behaviour. During 

a linear analysis, it is assumed that the relationship between an applied force and the deformation of the 

structure remains linear. This effectively means that the stiffness and behaviour of a structure remains 

constant regardless of the deformation in the structure. In opposition, when a material displays non-

linear behaviour, this refers to its stiffness changing as it deforms (ABAQUS documentation, 2017a). 

Linear analysis requires little computational power in comparison to non-linear FEM and is a very 

convenient approximation that may be suitable for many design purposes. However, linear FEM cannot 

consider second order effect such as buckling of steel or cracking of concrete. Thus, the analysis method 

can for instance be used to predict failure of a structure in a way that linear analysis cannot. 

In non-linear FEA, a load is divided into a series of increments which are applied gradually. For each 

step, a new global stiffness matrix for the structure must be assembled with consideration to the 

deformed shape obtained from the previous load step as well as re-computation of the load vector. Based 

on the deformed shape obtained at the time of the end of a load step, 𝑡, the computer then iterates to find 

a deformed shape at the time 𝑡 + ∆𝑡 based on the solution where the external forces are in equilibrium 

with the developed internal forces. In order to find the appropriate deformed shape, the solutions in the 

iterations are compared with the material constitutive models this is used in order to find fracture or 

other phenomenon at which point the software will reduce the stiffness of the structure. Finding a 

solution for the deformed shape that accurate enough based on what margin of errors are tolerated is 

often referred to as “Reaching convergence”, at which point the process is repeated until the structure 

has reached its limit capacity (Cervenka and Jendele, 2020).  

ATENA is a non-linear FE-software that can be used to simulate realistic behaviour of different types 

of concrete structures with regards to cracking, crushing and yielding of reinforcement. FE-modelling 

usually consist of 3 general steps: 

• Pre-processor (Definition of materials, geometry, loads etc.) 

• Analysis (The software processes the user input and performs the calculations) 

• Post-processor (Evaluation of the obtained stresses, strains and general results) 

In ATENA Science V5.7, which is the version of ATENA that will be used in this thesis, there is no 

pre-processor. The model is instead defined in a software called GiD from where a file is exported that 
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contains the data needed to run the model in ATENA. With regards to post-processing, this can be done 

either via GiD or ATENA.  

7.1.2 Solution methods 

There are different solution methods that can be implemented to perform the iterative process of non-

linear FEM (Cervenka and Jendele, 2020). One option that may be implemented in ATENA is the 

Newton-Raphson method which is an iterative process that uses the tangent of a curve to find a linear 

approximation of the function, Figure 82. The approximation of a value, 𝑥, that is compared to a value 

in the function, 𝑓(𝑥), is performed in 𝑛 number of iterations where the value obtained from the previous 

iteration is refined until the approximation converges towards a solution based on a defined tolerance 

for error. Hence, the general Newton – Raphson formulation may be expressed as: 

 𝑥𝑛+1 = 𝑥𝑛 −
𝑓(𝑥𝑛)

𝑓′(𝑥𝑛)
 (19) 

 

In ATENA, this formulation is implemented as following: 

 𝑲(𝑝)∆𝑝 = 𝑞 − 𝑓(𝑝) (20) 

 

where, 

𝑲(𝑝) = Stiffness matrix with relates load increments to deformation increments 

∆𝑝 = The increase in deformation due to the added load  

𝑞 = External load vector  

𝑓(𝑝) = Internal load vector  

 

Then, because of the following non-linear properties of the stiffness matrix: 

 

 (𝑝) ≠ 𝑲(𝑝 + ∆𝑝) (21) 

 

And the internal forces: 

 𝑓(𝑘𝑝) ≠ 𝑘𝑓(𝑝) (22) 

 

where, 

𝑘 is an arbitrary scalar.  

This gives that the general formulation in Eq. (20) must also be non-linear. Reformulating Eq. (20) for 

the i-th iteration: 

 𝑲(𝑝𝑖−1)∆𝑝𝑖 = 𝑞 − 𝑓(𝑝𝑖−1) (23) 

 

Since the deformation of 𝑝𝑖−1 is known from the previous iteration, then the deformation 𝑝𝑖 for the 

current loading, 𝑞, can be solved.  
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Figure 82. Illustration of the Newton-Rhapson method in ATENA (Cervenka and Jendele, 2020). 

In ATENA, the Newton – Raphson method is typically used to apply body forces, perform displacement 

controls etc. (Pryl and Cervenka, 2020). However, the method is unsuitable to use during analyses to 

failure. In such case, a new method should be introduced which is called the Arc length method. The 

method has grown in popularity since its introduction about 15 years ago due to its ability of handling 

different instability issues such as snap back and snap through behaviour, Figure 83. 

 

Figure 83. Snap trough (Under load control) and snap back (Under displacement control) behaviour (Lafontaine et al. 2013). 

An important difference in the Arc length method compared to the Newton – Raphson method is that 

both the load and the displacement is evaluated instead of applying a constant load (Cervenka and 

Jendele, 2020). In order to do so, a new unknown variable  is introduced. Eq. (20) is then reformulated 

as: 

 𝑲(𝑝)∆𝑝 =  𝑞 − 𝑓(𝑝) (24) 

 

As the name suggests, the arc-length method searches an approximate solution along the perimeter of 

an arc, illustrated in Figure 84 where 𝑅 is the radius of the arc. 

 



64 

 

 

Figure 84. Illustration of the Arc length method (Cervenka and Jendele, 2020). 

In addition, there are 4 different solvers that can be implemented during analysis in ATENA. One is the 

direct solver; another is an iterative solver and the two remaining are sparse solvers. The main difference 

between the methods is the way the structures stiffness matrix is stored. The direct solver stores the 

entries between the diagonal and the last non-zero element in the column whereas the iterative solver 

only stores the true zero entries, Figure 85. Pryl and Cervenka (2020) recommends trying one of the 

sparse solvers if problems arise with regards to running out of RAM. 

 

 

a.                                                                 b. 

 

Figure 85. Structural matrix for direct solver (a.) and the iterative solver (b.) (Cervenka and Jendele, 2020). 

Further, Cervenka and Jendele (2020) recommend that the iterative solver be used for larger 3D-models 

whereas the direct solver can be used for smaller problems.  

7.1.3 Discretization, mesh and element types  

A basic principle of FE-analysis, which also significantly determines the accuracy of the model and its 

need for computational power, is the discretization of the problem domain into a set of sub-domains 

commonly referred to as elements. The elements of a domain consist of several nodes in which degrees 

of freedom (DOFs) are defined and they are connected by lines. Together, the elements of a discretized 
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domain, that are connected to one other via nodes, constitute the FE-mesh. An important aspect of the 

discretization is the size of the elements in the FE-mesh which will affect the accuracy of the obtained 

results. Figure 86 shows an example of how a circle is discretized into nodes and elements that 

approximate its perimeter.  

 

Figure 86. Discretization of a circle using 5 nodes and 5 elements (Patra, 2015). 

The discretization in Figure 86 is not a good approximation of the circle. However, if one was to increase 

the number of nodes and element the polygon created would become increasingly similar to the sought-

out shape of the circle and the expected errors would subsequently decrease. The same principle goes 

for any FEM problem, and it is therefore good praxis to perform a mesh sensitivity analysis where the 

effect of the mesh size on the behaviour of the structure is evaluated. However, Autodesk (2020) 

describes how the computational power increases with a finer mesh and therefore an engineering 

judgement is needed to determine a good balance between expected errors and the time needed to run 

an analysis.  

There are several types of elements that can be implemented during FE-analysis depending on the 

number of dimensions the analysis is ran in, Figure 87. In FE-analysis differential equations 

formulations for each element of the mesh is done which can ultimately be combined in order to find an 

approximate solution for the analysed problem. This gives that the choice of element type is an important 

aspect of the discretization and FE-analyses. Examples of 1D–elements are beam-, and truss elements. 

For 2D–problems elements typically have a triangular or quadrilateral basic shape and be for instance 

shell-, or membrane elements. During analysis of 3D–problem, the element types can be tetrahedral or 

hexahedral for instance (Wai et al., 2013).  
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Figure 87. Examples of element types used during FE-analysis, Wai et al., (2013). 

There are different use-cases for the different element types. For instance, 4 node-tetrahedral elements 

can be used to model more complex geometries although they generally do not perform as well as 

hexahedral element unless a large number of elements is used (EnterFEA, 2020). In that sense, it may 

be more efficient with regards to computational power and memory needed to structure the mesh using 

8-node hexahedral elements. This requires more work however, and it is important to consider the ratios 

between the sides of the elements created. Cervenka and Jendele (2020) define that a minimum of 4-6 

elements per thickness in the bending region need to be used but the elements may be larger in the other 

direction. However, it is generally recommended that they may not exceed a ratio of 3-4:1 compared to 

its size in the height direction.   

7.1.4 Boundary conditions  

According to Cervenka and Jendele (2020), boundary conditions in ATENA can be defined as Dirichlet 

types, which are boundary conditions that assign displacements. In other case, the boundary conditions 

may be defined as a von Neumann type boundary condition where forces are prescribed. Set that 𝑲 is 

the stiffness matrix of a structure, 𝑢 is a displacement vector and 𝑅 a force vector. Then, let 𝑢𝑁 be a 

vector representing free degrees of freedom and 𝑢𝐷 be a vector representing constrained degrees of 

freedom. Then the general governing equation may be stated as: 

 [
𝐾𝑁𝑁  𝐾𝑁𝐷

𝐾𝐷𝑁  𝐾𝐷𝐷
] [

𝑢𝑁

𝑢𝐷
] = [

𝑅𝑁

𝑅𝐷
] (25) 

 

From Eq. (25), the free degrees of freedom can then be solved according to the equation below: 

 𝑢𝑁 = (𝑲𝑵𝑵)−1(𝑅𝑁 −   𝑲𝑁𝐷  𝑅𝐷) (26) 

 

And 𝑅𝐷: 

   𝑅𝐷 =   𝑲𝐷𝑁𝑢𝑁 +   𝑲𝐷𝐷𝑢𝐷  (27) 

 

In addition, a special type of boundary condition is the Master – Slave conditions which are Dirichlet 

type boundary conditions. It states that all degrees of freedom a FE node must be equal to the degrees 

of freedom of another node. In this case, the node which must adhere to the degrees of freedom defined 

by another node (the master node) is the slave node. For instance, the condition can be used to fix several 
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volumes to one another. Pryl and Cervenka (2020) define a general rule which states that the volume 

which has the largest number of elements should be defined as the master.      

7.1.5 Material constitutive models  

ATENA allows for different types of materials to be implemented during analysis. In this section, the 

materials that are used for the FE-analysis performed in section 7.4 will be covered.  

7.1.5.1 Concrete (CC3DNonLinCementitious2) 

The constitutive model that is used to simulate concrete behaviour in ATENA combines models for both 

tensile (fracture)- and compressive behaviour (plastic). The tensile behaviour is simulated using Rankine 

failure criterion and the plastic behaviour is based on the triaxial Menetrey – William failure surface. 

The formulation of the constitutive model is based upon smeared crack formulations in which the 

concrete is assumed to be in a state where cracks are distributed over an element which reduces its 

stiffness as the strength of the material is reached and exceeded. Using this type of formulation allows 

for the location of cracks to be determined in contrast to discrete crack models where the location of the 

cracks is required to be defined before the analysis is started (Furenstam, 2020). For the smeared crack 

approach used in ATENA, there are two different models for the cracks. One is the fixed crack model 

and the other one being the rotated crack model.  

Fixed Crack Model 

Using the fixed crack model, cracks occur when the principal stress, 𝜎𝑐, exceeds the tensile strength of 

the material and the direction of a crack is determined based on the direction of the principal stress, 

Figure 88. 

 
Figure 88.Fixed crack model for concrete (Cervenka and Jendele, 2020). 

As displayed in Figure 88, the principle strain axes 𝜀1 and 𝜀2 can be rotated with respect to the weak 

material axis that is normal to the crack direction, 𝑚1, and the strong material axis that is parallel to the 

crack direction, 𝑚2. This results in the development of shear stresses in the material. When the fixed 

crack model is implemented the shear modulus, G, is multiplied by a factor 𝑟𝑔 (Cervenka and Jendele, 

2020).  

 

Rotated Crack Model 

Similar to the fixed crack model, the cracks appear when the principal stress exceeds the tensile strength 

of the material. However, for the rotated crack model the principal stress axes must coincide with the 

axes of principal strain. In this case, a rotation of the principal strain would give subsequent rotation of 

the propagating cracks, Figure 89. 
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Figure 89. Rotated crack model for concrete (Cervenka and Jendele, 2020). 

Rankine Fracturing  

The tensile material model employs Rankine failure criterion for the cracking of concrete. According to 

Cervenka and Jendele (2020) it is assumed that strains and stresses correspond to the principal directions 

in case the rotated crack model is used, and in case of fixed crack model it corresponds to the principal 

direction at the initiation of the cracks. The criterion is evaluated using an assumption that the tensile 

strength, 𝑓𝑡
′, is a function of the crack width, 𝑤 which is based on Hordijk’s formula (Cervenka and 

Jendele, 2020). The crack width is derived from fracture strain multiplied by the length of the element, 

Figure 90. 

 

 

 
Figure 90. Tensile softening principle used for the Rankine failure criterion (Cervenka and Jendele, 2020). 

 

Plasticity Model for Crushing of Concrete 

The model for concrete crushing uses the triaxial Menetrey – William surface, Figure 91. 
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Figure 91. Triaxial Menetrey - William failure surface (left) and compressive as well as tensile meridians (Right) (Pisano, 

2012). 

 

7.1.5.2 Ballast (CC3DDruckerPragerPlasticity) 

The material model that ATENA uses to model granular materials is called 

CC3DDruckerPragerPlasticity and it implements the Drucker – Prager plasticity model. The model 

implements linear softening according to Figure 92 (Cervenka and Pryl, 2020).   

 

Figure 92. Linear softening in the drucker - prager plasticity model (Cervenka and Jendele, 2020). 

The model is suitable to use for pressure dependent materials, such as soils and rocks which become 

stronger as the pressure is increased (Abaqus, 2017b).   

7.1.5.3 Interface (CC3DInterface) 

According to Cervenka and Jendele (2020), interface materials is based on Mohr – Coulomb criterion 

and can be used to simulate contacts between materials. For instance, it can be used to model the mortar 

between two bricks in order to simulate a failure where the bricks are shear away from one another, 

Figure 93. The figure displays how the contact prohibits the bricks from falling through each other but 

allowing them to translate along their shared contact plane.  
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Figure 93. Shearing between two bricks using an interface material between the bricks (Cervenka Consulting, 2018). 

7.1.5.4 Reinforcement (CCReinforcement) 

There are two different ways that reinforcement can be modelled in ATENA, discrete or smeared. 

Discrete modelling means defining truss element directly in the model, Figure 94. 

 

 

Figure 94. Shear beam with longitudinal discrete reinforcement bars in the bottom of the beam (Prochazkova et al. 2019) 

The alternative way to model reinforcement is via using smeared reinforcement which is introduced as 

a ratio of reinforcement distributed over an element (Cervenka and Jendele, 2020). In ATENA, the 

properties of steel can be defined to follow bilinear law or multi-line law and both work for the discrete- 

as well as smeared reinforcement. 

Bilinear law 

The stress – strain relationship for the reinforcement can be defined as bilinear, which means that elastic 

– perfectly plastic conditions are assumed. This essentially means that the material has an initial linear 

relationship between the stress, 𝜎𝑠
′, and strain, 𝜀, with a slope defined by the modulus of elasticity, 𝐸𝑠  
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as shown in Figure 95. After a certain stress is reached in the reinforcement, the steel will enter a state 

of plasticity with hardening. For a case where perfectly plastic condition are assumed, this will mean 

that 𝐸𝑠ℎ = 0.    

 

Figure 95. Bilinear law in ATENA (Cervenka and Jendele, 2020). 

Multi-line law 

In contrast to assuming perfectly plastic conditions using bilinear law, ATENA can simulate all four 

stages of steel behaviour if a multi-line material law is used: 

 

0-1. Elastic stage 

1-2. Yield Plateau 

2-3. Hardening  

3-4. Fracture 

 

The stress – strain relationship for the material model is displayed in Figure 96. 

 

 
Figure 96. Multi-line law in ATENA (Cervenka and Jendele, 2020). 

 

Bars with Bond  

For bars with bond, the basic property that define the reinforcement bond model is the bond – slip 

relationship for the material. In both models, the relationship defines the cohesion, 𝜏𝑏 , which is 

dependent of the slip between the reinforcement and the concrete. In ATENA there are three bond-slip 

models of which one is totally defined by the user. The other two are either defined using the CEB-FIB 
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model code 1990, and the other one uses the slip law defined by Bigaj in 1999 (Cervenka, 2006). These 

two models generate bond properties based on the concrete compressive strength, reinforcement 

diameter and reinforcement type (Cervenka and Jendele, 2021). 

 

7.2 Model formulation  

This section describes how the model used for the parametric study was developed with regards to 

geometry, materials, support conditions, loads, monitoring points and mesh. The results of the 

comparison of the experimentally obtained results and the results obtained from FEM is displayed in 

Annex C. 

7.2.1 Geometry  

The FE-model is developed according to the dimensions of the Lautajokki bridge described in section 

5.2, Figure 97. Symmetry was utilized in two directions in order to save disc space and reduce computing 

time which means that only a quarter of the bridge was modelled. The ballast as well as an elastic plate 

containing the ballast was added to the concrete deck and the ballast layer was set to be 0.4 m in order 

to accommodate the sleepers and the rail. The purpose of the remaining 0.2 m of ballast which was not 

modelled is to prevent horizontal translation and would be relevant to add if horizontal forces would be 

considered, for instance if curved tracks would be evaluated. Since this thesis is limited to the effects of 

vertical track loading, this part of the ballast layer was disregarded in order to reduce the number of 

elements in the model. The thickness of the plate containing the ballast was set to be 0.05 m. The sleepers 

were modelled according to Figure 80 and the rail was modelled according to the dimensions of a UIC 

60 rail.  

 

Figure 97. Finalized geometry and global axis definition of the FE-model. 

7.2.2 Reinforcement  

The reinforcement was modelled as discrete bars according to the available standard drawings defined 

by the old railroad authorities, see Annex A. Figure 98 - Figure 100 displays all the added reinforcement.  
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Figure 98. Transverse reinforcement in the FE-model. 

  

 

Figure 99. Longitudinal reinforcement in the FE-model. 

 

Figure 100. 3D view of all added reinforcement. 

7.2.3 Support- and Boundary Conditions 

As previously stated, symmetry was used in the model. This was done by restricting all surfaces along 

the symmetry planes in their respective normal directions, Figure 101. The lines where the symmetry 

planes intersect were restricted in both directions of the symmetry planes. A vertical constraint was 

chosen to be added at the inner line of the rubber mat after investigating several configurations. This 

will be further discussed in a later section.   
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Figure 101. Surface constraints (Left) and line constraints (Right) added to the model. 

Master – Slave connections (Fixed Contact surfaces) were added between several elements where the 

surfaces to keep them connected, Figure 102.  

 

Figure 102. Defined fixed contact surfaces for the model. 

Compression only interfaces were added between the surfaces of the ballast and the stop plate as well 

as between the ballast and the main beam in order to allow the ballast to slide along these surfaces. In 

other case, unrealistic strains would form on the main beam which could cause instability or in some 

other way negatively impact the results.    

7.2.4 Monitoring Points 

Horizontal and vertical monitoring points for displacement were added at the same locations as for the 

experimental tests, Figure 103. In addition, one monitor for reaction was added to the line which the 

vertical support condition was added. This monitor measures the total amount of load registered at the 

support.  
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Figure 103. Defined monitors in the FE-model. 

7.2.5 Loads 

The values for self-weights were added in accordance with Eurocode 2. The self-weight for reinforced 

concrete is defined to be 25 kN/m3  which was added to each sleeper as well as the concrete deck and 

main beam. The weight of the stop plate and the rail was set to 78.5 kN/m3 and the ballast was set to 

20 kN/m3. 

The traffic load was added as point loads to the rail at the locations specified in section 5.2.  

7.2.6 Materials 

The concrete was modelled using the material model CC3DNonLinCementitious2. The properties were 

generated according to Eurocode2 for strength class C80/95 using mean values. The values for the 

modulus of elasticity, fracture energy, tensile strength and compressive strength were modified 

according to Table 23. 

Table 23. Concrete properties used for the Bridge Deck and Main Beam. 

  Bridge Deck Main Beam 

Gf [N/m] 270 270 

fct [MPa] 3.3 3.64 

fcc [MPa] 72.6 81.9 

E [MPa] 35200 35200 

 

The fracture energy was derived from the curve in Figure 54. The curve was drawn in AutoCad and 

properly scaled which allowed for the area under the graph to be estimated which corresponds to a 

theoretical value for the fracture energy of the concrete. The tensile and compressive strengths were set 

according to the experimental results described in section 5.2.3.4. The modulus of elasticity was set to 

be 35200 MPa according to an estimation made by the authors of the experimental tests.  

The rubber mat, the stop plate, the rail, and the sleepers were all modelled using elastic materials with 

the properties stated in Table 24. 

Table 24. Properties of all parts modelled using an elastic material. 

 
Rubber Mat Stop Plate Rail Sleepers 

E [GPa] 200 200 200 30 

Ν [-] 0.3 0.3 0.3 0.3 
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The dimensions and properties of the rubber mat used during the experiment is unknown. Many 

configurations of different ways of applying support conditions and modulus of elasticities have been 

tried for the support, but ultimately it has been chosen to model it as an elastic material with the 

properties of steel (E = 200 GPa). The same was done for the stop plate containing the ballast and the 

rail. The sleepers were also modelled as elastic material with a modulus of elasticity of 30 GPa which 

is a common value for concrete.  

The ballast was modelled using the CC3DDruckerPragerPlasticity material model with a modulus of 

elasticity of 300 MPa according to Rehnström and Widén (2012). The interfaces in the model were 

modelled using the material CC3DInterface. In order to create a compression only interface, the tension 

strength was set to 0. The materials used for the 3D-volumes were added according to Figure 104. 

 

Figure 104. Materials added for the volumes. 

Reinforcement was modelled using CCReinforcement. The properties of the steel were calculated 

using a yield limit of 440 MPa which was the mean value measured by Elfgren (1972). Different 

diameters were used and for bars located at symmetry planes only the number of bars modelled was 

set to 0.5, Figure 105. 

 

Figure 105. Materials added for the reinforcement. 
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7.2.7 Intervals  

In the first interval, all support conditions and monitoring points were added. In the second one, 100% 

of the self-weight was added in 30 steps using the Newton – Rhapson method. For intervals 1 and 2, the 

iteration limit was set to 30 and the convergence criteria were defined according to Table 25. In load 

case 2 it was also defined that load case one would be added as an additional load case such that the 

monitors and support conditions were activated.    

Table 25. Convergence Criteria defined for the Newton Rhapson Method used in the second interval. 

N-R Displacement  

Error 

Residual 

Error 

Absolute Residual 

Error 

Energy 

Error 

Negligible 

Size Relative 

Criteria 0.01 0.01 0.01 0.0001 0.00001 

 

In the third and last interval the point loads were added. The load multiplier was set to 2 and the number 

of steps 1200. The arc length method with an elastic predictor was used. The iteration limit was set to 

300 and the follow convergence criteria were defined, Table 26: 

Table 26. Convergence criteria defined for the Arc Length method used in the third interval. 

AL Displacement  

Error 

Residual 

Error 

Absolute Residual 

Error 

Energy 

Error 

Criteria 0.01 0.01 0.01 0.0001 

 

7.2.8 Mesh 

Tetrahedral elements with a size of 0.08 have been used for the final model, Figure 106. A mesh 

sensitivity study was performed which is displayed in section 7.3.5. 

 

Figure 106. Generated mesh for the FE-model. 

7.3 Model Validation 

This section covers what parameters were found to affect the developed model of the Lautajokki trough 

bridge.  
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7.3.1 Fracture Energy 

The fracture energy of the concrete was never experimentally determined during the tests performed by 

Paulsson et al. (1996). Hence, an iterative process was begun in order to find what influence the fracture 

energy had on the structure and what value would give reasonably similar results compared to the 

experimentally obtained ones. Figure 107 displays the load displacement curves for the vertical monitor 

VG, using both 170 N/m and 270 N/m for the fracture energy. The model with 270 N/m fracture energy 

is the chosen model described in section 7.2 and the model with 170 N/m have the same properties 

except for the altered fracture energy.  

 

Figure 107. Experimental results of monitoring point VG as well as FEM-results using fracture energy 170 N/m as well as 

270 N/m. 

It is noted that an increase in the fracture energy results in the structure maintaining its initial stiffness 

for a larger load compared to a lower value. In addition, it is found that the capacity of the structure 

increases for higher values of the fracture energy. The maximum load measured for the model with 270 

N/m were 3.3% compared to the one using a fracture energy of 170 N/m.  

7.3.2 Modulus of Elasticity 

For the evaluation of the modulus of elasticity for the concrete and ballast materials, a model similar to 

the chosen one was used. However, the line constraint at the support was instead placed at the middle 

of the support, Figure 108, and the fracture energy was set to 100 N/m.  

 

Figure 108. Line constraint at the support for the model used to evaluate the influence of the modulus of elasticity set for the 

ballast and concrete.  
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7.3.2.1 Concrete 

The authors of the original experiment had estimated a stiffness of 35200 MPa whereas the characteristic 

value of K80 concrete is prescribed to be 38000 MPa according to Trafikverket (2020c). It was found 

that the modulus of elasticity of the concrete did not have a large effect on the overall capacity and 

behaviour of the structure and both values give good agreement with the initial stiffness obtained during 

the experimental tests, Figure 109. 

 

Figure 109. Load Displacement curves at monitoring VG for the original test as well as the FEM results using modulus of 

elasticity 35200 MPa and 38000 MPa for the concrete material.  

7.3.2.2 Ballast 

The modulus of elasticity for the ballast was not determined during the tests. Trafikverket (2011) defines 

that packed macadam ballast has a modulus of elasticity of 50 MPa. Alternatively, Rehnström & Widén 

(2012) suggest values ranging from 97 MPa up to a maximum of 350 MPa. An evaluation was made of 

the impact of the ballast modulus of elasticity to determine what value would yield results closest to the 

experimentally obtained values. It was found that the modulus of elasticity of the ballast did not have a 

large effect on the model with regards to capacity or overall behaviour, Figure 110.  

 

Figure 110. Load Displacement curves at monitoring VG for the original test as well as the FEM results using modulus of 

elasticity 300 MPa and 200 MPa for the ballast material. 

7.3.3 Rail  

Considerations were made that a rectangular steel box could be modelled to simulate the rail which 

would reduce the overall number of elements in the model. The box had a 150 mm width and a 134.5 
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mm height in order to maintain the same moment of inertia as a UIC60 rail. The influence of this 

simplification was evaluated, and the results is shown in Figure 111. For the evaluation, a model similar 

to the chosen model described in section 7.2 was used. However, the fracture energy was set to be 100 

N/m. 

 

Figure 111. Load - Displacement curves in monitoring point VG for the original test as well as the FEM results using a 

simplified rectangular rail as well as a UIC60 rail. 

It was found that the overall stiffness and behaviour of the bridge remained very similar between the 

two cases during the majority of the analysis. However, a deviation of the capacity was noted with the 

simplified rail case yielded a 7.84% larger capacity compared to the rail modelled according to the 

dimensions of a UIC60 rail. It was deemed the benefits of reducing the computing time using a 

simplified rail did not outweigh the drawbacks of the differences found in the results for the capacity.  

7.3.4 Support conditions 

7.3.4.1 Position of the Line Support 

During the early development of the model the line support constraint was placed in the middle of the 

support according to Figure 108. It was noted that the stiffness of the structure was much lower than 

what was expected which subsequently caused the structure to require unrealistic parameters in order to 

reproduce the experimentally obtained load – deformation diagrams obtained by Paulsson et al. (1996). 

It was then tested to apply the line support at the inner edge of the support as it was hypothesised that 

this would perhaps be a more realistic rotation point for the structure. The results of the comparison 

between applying the line support constraint at the middle and applying it at the inner edge is displayed 

in Figure 112. For this analysis rails, sleepers and ballast was added and the fracture energy was set to 

100 N/m.  
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Figure 112. Comparison between applying the line support constraint in the middle of the support compared to applying it at 

its inner edge. 

It was noted that the stiffness of the structure increased notably which resolved the issue of having to 

use unrealistic parameters to replicate the experimental results.  

7.3.4.2 Rubber Support  

One issue that was prevalent during the modelling process was replicating the results obtained with 

regards to the rotation of the support. As shown in section 5.2.3.3, the support had an initial rotation but 

started to become uniformly compressed at approximately an axle load of 600 kN. Since the properties 

of the rubber material used for the support of the bridge was unknown the modulus of elasticity was 

tested to evaluate if the behaviour of the support could be replicated. For this analysis, the line support 

constraint was removed, and a surface support constraint was instead added to the bottom side of the 

support according to Figure 113.  

 

 

Figure 113. Defined surface support used for the evaluations of using different properties for the rubber support. 

The results obtained for the vertical displacement monitors VA1 and VA2 (Rotation monitors at the 

support) are displayed in Figure 114.  
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Figure 114. Rotation at the support obtained using FEM. In the upper image the modulus of elasticity of the rubber was set 

to 200 MPa and in the bottom image it was set to be 20 MPa.  

It was found that compression of the support could only be obtained using a very low modulus of 

elasticity for the rubber. However, this causes an excessive rotation of the support and causes the overall 

accuracy of the model results compared to the experimental ones to decrease significantly.  

7.3.4.3 Spring Support  

An evaluation was made to check if a spring support along the bottom surface could yield results closer 

to the experimentally obtained results. A spring stiffness of 10000 MPa and 20000 MPa was tried and 

compared, Figure 115. 
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Figure 115. Rotation at the support obtained using a spring support and a surface support constraint. Upper image displays 

the results using a spring stiffness of 10000 MPa and the lower image displays the ones for 20000 MPa. 

7.3.5 Mesh size 

The influence of the mesh size was evaluated to verify that the size of the mesh did not cause excessive 

differences for the results, Figure 116. The model used for the evaluation was similar to the chosen 

model described in section 7.2, but the fracture energy was set to 100 N/m and the simplified rail 

described in section 7.3.3 was used.  
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Figure 116. Load - Displacement curves at monitoring point VG for the original test as well as the FEM results using mesh 

sizes 0.08 m and 0.07 m. 

The results of the mesh size evaluation showed that a decrease from 0.08 m mesh size to 0.07 m did 

have a slight influence on the overall behaviour of the structure. The difference of capacity between the 

two mesh sizes was found to be 4.5 %. Due to the large increase of elements which occurs from further 

decrease of the mesh size, it was deemed that this was an acceptable difference.  

7.3.6 Ballast Layer and Rail 

Among the first models to be tried were modelled similar to section 7.2 although it was modelled without 

ballast and rails. A load distribution was assumed according to the demands of Trafikverket (see section 

6.1) and a uniformly distributed load was therefore added to the surface of the bridge. A comparison 

was performed to see what influence it would have to add the ballast as well as the entire track (ballast, 

sleepers and rail). For the evaluation of the effect of adding the ballast, a uniformly distributed load was 

used and for the case with the entire track point loads were added as described in section 7.2.5. The 

results are displayed in Figure 117. 
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Figure 117. Results obtained in monitor VG using a model without ballast, with ballast and with the entire track. 

Results show that a ballast layer seems to make the structure stiffer. However, applying the point loads 

instead of a uniformly distributed load causes the stiffness to decrease significantly.  

7.4 Parametric Study 

This section will cover a parametric study that was performed using the model described in section 7.2. 

7.4.1 Compressive Strength 

The behaviour of RC trough bridges when the compressive strength was evaluated. For this analysis, 

compressive strength in the beam and the slab was set to have the same value. The compressive strengths 

were set according to the characteristic properties defined for concrete qualities K40 (Design concrete 

quality of the Lautajokki bridge), K80 (Measured concrete quality determined experimentally) and K60 

(Intermediate value). The applied values for the concrete qualities are displayed in Table 22. An 

important note is that the tensile capacity of the concrete is depended on its compressive strength. The 

evaluation of the compressive strength is therefore performed as an academic exercise to evaluate its 

effect. The same is true for the evaluation of the tensile strength displayed in section 7.4.2. In section 

7.4.3 the effect of different concrete qualities is evaluated and in this case both the compressive and 

tensile strength is changed in order to correspond to the evaluated concrete quality.  

7.4.1.1 Results from Monitoring Points 

Load – Deformation (LD) diagrams were produced in order to determine the change in total load 

capacity, rotation of the support and rotation of the main beams of the structure as a result of changes in 

concrete compressive strength, Figure 118. 
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Figure 118. LD diagram for monitoring point VG using concrete compressive strengths K40, K60 and K80. 

As Figure 118 displays that the total capacity of the structure is affected by the value of the concrete 

compressive strength. An increase in capacity of 4.4% was noted when the concrete compressive 

strength of K60 was used instead of the one for K40. Similarly, an increase in total capacity of 1.4% 

was noted when using the compressive strength of concrete quality K80 instead of K60.  

Further, it was affirmed that the overall behaviour of the structure does not appear to be significantly 

affected by the changes for the compressive strength of the concrete. For all models, the initial stiffness 

of the structure is maintained until a total load of approximately 500kN is reached at which point a 

gradual decline in structure stiffness occurs. This might be due to cracks starting to propagate in some 

part of the structure which subsequently causes the monitoring point VG to be increasingly displaced.  

Lastly, all models were found to reach a point where the displacements would keep increases whereas 

the total load would stagnate. This might imply that ductile bending failures have occurred for the 

models which could be due to yielding of the reinforcement bars of the structure. If a shear failure would 

have been prevalent for the structure, a much more sudden drop of the load in correlation with excessive 

displacements would have been expected.  

Next, the effect of changing the concrete compressive strength on the rotation of the main beams were 

evaluated and the obtained LD diagram is displayed in Figure 119. 
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Figure 119. LD diagram for monitoring points HE1 and HE2 using concrete compressive strengths K40, K60 and K80. 

As Figure 119 shows, a similar behaviour as for monitoring point VG was obtained where a larger 

difference is noted between K40 and K60 compared to between K60 and K80. An increasing 

compressive strength seems to yield an increased stiffness in the main beams and prohibit its rotation. 

This might be due to the decreasing displacements of the slab which was noted in monitoring point VG. 

Just as for monitoring point VG there does not seem to be any significant differences in the behaviour 

of the structure when evaluating the rotation of the main beams.  

Next, the rotation of the main beams near the support was evaluated. The LD diagram obtained from the 

FEM analysis is displayed in Figure 120. 

  

Figure 120. LD diagram for monitoring points HA1 and HA2 using concrete compressive strengths K40, K60 and K80. 

Again, the same behavior is noted where the largest difference is found between K40 and K60. The 

results show that the concrete compressive strength does influence the rotation of the bridge near the 

support and the rotation seems to be increasing as the concrete compressive strength decreases. The 

reason for the decreasing rotations as the compressive strength increases might be due to the slab 

experiencing less displacements which makes the main beams less prone to rotate. 
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7.4.1.2 Deformed Shape  

The deformed shape of the bridge was evaluated to further investigate if the behaviour of the bridge had 

been altered due to the changes in concrete compressive strength. Figure 121 - Figure 123 display the 

deformed shapes that were obtained during the analyses.  

 

Figure 121. Principal strain and deformed shape of the bridge using concrete quality K40 at its maximum obtained load 

(Only main beam, slab and support is displayed). 

 

 

Figure 122. Principal strain and deformed shape of the bridge using concrete quality K60 at its maximum obtained load 

(Only main beam, slab and support is displayed). 
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Figure 123. Principal strain and deformed shape of the bridge using concrete quality K80 at its maximum obtained load 

(Only main beam, slab and support is displayed). 

Results show that the strains experience by the bridge occurs in the same regions and have very similar 

values although it is found that the maximum strains at the failure point of the structure decrease as the 

compressive strength increases. Evaluating the overall deformed shape of the structure it is not notably 

altered between the different analyses.  

7.4.1.3 Crack Patterns 

In order to further determine the impact of the concrete compressive strength on the structure behavior 

crack patterns were evaluated, see Figure 124 - Figure 126. 

            
                     a.                                                                                  b. 

Figure 124. Crack patterns obtained in the structure using concrete quality K40 (Only main beam, slab and support is 

displayed). View from a. top of the bridge b. bottom of the bridge.  
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                        a.                                                                        b. 

Figure 125. Crack patterns obtained in the structure using concrete quality K60 (Only main beam, slab and support is 

displayed). View from a. top of the bridge b. bottom of the bridge.  

 

  

                           a.                                                                        b. 

Figure 126. Crack patterns obtained in the structure using concrete quality K80 (Only main beam, slab and support is 

displayed). View from a. top of the bridge b. bottom of the bridge.  

It is found that the tensile crack patterns that appear on the bottom of the bridge remain very similar 

between the different analyses. The same is noted for the top side of the bridge where the same tensile 

crack pattern appear at the support. For all analyses there occurred cracks between the main beam and 

the slab although it was noted that the analysis using concrete quality K40 displayed a lesser number of 

cracks near the mid span in the main beam.  

7.4.1.4 Reinforcement 

The stresses in the reinforcement were evaluated to determine where the first yielding occurred, at what 

load as well as what state the reinforcement was in at the point of failure, Figure 127 - Figure 129.  
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                   a.                                                                        b. 

Figure 127. Stresses in the reinforcement for concrete quality K40 at a. Failure and b. Initial yielding point.  

 

   

                            a.                                                                        b. 

Figure 128. Stresses in the reinforcement for concrete quality K60 at a. Failure and b. Initial yielding point.  

 

 

                          a.                                                                             b. 

Figure 129. Stresses in the reinforcement for concrete quality K80 at a. Failure and b. Initial yielding point.  

The yielding pattern of the reinforcement at failure points of the different analyses were very similar 

with yielding occurring every longitudinal bar placed at the bottom edge of the beam or slab. The 

transverse bottom edge reinforcement had also largely started to yield, and this occurred closer to the 

mid span. Yielding had also occurred in bars connecting the beam and the slab. A summary of what type 

of bars experiences yielding is displayed in Table 27. In Figure 38, Figure 39 and Figure 40 one can 
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remind oneself of which bar the codes in Table 27 refers to. Also ANNEX B can be viewed for a 

complete reinforcement specification of the Lautajokki bridge. 

Table 27. A summary of which reinforcement bars had yielded at the failure points for each analysis. 

Concrete A-bars B-Bars D-Bars EX-bars G-bars J-Bars M-bars 

K40 A1-A4 B1 D1 - G1 J1 & J2 M1 

K60 A1-A4 B1 D1 - G1 J1 & J2 M1 

K80 A1-A4 B1 D1 - G1 J1 & J2 M1 

   

It is affirmed that the same bars ultimately yielded for all analyses. It is also noted that the first bar to 

yield is the longitudinal D1 bars placed in the top side of the slab which yields over the support. For all 

analyses this bar yielded at a total load of approximately 1100 kN and the difference in total load for the 

yielding point was very small. Comparing the analysis using K80 to the one using K40 the increase in 

load before yielding was only 1.5% larger.  

7.4.1.5 Failure Mode 

Based on the reinforcement yielding patterns, the cracks and the ductile behaviour of the structure as it 

approached failure it is concluded that the failure mode was bending for all analyses. The failure might 

have occurred over the support where the strain was found to be the highest for all analyses.   

7.4.2 Tensile Strength 

7.4.2.1 Results from Monitoring Points 

Load – Deformation (LD) diagrams were produced to determine the change in total load capacity, 

rotation of the support and rotation of the main beams of the structure as a result of changes in concrete 

compressive strength, Figure 130. 

  

Figure 130. LD diagram for monitoring point VG using concrete tensile strengths K40, K60 and K80. 

Analyzing Figure 130 it is found that the tensile strength of the concrete affects the stiffness of the 

structure such that a higher tensile strength shifts the point where the initial stiffness is reduced upwards. 

This is reasonable behaviour due to a higher tensile strength making the structure more resilient and 

should result in cracks appearing at a larger applied load compared to a structure with lesser tensile 

strength. 
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Further, results show that the tensile capacity significantly affects the total load capacity of the structure. 

An increase of 11.6% in total load capacity was noted using properties of concrete quality K60 compared 

to K40. Between K60 and K80 an increase of 3.0% in total load capacity was noted. The smaller increase 

between K60 and K80 is expected as the increase in tensile capacity between the two concrete qualities 

is relatively small.  

Just as for the analyses of concrete strength it was found that each analysis of tensile strength ultimately 

displayed ductile behaviour close to its failure point. This could indicate that a bending failure is still 

the prevalent failure mode, but this must be affirmed by further analysis as was done for the compressive 

strength analyses.  

Next, the effect of changing the concrete tensile strength on the rotation of the main beams were 

evaluated and the obtained LD diagram is displayed in Figure 131. 

  

Figure 131. LD diagram for monitoring points HE1 and HE2 using concrete tensile strengths K40, K60 and K80. 

It is noted that the structure allowed for larger rotations of the main beam as the tensile strength of the 

structure was increased. After that,  the rotation of the main beams near the support was evaluated. The 

LD diagram obtained from the FEM analysis is displayed in Figure 132. 

  

Figure 132. LD diagram for monitoring points HA1 and HA2 using concrete compressive strengths K40, K60 and K80. 
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Analysing Figure 132 it is noted that a similar behaviour as for the rotation obtained from monitors HE1 

and HE2 is found. Higher tensile capacity seems to allow for larger rotations of the main beams before 

the structure ultimately fails. It is also noted that the results from all analysis in monitoring point HA1 

follows almost the exact trajectory.  

7.4.2.2 Deformed Shape 

The deformed shape of the bridge was evaluated to further investigate if the behaviour of the bridge 

had been altered due to the changes in concrete tensile strength. Figure 133 - Figure 135 display the 

deformed shapes that were obtained during the analyses 

 

Figure 133. Principal strain and deformed shape of the bridge using concrete quality K40 at its maximum obtained load 

(Only main beam, slab and support is displayed). 

  

Figure 134. Principal strain and deformed shape of the bridge using concrete quality K60 at its maximum obtained load 

(Only main beam, slab and support is displayed). 
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Figure 135. Principal strain and deformed shape of the bridge using concrete quality K80 at its maximum obtained load 

(Only main beam, slab and support is displayed). 

Results show that the strains experience by the bridge occurs in the same regions. Further, it is noted 

that the structure could withstand lesser strains before failure as the tensile strength was decreased. 

Evaluating the overall deformed shape of the structure it is not notably altered between the different 

analyses.  

7.4.2.3 Crack Patterns 

In order to further determine the impact of the concrete tensile strength on the structure behavior crack 

patterns were evaluated, see Figure 136 - Figure 138. 

   

                                    a.                                                                                  b. 

Figure 136. Crack patterns obtained in the structure using concrete quality K40 (Only main beam, slab and support is 

displayed). View from a. top of the bridge b. bottom of the bridge.  
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                       a.                                                                                  b. 

Figure 137. Crack patterns obtained in the structure using concrete quality K60 (Only main beam, slab and support is 

displayed). View from a. top of the bridge b. bottom of the bridge.  

 

   

            a.                                                                                  b. 

Figure 138. Crack patterns obtained in the structure using concrete quality K80 (Only main beam, slab and support is 

displayed). View from a. top of the bridge b. bottom of the bridge.  

From the analysis of the crack patterns, it is found that the results are very similar to the compressive 

strength analyses with regards to where the cracks occur. However, results show that the reduction of 

the tensile strength does seems to result in an increase of cracks between the beam and the slab.  

7.4.2.4 Reinforcement 

The stresses in the reinforcement were evaluated to determine where the first yielding occurred, at what 

load as well as what state the reinforcement was in at the point of failure, Figure 139 - Figure 141.  
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a.                                                                         b. 

Figure 139. Stresses in the reinforcement for concrete quality K40 at a. Failure and b. Initial yielding point.  

 

  

a.                                                                         b. 

Figure 140. Stresses in the reinforcement for concrete quality K60 at a. Failure and b. Initial yielding point.  

 

  

a.                                                                         b. 

Figure 141. Stresses in the reinforcement for concrete quality K80 at a. Failure and b. Initial yielding point.  

It is noted that the yielding pattern at failure is found to be very similar among the differnet anlyses of 

tensile capacity. Further, the yielding pattern at failure as well as where yielding first occurred is similar 

to the anlyses of the compressive strength. Yielding at failure occurs in the same bars as for the 

compressive strength analyses, Table 27. 

7.4.2.5 Failure Mode 

Finally, it is concluded that the failure mode for the analyses of the tensile capacity was bending failures. 

This is affirmed by the ductile behaviour of the LD-curve as well as the yielding and crack patterns.  
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7.4.3 Concrete Quality 

7.4.3.1 Results from Monitoring Points 

Load – Deformation (LD) diagrams were produced in order to determine the change in total load 

capacity, rotation of the support and rotation of the main beams of the structure as a result of changes in 

concrete quality, Figure 142. 

 

Figure 142. LD diagram for monitoring point VG during the evaluation of concrete qualities. 

The results with regards to mid span deflection display that the effect of changing concrete quality has 

a similar behaviour compared to changing the compressive- and tensile strengths individually. However, 

it is noted that the structure experiences a lesser stiffness for quality K40 compared to K60 and K80. 

Further, a change in total load capacity between K40 and K60 was measured to be 9.4% whereas the 

change between K60 and K80 was 2.4%. Just as for the previous analyses, the LD diagram suggests that 

bending failure might have occurred.  

Next, an evaluation of the rotation of the main beams at the mid span was evaluated, Figure 143. 

 

Figure 143. LD diagram for monitoring points HE1 and HE2 during the evaluation of concrete qualities. 
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A similar behavior was noted for the main beam rotation as for the mid span deflection with regards to 

overall behavior of the curves. A larger difference was noted between K40 and K60 compared to 

between K60 and K80, and the results show clearly that an increased concrete quality results in lesser 

rotations of the main beams. Next, the rotation of the bridge at the support in evaluated,  Figure 144. 

 

Figure 144. LD diagram for monitoring points HA1 and HA2 during the evaluation of concrete qualities. 

It is noted that lesser rotation of the bridge is noted for higher concrete qualities which is consistent with 

the fact that the mid span deflections were found to be smaller.   

7.4.3.2 Deformed Shape 

The deformed shape of the bridge was evaluated to further investigate if the behaviour of the bridge had 

been altered due to the changes in concrete compressive strength. Figure 145 - Figure 147 display the 

deformed shapes that were obtained during the analyses.  

 

Figure 145. Principal strain and deformed shape of the bridge using concrete quality K40 at its maximum obtained load 

(Only main beam, slab and support is displayed). 
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Figure 146. Principal strain and deformed shape of the bridge using concrete quality K60 at its maximum obtained load 

(Only main beam, slab and support is displayed). 

 

Figure 147. Principal strain and deformed shape of the bridge using concrete quality K80 at its maximum obtained load 

(Only main beam, slab and support is displayed). 

The resulting deformed shapes do not differ notably between the different concrete qualities.  

7.4.3.3 Crack Patterns 

In order to further determine the impact of the concrete qualities on the structure behavior crack patterns 

were evaluated, see Figure 148 - Figure 150 
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          a.                      b. 

Figure 148. Crack patterns obtained in the structure using concrete quality K40 (Only main beam, slab and support is 

displayed). View from a. top of the bridge b. bottom of the bridge.  

 

          a.                      b. 

Figure 149. Crack patterns obtained in the structure using concrete quality K60 (Only main beam, slab and support is 

displayed). View from a. top of the bridge b. bottom of the bridge. 
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      a.                      b. 

Figure 150. Crack patterns obtained in the structure using concrete quality K80 (Only main beam, slab and support is 

displayed). View from a. top of the bridge b. bottom of the bridge. 

It is noted that the cracks patterns don’t change significantly between the different analyses.  

7.4.3.4 Reinforcement 

The stresses in the reinforcement were evaluated to determine where the first yielding occurred, at what 

load as well as what state the reinforcement was in at the point of failure, Figure 127 - Figure 129.  

  

      a.                      b. 

Figure 151. Stresses in the reinforcement for concrete quality K40 at a. Failure and b. Initial yielding point. 
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     a.                      b. 

Figure 152. Stresses in the reinforcement for concrete quality K60 at a. Failure and b. Initial yielding point. 

 

     a.                      b. 

Figure 153. Stresses in the reinforcement for concrete quality K80 at a. Failure and b. Initial yielding point. 

It is noted that the yielding pattern at failure is found to be very similar among the differnet anlyses of 

concrete qualities. Further, the yielding pattern at failure as well as where yielding first occurred is 

similar to the anlyses of the compressive- and tensile strengths. Yielding at failure occurs in the same 

bars as for the compressive strength analyses, Table 27. 

7.4.3.5 Failure Mode 

Finally, it is concluded that the failure mode for the analyses of the concrete qualities was bending 

failures. This is affirmed by the ductile behaviour of the LD-curve as well as the yielding and crack 

patterns.  

7.4.4 Load Eccentricity 

The behaviour of RC trough bridges when the track was evaluated by mirroring the structure described 

in section 7.2 such that half of the bridge was modelled, and symmetry was only utilized in the 

longitudinal direction of the bridge. In important note is that the B1-bars were mirrored and moved 100 

mm as they lay in an alternating pattern, Figure 154. Further, the concrete compressive strength was 

changed to be -56.5 MPa (Characteristic values for concrete quality K80) in both the beam and the slab 

the evaluate the effect of load eccentricity when the different structural members have the same 

properties.  
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Figure 154. B1 bars in the Lautajokki bridge. 

7.4.4.1 Moments and Shear Forces 
First, the moments and shear forces in the transverse direction of the bridge slab was evaluated at the 

point of failure for each evaluated load case of eccentricity, Figure 155. In Annex C snapshot of the 

moment distributions drawn on a 3D model of the bridge is shown.  

  

Figure 155. Transverse moment in the RC trough bridge slab using a centered load case as well as load eccentricities of 

10cm and 20 cm. The beam closest to the shifted track is to the right in the image. 

The maximum moment found for a centric load case was 270 kNm. Further, the load eccentricities of 

10 cm and 20 cm resulted in increases of the maximum moment obtained at failure by 7.0 % and 12.0 

% respectively. Next, transverse shear forces in the slab were evaluated, Figure 156. 
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Figure 156. Transverse shear forces in the RC trough bridge slab using a centered load case as well as load eccentricities of 

10cm and 20 cm. The beam closest to the shifted track is to the right in the image. 

It is found that the shear forces generally are higher for the centered load case at the side furthest from 

the displaced track as well as the side closest to it. Otherwise, the shear force distributions follow similar 

curves although increasing shear forces are generally noted for increasing load eccentricities between 

approximately 1 m and 2.8 m into the bridge (steeper shear force curves). Next, longitudinal moments 

were evaluated, Figure 157. 

  

Figure 157. Longitudinal moment in the RC trough bridge using a centered load case as well as load eccentricities of 10cm 

and 20 cm. The beam closest to the shifted track is to the right in the image. 

The results of the analysis of longitudinal moments displayed significant differences between the 

different load cases. An increasing load eccentricity was found to increase the longitudinal moment 

dramatically. For a centered load case, the longitudinal moment was found to be relatively small with a 
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maximum value of approximately 80 kNm. However, using a load eccentricity of 10 cm resulted in an 

increase of the maximum longitudinal moment to a value of 360 kNm. This corresponds to a 350% 

increase. Similarly, an increase from 10 cm load eccentricity to 20 cm yielded an increase of 70.2 % to 

a value of 610 kNm. Next, longitudinal shear forces were evaluated, Figure 158. 

  

Figure 158. Longitudinal shear forces in the RC trough bridge using a centered load case as well as load eccentricities of 

10cm and 20 cm. The beam closest to the shifted track is to the right in the image. 

It is affirmed that the shear force curves for the centered case and the one with 10 cm load eccentricity 

follow very similar curves. However, the curve for the load eccentricity of 20 cm only do so close to the 

support but otherwise display lower values compared to the other cases. 

7.4.4.2 Results from Monitoring Points 

The results from the monitors were analysed in order to find the effect of load eccentricity of structure 

stiffness, beam rotations as well as total capacity. 

  

Figure 159. LD diagram for monitoring point VG during the analysis of load eccentricity. 
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From Figure 159 it was established that the overall stiffness of the structure was more or less unaltered 

when the load eccentricity was increased to 10 cm from having a perfectly centered track. In addition, 

the total capacity of the bridge only decreased by 0.36 % when using 10 cm load eccentricity, from 3879 

kN to 3865 kN.  

In addition, results show that the stiffness of the structure was altered when increased the load 

eccentricity further to 20 cm. In addition, the capacity of the bridge was notably reduced from 3870 kN 

to 3640 kN. This corresponds to a decrease in total capacity of 5.8 %.  

Further, the rotation of the main beams was monitored. 4 additional monitoring points were defined in 

the main beam closest to the shifted track called “HE1-2”, “HE2-2”, “HA1-2” and “HA2-2”. Each 

monitor was placed at the same location as the original monitors in the other beam bearing the same 

name, i.e. HE1-2 is placed at the same location as HE1 although at the other main beam, Figure 160 -

Figure 163.  

  

Figure 160. Results from monitors HE in both main beam for a centered track as well as one with 10 cm load eccentricity. 

 

  

Figure 161. Results from monitors HE in both main beam for a centered track as well as one with 20 cm load eccentricity. 

It is found that the rotations of the main beam further away from the shifted track increase as the load 

eccentricity increases. The opposite is affirmed for the main beam closest to the track. 
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Figure 162. Results from monitors HA in both main beam for a centered track as well as one with 10 cm load eccentricity. 

 

  

Figure 163. Results from monitors HA in both main beam for a centered track as well as one with 20 cm load eccentricity. 

From Figure 162 and Figure 163 is affirmed that an increased load eccentricity from 0 cm to 10 cm 

causes a further rotation of the main beam at the support at the side closest to the shifted track. 

Comparing the figures, it is affirmed that an increase of the load eccentricity from 10 cm to 20 cm 

increase the rotations in the beam closest to the shifted track further. In the main beam furthest from the 

shifted track lesser rotations are noted compared to a centered track for both cases of load eccentricity.  

7.4.4.3 Deformed Shape 

The deformed shape of the bridge was evaluated to further investigate if the behaviour of the bridge had 

been altered due to the changes in load eccentricity on the bridge. Figure 164 - Figure 166 display the 

deformed shapes that were obtained during the analyses.  
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Figure 164. Principal strain and deformed shape of the bridge using a centered track at its maximum obtained load (Only 

main beam, slab and support is displayed). 

   

a.   b. 

Figure 165. Principal strain and deformed shape of the bridge using 10 cm load eccentricity at its maximum obtained load 

(Only main beam, slab and support is displayed). View from a. Top, viewing the beam furthest from the track and b. Top, 

viewing the beam closest to the track. 

 

   

a.   b. 

Figure 166. Principal strain and deformed shape of the bridge using 20 cm load eccentricity at its maximum obtained load 

(Only main beam, slab and support is displayed). View from a. Top, viewing the beam furthest from the track and b. Top, 

viewing the beam closest to the track. 

It is noted that the overall deformed shape of the structure does not vary between the different load cases. 

However, some differences between the strain pattern from the load case with 20 cm eccentricity 

compared to the others. The maximum strain obtained for the load case with 20 cm was significantly 
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higher at failure although strains appear to occur in the same regions. This could be because of increasing 

strain concentrations over the support due to the increased load eccentricity. This would also mean that 

the strains at the mid span become less in comparison which is the reason why less color indication is 

given for strain at the mid span for the 20 cm load case. Studying the values near the mid span, they are 

relatively similar to one another.   

7.4.4.4 Crack Patterns 

In order to further determine the impact of the load eccentricity on the structure behavior crack patterns 

were evaluated, see Figure 167 - Figure 169. 

  

a.   b. 

Figure 167. Crack patterns obtained in the structure using a centered track (Only main beam, slab and support is displayed). 

View from a. top and b. bottom. 

 

   

  a.   b. 
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c. 

Figure 168. Crack patterns obtained in the structure using a 10 cm load eccentricity (Only main beam, slab and support is 

displayed). View from a. top, showing the beam furthers from the track, b. View from a. top, showing the beam closest to the 

track, c. bottom. 

    

 a.   b. 

  

c. 

Figure 169. Crack patterns obtained in the structure using a 20 cm load eccentricity (Only main beam, slab and support is 

displayed). View from a. top, showing the beam furthers from the track, b. View from a. top, showing the beam closest to the 

track, c. bottom. 

It is noted that all load cases display similar behaviours with regard to where cracks appear. For the load 

case with 10 cm load eccentricity no significant variations between the side carrying a larger portion of 
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the track and the other one was noted. However, using a 20 cm load eccentricity it becomes clearer that 

a larger portion of the bottom side of both the slab and the main beam has started to crack.   

7.4.4.5 Reinforcement 

The stresses in the reinforcement were evaluated to determine where the first yielding occurred, at what 

load as well as what state the reinforcement was in at the point of failure, Figure 170 - Figure 172.  

  

a.                                                                         b. 

Figure 170. Stresses in the reinforcement for a centric load case at a. Failure and b. Initial yielding point.  

 

 

  

a.                                                                         b. 

Figure 171. Stresses in the reinforcement for a load case using 10 cm load eccentricity at a. Failure and b. Initial yielding 

point.  

 

   

a.                                                                         b. 

Figure 172. Stresses in the reinforcement for a load case using 20 cm load eccentricity at a. Failure and b. Initial yielding 

point.  
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It is noted that similar yield patterns are obtained as for the analyses of the tensile and compressive 

strengths. Further it is noted that initial yielding once again occurs over the support and all analyses of 

different load eccentricities yields at approximately the same total load of 2230 kN. Since half the bridge 

is modelled in this case instead of one quarter, the load is also close to the one found during the analyses 

of tensile- and compressive strengths. 

In addition, an increasing load eccentricity was found to result in less stresses on the reinforcement bars 

further away from the shifted track. Using 20 cm load eccentricity, no yielding was noted in the main 

beam further away from the shifted track at the point of failure.  

7.4.4.6 Failure Mode 

Analysing the crack patterns, deformed shape and strains of the structure suggest that the structures 

might have failed in bending. Again, it is possible that the failure occurred over the support where the 

largest strains were found. However, the structure appeared to be less ductile when analysing the load 

case with 20 cm load eccentricity as shown in Figure 159 compared to the previous analyses of the 

concrete properties. Even though a considerable amount of shear cracks were prevalent in the structure, 

there is not much else that would suggest that the structure had failed in shear for any of the analyses 

performed.   
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8.0 Discussion 
The FEM section of this thesis aimed towards understanding how material properties and load 

eccentricity affect the structure. The behavior of RC trough bridges due to changes of compressive 

strength, tensile strength, concrete class and magnitude of load eccentricity was analyzed in the non-

linear FEM program ATENA. This section answers the research question that were raised in the 

beginning of the thesis regarding the FEM analysis and summarize the most interesting findings. It also 

discusses some important drawbacks in the performed work that have been noted during the process of 

completing this part of the thesis. 

8.1 Reflection - FEM Analysis 

One clear limitation of the analysis has been the lack of data regarding the Lautajokki bridge. Except 

for the experimentally measured values for the concrete compressive- and tensile strength there were 

many parameters such as young’s modulus and the fracture energy that were not previously determined. 

It should also be noted that the properties of concrete for the main beam as well as the tensile strength 

of the slab should perhaps have been determined using more concrete samples than what was used. In 

addition, the original report of the tests on Lautajokki lacked information regarding the support which 

could have been useful to have since it represented an important part in the FEM model. Also, crack 

patterns on the top side would have been extremely valuable in order to determine if the strain- and 

crack patterns obtained were realistic for the bridge.  

8.2 Research Questions 

How is an RC trough bridge affected by eccentric loads caused by horizontal rail displacement 

of a straight track? 

An interesting finding of the FEM analysis was that the effect of increasing load eccentricity on the 

capacity of RC trough bridges. The capacity of the structure was found to be 3880 kN without load 

eccentricity, which was reduced by 0.36 % to 3870 kN which 10 cm load eccentricity was used, which 

is the current minimum eccentricity that needs to be considered during structural calculations according 

to Trafikverket. Further, increasing the load eccentricity decreased the capacity by another 5.8 % to 

3640 kN. This result suggests that the relationship between an increasing load eccentricity is not linear 

to the decrease in maximum capacity in RC trough bridges. Therefore, it is possible that excessive load 

eccentricities on this type of structure might lead to magnified negative effects. Further it was found that 

an increasing load eccentricity yielded higher maximum transverse- and longitudinal moments obtained 

at failure. For the transverse moment, a centered track resulted in a maximum moment of 270 kNm 

which was altered by 7.0 % and 12.0 % for 10 cm eccentricity and 20 cm respectively. For the 

longitudinal moment, a centered track resulted in a value of 80 kNm which was increased by a staggering 

350 % to a total load of 360 kNn when the load eccentricity was increased to 10 cm. When it was further 

increased to 20 cm, the moment was further increased by 70.2 % to a maximum moment of 610 kNm. 

It is therefore possible that the transverse- and longitudinal moments of RC bridges are underestimated 

during capacity estimation according to the current design codes where 10 cm load eccentricity is 

considered.  

In addition, it could be affirmed that load eccentricity alters the rotation in the main beams of RC trough 

bridges. The beam closest to the shifted track experienced increasing beam rotation at the support 

whereas the one further away from the track experienced less rotation.  

Another important note is that the results confirmed that the main beam closest to the shifted track will 

carry more load compared to the other beam and will hence experience increased stresses. This could 
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be the reason for the decreasing capacities of the structure as the load eccentricity increases. In this 

study, no differences between failure modes were found between the different load cases. 

Does the concrete compressive- and tensile strengths affect the overall capacity or failure mode 

of RC trough bridges?  

It was affirmed that the concrete compressive- and tensile properties altered the capacity of the bridge. 

An increase in compressive strength from the properties of concrete quality K40 to K60 increased the 

capacity by 4.4 % and it was further increase by 1.4 % when the properties of K80 was used. For the 

tensile strength, the same increases of concrete quality gave an increase of 11.6 % between K40 and 

K60 and 3.0 % between K60 and K80. The overall stiffness was also found to be reduced when using 

lesser tensile strength due to an earlier appearance of tensile cracks. The failure mode of the structure 

was concluded to be ductile bending failure for all analyses.  

Analyzing the concrete qualities, it was affirmed that an increase of quality resulted in decreased rotation 

of the main beams at the mid span and also increased the total capacity of the bridge. An increase in 

total capacity of 9.4% was found when increasing the quality to K60 from K40. Increase the quality to 

K80 from K60 yielded a capacity increase of 2.4%. The failure mode of the structure was concluded to 

be ductile bending failure for all analyses. 

The resilience noted for the Lautajokki during its experimental testing in 1996 could partially be 

explained by its significantly increased concrete properties. However, there could be other factors and 

parameters that affect the structures capacity that have not been covered in this thesis. 

8.3 Suggestions for Future Work  

One suggestion for future work regarding the FEM model is to put further work into creating a structured 

mesh using hexahedral elements as it was not done in this thesis due to time limitations. This could 

decrease the total elements used during the analysis. An example of use cases for the model would then 

be to use it to evaluate the influence of load eccentricity on RC trough bridges when the track is curved. 

When this is the case, the railway track will be designed to have a cant in order to minimize the risk of 

derailment. Since the ballast layer will be uneven and due to horizontal forces generated by the train, it 

is possible that a centrically placed railway track is not the case that divides the loads equally between 

the two main beams. Instead, equilibrium might be achieved when the track is shifted for instance 10cm 

towards the inner radius of the curve. Similarly, it is possible that a horizontal shift towards the outer 

radius of the curve yield will cause one main beam to carry excessive loads and reduce the bridges 

capacity with regards to axle loads significantly.  

Another suggestion for interesting to be performed in the future is to expand the investigations of the 

effect of load eccentricity to other types of railway bridges. It is possible that other bridge types 

experience less, more or different kinds of issues which would be interesting to gain further knowledge 

regarding.  
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ANNEX A – STANDARD DRAWINGS 
 

 

Figure 173. Standard drawing B 2447-8 for RC trough bridges with spans between 5.0 – 8.0 m. 
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Figure 174. Standard drawing B 2447-12 for RC trough bridges with span lengths between 5.0 – 8.0 m. 
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Figure 175. Standard drawing B 2447-42 for RC trough bridges with span lengths between 11.0 – 13.0 m.  
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ANNEX B – REINFORCEMENT SPECIFICATION 
 

  

Table 28. Reinforcement Specification for the Lautajokki Bridge. 

Figure 176. Reinforcement Shapes (Gothia, 2014). 
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ANNEX C – FEM  
In this annex a comparison between the developed FEM-model and the experimentally 

obtained results are displayed. 

Vertical Monitors 

 

Figure 177. Comparison between experimental- and FEM results for monitoring point VG. 

 

 

Figure 178. Comparison between experimental- and FEM results for monitoring point VF. 
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Figure 179. Comparison between experimental- and FEM results for monitoring point VE. 

 

 

Figure 180. Comparison between experimental- and FEM results for monitoring point VD. 
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Figure 181. Comparison between experimental- and FEM results for monitoring points VA1 and VA2. 

 

Horizontal Monitors 

 

Figure 182. Comparison between experimental- and FEM results for monitoring points HE1 and HE2. 
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Figure 183. Comparison between experimental- and FEM results for monitoring points HA1 and HA2. 

 

Internal Forces from Analyses 

 

 

Figure 184. Transverse moment and shear force distributions for the RC trough bridge when the track is centered on it.  
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Figure 185. Longitudinal moment and shear force distributions for the RC trough bridge when it experiences a load 

eccentricity of 10 cm. Beam closest to the shifted track is to the right in the image. 

 

 

Figure 186. Transverse moment and shear force distributions for the RC trough bridge when it experiences a load 

eccentricity of 20 cm. Beam closest to the shifted track is to the right in the image. 

 

Figure 187. Longitudinal moment and shear force distributions for the RC trough bridge when the track is centered on it. 
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Figure 188. Longitudinal moment and shear force distributions for the RC trough bridge when it experiences a load 

eccentricity of 10 cm. 

 

Figure 189. Longitudinal moment and shear force distributions for the RC trough bridge when it experiences a load 

eccentricity of 20 cm. 
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ANNEX D - EXCEL 
 

 

Figure 190. Material data obtained from the BaTMan analysis. 

 

Figure 191. Data regarding span lengths, ages and number of spans obtained from the BaTMan analysis. 
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Figure 192. Data regarding conditions classes and averages ages for the respective condition classes and material 

categories obtained during the BaTMan analysis. 

 

Figure 193. Data regarding the distribution of bridges within the different condition classes among the different regions that 

are defined by Trafikverket.  
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Figure 194. Data regarding structure types and RC trough bridges obtained during the analysis of BaTMan. 

 

Figure 195. Data regarding RC trough bridges with respect to condition classes and regions. 

 

Figure 196. Data regarding damages done to bridge obtained during the BaTMan analysis. 
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Figure 197. Data regarding damages done to RC trough bridges obtained during the BaTMan analysis. 

 

 

 

 

 

 

 

  



xv 

 

 

ANNEX E – ESREL2021 Conference Paper 
 

 

Figure 198. ESREL2021 conference paper, page 1. 
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Figure 199. ESREL2021 conference paper, page 2. 
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Figure 200. ESREL2021 conference paper, page 3. 



xviii 

 

. 

 

Figure 201. ESREL2021 conference paper, page 4. 
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Figure 202. ESREL2021 conference paper, page 5. 
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Figure 203. ESREL2021 conference paper, page 6. 
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Figure 204. ESREL2021 conference paper, page 7. 
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Figure 205. ESREL2021 conference paper, page 8. 
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ANNEX F – IABSE2022 Conference Paper (To be submitted) 
 

 

Figure 206. IABSE 2022 Conference paper, page 1. 



xxiv 

 

 

Figure 207. IABSE 2022 Conference paper, page 2. 
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Figure 208. IABSE 2022 Conference paper, page 3. 
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Figure 209. IABSE 2022 Conference paper, page 4. 



xxvii 

 

 

 

 

Figure 210. IABSE 2022 Conference paper, page 5. 



xxviii 

 

 

 

 

Figure 211. IABSE 2022 Conference paper, page 6. 
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Figure 212. IABSE 2022 Conference paper, page 7. 
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Figure 213. IABSE 2022 Conference paper, page 8. 



xxxi 

 

 

Figure 214. IABSE 2022 Conference paper, page 9. 

 


