










Appendix A 
 
 
Background and motivation 
 
The railway infrastructure is an important part of the European land based transportation network. 

However, many of the European railway bridges are rather old and consequently operation and 

maintenance costs are very high. Besides, these costs are increasing since the bridges are subjected to 

intensive vibrations due to trains traveling at higher and higher speeds. 

 

In Sweden, the total number of railway bridges is approximately 3800. It is estimated that around 1100 

of these bridges will need to be upgraded to train speeds between 250-300 km/h within the next 5-10 

years. Two numerical studies performed recently by the division of Structural Engineering and Bridges 

at KTH for the Swedish Transport Administration (Trafikverket) have shown that about 60% of these 

1100 bridges cannot be easily upgraded to carry high speed trains. The first study [1,2], performed in 

2011, concerned the West Main Line between Stockholm and Gothenburg, the South Main Line 

between Stockholm and Malmö and the West Coast Line between Gothenburg and Malmö. The second 

study [3], performed in 2013, concerns the new Bothnia Line in the North of Sweden. 

 

These extensive numerical studies have shown that when travelled by high speed trains (i.e. a speed 

between 200 and 300     ) more than 600 Swedish railways bridges exceed the maximum bridge 

deck vertical acceleration of 3.5      allowed by Eurocode EN-1990 and EN-1991-2. These 

numerical studies have been performed by following all the recommendations stated by the norm in 

Eurocode.  

 

One important consequence is that these bridges need to be either replaced or strengthened. Both 

alternatives are very expensiv, have a negative impact on the environment and lead to tremendous 

traffic disturbances. Another important conclusion is that using the current design practice more 

expensive solutions for new bridges might be necessary. 

 

The above comments are particularly true for two of the most usual types of railway bridges in 

Sweden: portal frame bridges and bridges with integrated abutments (see Fig. 1). Note also that these 

bridge types are specific for Sweden and less common in other European countries. In addition, 

Swedish railway bridges are most often single track which changes considerably the dynamic 

properties compared with the more common double track solution in the rest of Europe. 

 

However, from our research experience in this topic (also confirmed by other studies), we know that 

the numerical models used in the dynamic analyses of railway bridges present several uncertainties and 

often predict acceleration levels which are higher than in reality. The main reason is that some 

parameters which can have a significant influence on the dynamic response of bridges are difficult to 

quantify and are therefore usually neglected in the numerical models. One important parameter is the 

soil-structure interaction.  

 

As example, for the portal frame bridge in Fig. 1, a conventional FEM analysis gives maximum deck 

accelerations of about 6 m/s
2
 during a high speed train passage. This means that the bridge should be 

replaced or strengthened. However including in a simplified way the soil-structure interaction shows 

that the maximum acceleration is about 3 m/s
2
 which actually means that the bridge fulfils the 

acceleration requirements without any special measures.  

 



 
 

 

 
 

 

Figure 1: A portal frame bridge at Orrvik and a bridge with integrated abutments at Aspan along the 

new Bothnia line.  

 

 

 

As another example, for the bridge with integrated abutments in Fig.1, a conventional FEM analysis 

predicts acceleration levels of about 15 m/s
2
. However we believe that introducing the effect of the 

soil-structure interaction at the abutments will have a similar effect as in the first case. 

 

Another problem is that the dynamic properties of railway bridges (i.e. natural frequencies and damping 

coefficients) are often rather different at low and large amplitudes of vibrations; see e.g. [4-7]. 

However, our current numerical models are calibrated using field experiments performed at low 

amplitudes of vibrations (e.g. by using ambient vibrations tests or passage of trains at low speeds).  

Consequently, the numerical models are not accurate to predict the large vibrations of bridges due to 

the passage of high speed trains. 

 

In fact, the effect of the soil-structure interaction on the dynamic behaviour of railway bridges is today 

not well understood. This is a serious problem since the increase of the train speeds implies increased 

dynamic effects which affect both the safety and the service life of the bridges. Additional research is 

necessary to understand this effect. The division of Structural Engineering and Bridges at KTH is 

leading this research in Sweden and internationally. With the experience we have gathered during the 

last twelve years we know that the current Eurocode requirements are very approximate, misleading 

and can for some cases even be unsafe. 

 

By better understanding how the soil-bridge system works dynamically we believe that it is possible to 

perform more accurate numerical analyses and then to avoid an unnecessary replacement or 

strengthening of about 500 railway bridges in Sweden. This means approximately a saving of 500 

MSEK per year under the next ten years, as a low rough estimation.  

 



Objectives 
 
The objective of this research project is to understand in depth the effects of the soil-structure 

interaction on the dynamic behaviour of railway bridges. Within this context, the following will be 

achieved: 
 

 A new methodology for the inclusion of the soil-structure interaction in numerical models will 

be developed. This new approach is based on a coupling between boundary and finite elements. 
 

 Based on parametric studies using the above methodology, a simplified approach, suited for 

current design practice, will be proposed. This simplified approach will be mainly based on 

introducing some additional damping.  
 

 Specific recommendations to improve the structural dynamical performance of bridges will be 

proposed. 

 

This research project will lead to more sustainable and cost-effective bridges as:  
 

 An expensive replacement or strengthening will be avoided for about 500 existing Swedish 

railway bridges under the next 5-10 years. 
 

 The design of new bridges will be improved (in order to avoid vibration problems) so that the 

life-cycle-cost will be reduced as less repair and maintenance of tracks and bridges will be 

needed.  

 
 
Methodology 
 

The methodology which will be used in this project is based on extensive numerical simulations 

combined with field measurements on several bridges in order to get a good understanding of the 

fundamental mechanism of soil-structure interaction 

 

Two numerical techniques will be used to introduce the soil-structure interaction in the models. The 

first one is based on a frequency domain analysis of a coupled finite element (FEM) and boundary 

element (BEM) models. The second one is a time domain analysis based on the complex eigenmodes 

of the damped system. In this context it is important to note that the model must consider non-

proportional damping as a way of accurately representing the soil-structure interaction. We believe that 

the latter approach will provide a significant insight to the problem as it can describe the way in which 

the soil affects the eigenmodes of the system. 

 

Usually, the dynamic properties of railway bridges are studied experimentally by measuring the 

vibrations due to ambient wind loads or train passages. However, in the first case, the vibrations are 

very low and of a completely different nature than the ones induced by high speed trains. In the second 

case, the influence of the train makes it difficult to fully understand the dynamic behaviour of the 

bridge itself. 

 

For these reasons, a different (and until now not used in Sweden in the context of railways bridges) 

experimental approach will be used. A sinus exciter, consisting of a mass oscillating at a variable 

amplitude and frequency will be used. Compared to the classical ones, this experimental approach has 

several advantages: 
 



 The dynamic force applied to the bridge is known which allows an accurate calibration of the 

numerical model of the bridge. 
 

 The natural frequencies of the bridge are excited separately one by one. The dynamic behaviour 

of the bridge can therefore be obtained in a very accurate way.  
 

 Large amplitudes of vibrations can be obtained. 

 

The results from these field measurements will be used to implement, calibrate and verify the 

numerical models of the bridges. Advanced model updating techniques in conjunction with parametric 

studies will be used to study and subsequently quantify the influence of the soil-structure interaction.  

 

 

Overview of the research area and previous experience 
 
Dynamic analysis of railway bridges is a common research topic and many articles about that can be 

found in the literature.  

 

In many works, see e.g. [8–14], the soil-structure interaction is neglected or modelled using elastic 

springs. However, recent studies [15-16] performed by the division of Structural Engineering and 

Bridges at KTH have shown that such models are far too crude to estimate the dynamical response 

induced by high speed trains.  

Calculations which consider the soil-structure interaction have proven to be very computational 

expensive, as one must include the soil strata in the model. To overcome this shortcoming, it is 

essential to use appropriate numerical techniques. Recently, the coupling of the Finite Element Method 

(FEM) and the Boundary Element Method, within this field, has proven to be trustworthy [17-19]. The 

reason for this is that Green’s functions are used to fully describe the soil, and therefore it is enough to 

model the bridge and the soil interface.  

Another important problem is that discrepancies between calculations and experiments are often 

observed. This especially applies to short or medium span bridges for which important differences (up 

to 40%) between calculated and measured lowest natural frequencies can be observed. Several studies 

have also shown that for such bridges, the natural frequencies and corresponding modal damping ratios 

vary as function of the amplitudes of vibration. In order to understand this, one has to consider a non-

classically damped system where both the natural frequencies and mode shapes consist of a real and 

imaginary part, see e.g. [20-21].  The refined model allows propagating and standing waves to exist 

simultaneously. The former is of most importance since for soil-structure interaction energy is 

dissipated by radiation damping. This implies that the characteristic damping of bridges is non-

proportional. This aspect is usually not taken into account in dynamic analyses. On the opposite a 

classically damped system, which is commonly used to evaluate modal damping ratios, only allows for 

standing waves.  

 

The division of Structural Engineering and Bridges at KTH has a long research tradition in the fields of 

monitoring and dynamic analysis of bridges. The division is recognized as an international leader in 

this area and has at present 6 (among 18) PhD students working in this area. Their work has been 

focusing on the development of models for soil-structure interaction, closed form solutions for the 

dynamical response of moving loads on bridges, real-time condition monitoring techniques for bridges, 

assessment of actual dynamic loads from passing trains, developments of methods of structural 



identification and model updating, and the development of methods for train-bridge dynamic 

simulations. As examples of recent research outcome, the division has assisted the Swedish Transport 

Administration (Trafikverket) during 2010-2013 in the Swedish high-speed rail investigations [1,2] and 

Bothnia line [3]. In addition to the above, the division has a long experience in life-cycle research 

related to bridges and at present two PhD students are performing research on LCC and LCA of 

bridges. 

 

 

Project description 
 

The project includes numerical analyses and extensive field measurements. Two types of railway 

bridges (see Fig. 1) will be studied: 
 

 portal frame bridges (“plattrambroar”) 
 

 bridges with integrated abutments (“ändskärmsbroar”) 
 

This choice is motivated by the fact that previous studies [2,3], performed by the division of Structural 

Engineering and Bridges at KTH, have shown that many bridges of these types exceed the design 

criteria stated by Eurocode when traditional FEM analyses are performed. Beasides, these types of 

bridges are the most common railway bridges in Sweden and far less common in other European 

countries. It can also be noted here that Swedish railway bridges are most often single track which 

changes considerably the dynamic properties compared with the more common double track solution in 

the rest of Europe. 

 

For each type, at least two existing bridges will be studied experimentally and numerically. For that, 

the following steps will be performed in each case: 

 

1  Two numerical models of the bridge will be developed and compared: 
 

 A coupled finite element FEM/BEM of the bridges will be developed and solved in the 

frequency domain. This is a computationally expensive model that produces accurate results. 
 

 A simplified finite element model of a non-proportional damped system. The soil is modelled 

using hidden variables, see e.g. [22-23], with mechanical properties from impedance curves, see 

e.g. [24]. The dynamical response is calculated using a complex modal superposition method 

developed by Kawano [25].  

 

The purpose here is threefold:  
 

 To get a good understanding of the influence of soil-structure interaction in the context of 

bridge dynamic.  
 

 To identify soil parameters (e.g. shear wave speed, depth to rock, layered soils) which influence 

the dynamic behaviour and which are difficult to quantify. 
 

 To validate the simplified model, as it would provide more insight into the problem, and save 

considerable computational time. 

 

 

 



These preliminary results will be used to determine the setup of the experiments. As a matter of fact, in 

order to measure with accuracy the dynamic behaviour of the bridge, the position, frequency range and 

rotating mass of the exciter as well as the number and position of sensors (mainly accelerometers but 

also strain gauges, displacements transducers and geophones), must be carefully chosen. 

 
2  Geotechnical survey and field experiments will be performed and analysed.  
 

 First a geotechnical survey will be conducted to obtain site-specific properties of shear wave 

speed, Poisson's ratio and density of the soil layers. 
 

 Second, experiments using the exciter will be conducted. Here it is important that the frequency 

of the exciter is increased very slowly so that the steady state response is obtained at each step. 

It is also important that during the experiments the only dynamic acting load is the exciter.  
 

 Finally, experiments using travelling trains will be performed and the vibrations of the bridge 

due to travelling trains will be recorded. Here, it is important to use the same setup for the 

sensors as in the first experiments.  

 
3  The results of the geotechnical survey and experiments using the exciter will be used to calibrate and 

update the finite element model of the bridge. Advanced model updating techniques will be used to 

quantify the parameters which are relevant to the dynamic response but which are usually not 

quantified. This concerns particularly the soil-structure interaction. 

 

4  The finite element model obtained in step 3 will be used to calculate the response of the bridge to the 

train passages recorded in step 2. Comparisons with experimental results will be performed. One 

challenge here is related to the effect of train-bridge interaction. The results obtained by an on-going 

PhD project at the division of Structural Engineering and Bridges about train-bridge interaction will be 

very useful. 

 
5  The developed numerical model will be used to perform parametric studies and quantify the 

influence of the geotechnical conditions on the dynamic response of bridges with different geometrical 

configurations. The aim in this context is to try to define a simplified approach, where a complex soil-

structure interaction model is replaced by an increased additional damping for the bridge. It should be 

noted here that the damping as defined by Eurocode (ERRI D-214) [26] is only function of the length 

of the bridge and that for short bridges experiments have shown that the proposed damping values are 

too conservative. 

 

 

The ideas of the project are summarised in Fig. 2 
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Figure 2: Summary of the project description 

 
 
Project organisation 
 

The project will be performed by a new PhD student at the division of Structural Engineering and 

Bridges. The main supervisors will be Docent Jean-Marc Battini KTH and Professor Costin Pacoste 

ELU/KTH. The experimental part of the project will be partly financed by Trafikverket and KTH 

Railway Group. The fourth year of the PhD studies will be financed by KTH.  

 

The following reference group will be associated to the project: 
 

 Adj. Prof Staffan Hintze, NCC Construction /KTH  (expert in soil/rock modelling) 

 Adj. Prof Lars Pettersson, Skanska/KTH  (expert in bridge design) 

 Prof Raid Karoumi, KTH  (expert in bridge analysis and design)  

 Dr. Johan Jonsson, Trafikverket  (expert in bridge/track dynamics and soil-structure interaction) 

 Dr. Andreas Andersson, Trafikverket/KTH  (expert in field testing and signal analysis) 

 Dr. Mahir Ulker, Tyréns/KTH  (expert in soil-structure interaction and signal analysis) 

 Dr. Garry Axelsson, ELU (expert in geotechnical engineering) 

 
 
Experimental equipment 
 

The project has a strong experimental character. At least two portal frame bridges and two bridges with 

integrated abutments will be instrumented and tested. In order to get the dynamic properties of the 

bridges with accuracy an exciter consisting of a mass oscillating at variable amplitudes and frequencies 

will be developed. One challenge here is that the mass must be large enough to produce relatively large 

vibrations on the bridges at rather low frequencies. Another challenge is that the frequency range of the 

oscillating mass must cover all the relevant natural frequencies of the bridges. Accelerometers, strain 

gauges, displacements transducers and geophones will be used to measure the vibrations and 

deformations of the bridges and the surrounding soil.  

 



Societal value of the research 
 

The project will have a very important financial impact on the costs related to existing and future 

railways bridges. More specifically, the project will lead to: 
 

 An expensive rebuilding or strengthening will be avoided for about 500 existing Swedish 

railway bridges under the next 5-10 years. 
 

 A cost effective design of new railways bridges. 
 

 A reduction of the life-cycle-cost of railways bridges. 

 

 

Scientific deliverables 
 
The project will be performed by a new PhD student at the division of Structural Engineering and 

Bridges at KTH. Both the experimental and numerical results of the project, as well as the 

recommendations to perform accurate dynamic analyses will be presented in: 
 

 a Licentiate and a PhD thesis 
 

 five articles published in high ranked international journals 
 

 international conferences.   

 

 

Communication with stakeholders end users 
 

One specific target group for this project is bridge engineers. The objective is to provide them with 

recommendations for performing more accurate dynamic analyses and for improving the design of new 

bridges. These recommendations will be presented in a handbook. KTH will also organize seminars to 

spread this information.  

 

The project will be performed in close cooperation with industry, see the reference group: NCC 

(Staffan Hintze), Skanska (Lars Pettersson), ELU Konsult (Garry Axelsson), Tyréns (Mahir Ulker), 

Trafikverket (Johan Jonsson, Andreas Andersson). This insures that the results of the project will be 

applied directly in practice. 

 

 

International collaborations 
 

The Division of Structural Engineering and Bridges at KTH has an on-going cooperation with the 

Department of Civil Engineering at KU Leuven, Belgium [Prof. Guido De Roeck] about soil-structure 

interaction for railway bridges. One of our PhD students spent recently one month at Leuven and 

additional mutual visits are planed. KU Leuven will be fully associated to this project. 

 

The Division of Structural Engineering and Bridges at KTH has also collaborations with the 

Department of Civil Engineering at the University of Porto (FEUP), Portugal [Prof. Rui Calçada] and 

the Department of Civil Engineering at the Technical University of Madrid (UPM), Spain [Prof. José 

M. Goicolea]. The expertise, in bridge dynamics and train-bridge interaction, of these two universities 

will be used in the project. 



References 
 
[1] Johansson, C, Andersson, A, Wiberg, J, Ülker-Kaustell, M, Pacoste, C, Karoumi, R. 

Höghastighetsprojekt ‐ Bro: Delrapport I: Befintliga krav och erfarenheter samt parameterstudier 

avseende dimensionering av järnvägsbroar för farter över 200 km/h. KTH avd för bro- och 

stålbyggnad, TRITA-BKN Rapport 139, 2010.  

 
[2] Johansson, C, Arvidsson, T, Martino, D, Solat Yavari, M, Andersson, A, Pacoste, C, Raid, K. 

Höghastighetsprojekt - Bro: Inventering av järnvägsbroar för ökad hastighet på befintliga banor. KTH 

avd för bro- och stålbyggnad, TRITA-BKN Rapport 141, 2011. 

 

[3]  Dynamiska kontroller av järnvägsbroar längs Botniabanan för framtida höghastighetståg. KTH avd. 

för bro- och stålbyggnad, preliminär rapport. 

 

[4] Battini, J-M, Ülker-Kaustell, M. A simple finite element to consider the non-linear influence of the 

ballast on vibrations of railway bridges.  Engineering Structures  2011 33 2597-2602. 

 

[5] Ülker-Kaustell, M., Karoumi, R.  Influence of non-linear stiffness and damping on the train-bridge 

resonance of a simply supported railway bridge.  Engineering Structures  2012 41 350-355. 

 

[6] Ülker-Kaustell, M., Karoumi, R.  Application of the continuous wavelet transform on the free 

vibrations of a steel-concrete composite bridge.  Engineering Structures  2011 33 911-919. 

 

[7] Rebelo C, da Silva LSimoes, Rigueiro C, Pircher M. Dynamic behaviour of twin single-span 

ballasted railway viaducts-field measurements and modal identification. Engineering Structures 2008 

30 2460-2469. 

 

[8] Biondi B, Muscolino G, Sofi A. A substructure approach for the dynamic analysis of train–track–

bridge system. Computers and Structures 2005 83 2271–81. 

 

[9] Rigueiro C, Rebelo C, da Silva LSimoes. Influence of ballast models in the dynamic response of 

railway viaducts. Journal of Sound and Vibration 2010 329 3030–40. 

 

[10] Wu Y-S, Yang Y-B. Steady state response and riding comfort of trains moving over a series of 

simply supported bridges. Engineering Structures 2003 25 251–65. 

 

[11] Yau J-D, Yang Y-B, Kuo S-R. Impact response of high speed rail bridges and 

riding comfort of rail cars. Engineering Structures 1999 21 836–44. 

 

[12]  Lu, Y., Mao, l., Woodward, P.  Frequency characteristics of railway bridge response to moving 

trains with consideration of train mass. Engineering Structures  2012 42 9-22. 

 

[13]  Liu, K., Reynders, G., De Roeck, G. and Lombaert, G. Experimental and numerical analysis of a 

composite bridge for high-speed trains. Journal of Sound and Vibration  2009 320 201-220. 

 

[14]  Museros, P., Romero, M.L., Poy, A., alarcon, E. Advances in the analysis of short span railway 

bridges for high-speed lines. Computers and Structures  2002 80 2121-2132. 

 



[15] Ülker-Kaustell, M., Karoumi, R., Pacoste, C., 2010. Simplified analysis of the dynamic soil-

structure interaction of a portal frame railway bridge. Engineering Structures 32, 3692–3698. 

 

[16] Ülker-Kaustell, M., 2013. Essential Modelling Details in Dynamic FE-analyses of Railway 

Bridges. Ph.D. thesis, KTH Royal Institute of Technology, Stockholm. 

 

[17] O’Brien, J., Rizos, D.C., 2005.  A 3D BEM-FEM methodology for simulation of high speed train 

induced vibrations. Soil Dynamics and Earthquake Engineering 25 289-301. 

 

[18] Romero, A., Solís, M., Domínguez, J., Galvín, P., 2013. Soil-structure interaction in resonant 

railway bridges. Soil Dynamics and Earthquake Engineering 47 108-116. 

 

[19] François, S., Schevenels, M., Galvín, P., Lombaert, G., Degrande, G., 2010. A 2.5D coupled FE–

BE methodology for the dynamic interaction between longitudinally invariant structures and a layered 

halfspace. Comput. Methods Appl. Mech. Engrg. 199 1536-1548. 

 

[20] Noll, S., Dreyer, J., Singh, R., 2014. Complex eigensolutions of coupled flexural and longitudinal 

Modes in a beam with inclined elastic supports with non-proportional damping. Journal of Sound and 

Vibration 333, 818-834. 

 

[21] Zarek, J., Gibbs, B., 1981. The derivation of eigenvalues and mode shapes for the bending motion 

of a damped beam with general end condition. Journal of Sound and Vibration 78, 185-196. 

 

[22] Cottereau, R., Clouteau, D., Soize, C., 2007. Construction of a probabilistic model for impedance 

matrices. Comput. Methods Appl. Mech. Engrg 196, 2252-2268. 

 

[23] Cottereau, R., 2006. Probabilistic models of impedance matrices. Ph.D. thesis, Ecole Centrale 

Paris, Stockholm. 

 

[24] Sieffert, J., Cevaer, F., 1992. Manuel des fonctions d'impédance: fondations superficielles. Ouest. 

 

[25] Kawano, D., 2011. The Decoupling of Linear Dynamical Systems. Ph.D. thesis, University of 

California, Berkeley. 

 

[26] ERRI D-214, 1999c. Rail bridges for speeds over 200km/h, recommandations for 

calculating damping in rail bridge decks. 


