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Abstract 

The economic and technologic development experienced by the society in the last decades has 

caused the demand of a new type of faster and more comfortable transport. This type of 

demand has been covered by the air transport, the road transport and the railway transport. 

This situation where the society demands an improvement in her quality of life is the best 

situation for the birth of the high speed trains. Different studies carried out in the transport 

field have demonstrated that for distances between four hundred and one thousand of 

kilometres, the high speed trains provide a lower travelling times than the rest of the 

transports. 

These types of high speed trains have increased the axle loads and the average speeds, thus 

generally a dynamic analysis is required by the ERRI in all the railway bridges when the train 

speed is higher than 200 Km/h. Besides, when the train speed is going to be higher than 200 

Km/h, the vibrations induced in the bridge can reduce the service life of the vehicles and 

structure, and generally, this fact leads to become the dynamic effect in the principal factor to 

take into account in order to design the structure. Therefore, an important knowledge in 

railway bridges dynamic is required to not to oversize the structures with the consequent 

economic cost.  

The purpose of this thesis is to study the possibility of accurately predicting the dynamic 

response of an existing railway bridge, subjected to the high speed train Gröna Tåget, 

implementing a simplified 2D finite element model with the aid of the program Abaqus. The 

bridge chosen is the Lögdeälv Bridge, a two spans composite bridge, located along the 

Bothnia Line (the new Swedish high-speed line), between the localities of Nordmaling and 

Rundvik. 

The measured eigenfrequencies due to bending modes of vibration are used for updating the 

model and then, these frequencies and the accelerations measured are used to compare and 

validate the different 2D updated models. The parameters used to update the models are; the 

damping coefficient of the structure, the mass and the stiffness of the bridge, and the supports 

stiffness. Finally it is concluded that the best model is achieved when the rotational support 

stiffness is modified in the two extremes supporters of the bridge. 

 

Keywords: High speed train, dynamic analysis, railway bridge, vibrations, Gröna Tåget, 

finite element model, eigenfrequencies, model updating. 

 





 

 v 

Resumen 

El desarrollo económico y tecnológico sufrido por la sociedad en las últimas décadas ha 

provocado la demanda de un nuevo tipo de transporte más rápido y más cómodo. Este tipo de 

demanda, ha sido cubierto por el transporte aéreo, el transporte por carretera y también por el 

transporte ferroviario. 

Esta situación donde la sociedad demanda una mejora en su calidad de vida, es la mejor 

situación posible para la aparición de los trenes de alta velocidad, debido a que diferentes 

estudios llevados a cabo en el campo de los transportes, revelan que para distancias entre 

cuatrocientos y mil kilómetros, el tren de alta velocidad es el tipo de transporte que realiza el 

servicio en un menor tiempo. 

Estos tipos de trenes de alta velocidad han visto incrementado sus cargas por eje, así como su 

velocidad de crucero, por lo que según el comité ERRI en todos los puentes ferroviarios 

donde la velocidad del tren vaya a ser superior a 200 Km/h es necesario llevar a cabo un 

análisis dinámico. Además, cuando la velocidad del tren es superior a 200 Km/h, las 

vibraciones inducidas en el puente pueden reducir la vida útil de los vehículos y la estructura, 

y generalmente esto lleva a que el efecto dinámico se convierta en el principal factor a tener 

en cuenta a la hora del diseño. Por tanto, es necesario un importante conocimiento de 

dinámica en los puentes ferroviarios para no sobredimensionar las estructuras con el 

consecuente aumento económico que esto supondría. 

El propósito de esta tesis es estudiar la posibilidad de predecir la respuesta dinámica de un 

puente ferroviario existente, sometido al paso del tren de alta velocidad Gröna Tåget, 

implementando un modelo simplificado en 2D con el programa de elementos finitos Abaqus. 

El puente escogido es el Lögdeälv Bridge, que es un puente de dos vanos de estructura mixta, 

situado a lo largo de la Bothnia Line (la nueva línea de alta velocidad sueca) entre las 

localidades de Nordmaling y Rundvik. 

Las frecuencias propias reales medidas, debidas a los modos de vibración de flexión son 

utilizadas para actualizar el modelo, y después, estas frecuencias y las aceleraciones medidas 

son usadas para comparar y actualizar los distintos modelos 2D que han sido creados. Los 

parámetros usados para actualizar los modelos son; el coeficiente de amortiguamiento de la 

estructura, la masa del puente, la rigidez del puente y la rigidez de los apoyos. Por último, se 

llega a la conclusión de que el mejor modelo se logra con la modificación de la rigidez al giro 

en los apoyos de los extremos del puente. 

Palabras clave: Tren de alta velocidad, análisis dinámico, puente ferroviario, vibraciones, 

Gröna Tåget, modelo de elementos finitos, frecuencias propias, modelo actualizado.
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Introduction 

1.1 Background 

Nowadays the society has a necessity to travel faster and further and this necessity is 

increasing with each passing year.  This demand has to be covered with the implementation of 

new type of passenger transportation which is able to cover the distances in a short time. In 

the beginning only the air transport was able to offer this type of service since high speed 

trains were developed in the second half of the 20
th

 century. In the figure 1.1 is depicted the 

European high speed network in the year 2011. 

 

Figure 1.1 European high speed network (from www.uic.asso.fr) 

Chapter 
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The European Council Directive 96/48 established that 3 types of lines made up high-speed 

infrastructure: 

-The lines designed for speeds equal to or greater than 250 km/h. 

-The conventional lines that have been upgraded for speeds in the order of 200 km/h. 

-The upgraded conventional lines, which have special features as a result of topographical, 

relief or town-planning constraints, on which the speed must be adapted to each case. 

Japan was the first country which built a special railway track for the high speed train. Due to 

the accident geography of the island, the ancient railway track was too narrow (1067 mm), 

and it could not be adapted to higher speeds. So, in 1964 the concept of bullet train 

(Shinkansen) was born connecting Tokyo with Osaka with a maximum speed of 210 km/h 

and it is considered the first high-speed railway (HSR). The first Shinkansen is depicted in the 

figure 1.2. Since then, the number of passengers has increased to 100 million per year over 

the last 40 years. 

 

Figure 1.2 First Shinkansen Serie 0 from (www.japonismo.com) 

In Europe the idea to introduce a high speed train emerged in France in 1960 with the TGV 

(Train à Grande Vitesse) but it was not until 1981 when the first high speed railway (HSR) 

was built between Paris and Lyon. This first line was designed only for the business men who 

had to travel between the two cities, but the success of the line was unexpected. Soon, it 

became very popular even with the common people because the TGV was faster than cars, 

conventional trains and planes. 

The success of this first line in France motivated the construction of new high speed railway 

(HSR) in France and the neighboring countries like Belgium, Holland and Italy also built their 

own high speed railway (HSR). So, the French TGV was connected with Belgium, Germany, 

Holland, Luxemburg, Italy, Monaco, Switzerland and even with the United Kingdom.   
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Spain, also influenced by the success of the TGV in France, started to design the construction 

of high speed railway (HSR) in the 80´s. There were some projects, but the first which was 

built was the line between Sevilla and Madrid that was inaugurated on 14
th

 of April in 1992 

coinciding with the Expo of Sevilla. The high speed train (HST) used in this line was AVE 

(Alta Velocidad Española) and it operated with a commercial speed of 300 km/h. The most 

significant change with respect to the conventional trains was the use of the international-

wide (1435 mm) rail track distance. This fact, favored the use of trains and system tested in 

Europe.  

Other countries like Sweden are starting to introduce the HSR networks. The Bothnia Line is 

the first HSR that has been built in Sweden, and it is designed for speeds up to 250 km/h in 

passenger trains. One of the high speed train (HST) designed to run over the Bothnia Line is 

the Green Train. The line is made up by is a single-track railway from Nyland, north of 

Kramfors, via Örnsköldsvik, to Umeå. This new HSR consists of 190 km of new railway, 

with 143 bridges and 25 km of tunnels and it was inaugurated in August 2010. The bridge that 

is a case study in this master thesis corresponds to one of the bridges that make up the Bothnia 

Line. 

The dynamic analysis is a fact that cannot be disregarded for the bridges of the high speed 

railway (HSR). The ERRI committee D214 establishes that for speeds above 200 km/h in 

complex forms or continuous structures the dynamic analysis must to be done. 

The following facts have an influence in the dynamic behavior of the bridges: 

- The inertial response of the structure when a load travelling at speed arrives. 

- The resonance effect caused for groups of load travelling. 

- The effects of wheel flats, suspension defects and track irregularities that 

increase the applied loading. 

- Bridge length, natural frequencies, mode shapes and damping ratios. 

1.2 Aims and scope 

The aim of this thesis is to study the possibility to accurately asserting the dynamic response 

of the Lögdeälv Bridge through a simplified 2D finite element model created in Abaqus. The 

interest of the dynamic analysis is focused on the frequencies and the accelerations. 

Vibrations induced by the different HSLM-A trains and the Green Train were simulated. The 

results from this model were compared with measurements to update the different models. 
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1.3 General structure  

The dissertation is divided in chapters, sections and subsections, properly enumerated. 

In chapter 2, a review of the state-of-the art is carried out. In this part of the thesis, the 

different studies developed in the field of the high speed train are presented. No all the 

information explained here is used in the dissertation, but the goal is to give a historical 

approach to the whole problem. 

In chapter 3, the most important theoretical concepts are explained. These concepts will be 

necessary to understand how the model has been created and the assumptions that were 

carried out. 

In the 4
th

 chapter the case study is presented. Here, the bridge model, the position of the 

sensors and the train model is explained. 

In the 5
th

 chapter the analysis of the FE-model is carried out. In this part, the 2D-model is 

updated, and a comparison between the real measurements and the results obtained with the 

model is done.  

Finally, in chapter 6 the conclusions and the indications for further research are presented. 
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State-of-the-art Review 

2.1   General studies on the subject 

From the historical viewpoint, the studies about structural dynamic started in the 19
th

 century 

when some bridges collapsed like the bridge over the river Dee in England on 24 May 1847 

or the Angers Bridge, a suspension bridge over the Maine River in Angers, France which 

collapsed on 16 April 1850. When these incidents happen, many scientists and engineers of 

this period tried to explain this fact with different theories. In 1851, R. Willis wrote some 

articles and essays [48] demonstrating that a moving load displacing over an elastic bar 

caused larger deflection and stress than the same load in static. He elaborated a formula that 

increased the static solicitation, which covers the dynamic effects in a safe way. Willis´ theory 

was practically empirical and the principal inconvenience of his theory was that he considered 

the mass of the beam as negligible compared with the mass of the load moving at a constant 

speed. Despite this error, Willis´ work is considered a pioneer in the field of dynamic 

structure, because with the approximation to the problem that he carried out, it could be 

considered as the first attempt to get an impact coefficient. 

G.  Stokes was a mathematician and physicist, who tried to improve theoretically Willis´ work 

and he also contributed to the calculation of the forces exerted by moving engines on bridges 

[10]. During the second half of the 19
th

 century, Stokes investigated the failure of the railway 

bridges, especially in the Dee Bridge.  

In 1905, Krýlov [10] published a complete solution to the dynamic problem when a moving 

load with a constant speed acted on a prismatic bar and in 1922, Timoshenko [47] solved the 

same problem but this time the force was a harmonic pulsating moving load. The big 

difference between the works done by Willies, Krýlov and Timoshenko was that while the 

first one considered the mass of the beam negligible compared with the mass of the load 

moving, Krýlov and Timoshenko considered that the mass of the moving load was negligible 

compared with the mass of the girder. In 1934 Inglis [45] did another work related with the 

dynamic behavior of the railway bridges when some new parameters were taken into account.  

In the 1950’s, a new fresh impetus was given in the field of the dynamics in bridge railway. 

La office de recherché et d´Essais (O.R.E.) of the Union international des Chemins de Fer 

(UIC) started the Question D23 in 1955, an expert committee with a clear objective to create a 

solid basis for the dynamic calculation in railway bridges. The works carried out by ORE and 

later by ERRI (European Rail Research Institute) cover the theoretical and experimental field 

and they become in a reference in the railway ambit (more information in section 2.3). 

Chapter 2 
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Arne Hilleborg also published in this time the first attempt to model the interaction of vehicle-

track through a masses and springs system, and this approach, was later continued by Biggs, 

Fleming and Romualdi to propose the first models where the interaction between vehicle-

track were taken in account.  

Ladislav Frýba also did an important research in the field of the dynamic behavior of railway 

bridges. Frýba [41] studied the behavior of a simple supported beam under different types of 

moving loads including a moving multi-axle system and backed his analytical solution with 

real measurements. Multi-axle vehicles are made up for a mechanical system with different 

degrees of freedom and it includes linear and non-linear springs and damping. The inclusion 

of all of these parameters, besides other important parameters like span length, speed, axle 

distances, natural frequencies and permanent loads of the bridge, permitted to represent one of 

the first theoretical model of a locomotive crossing over a beam with an elastic layer, 

irregularities and sleeper effects (figure 2.1). 

 

 

Figure 2.1: First theoretical model of a locomotive from [43] 

In [43] Frýba developed some simplified expressions to evaluate the critical speeds, the 

maximum deflection, bending moment, and vertical acceleration when a train runs over a 

bridge. In order to obtain this, the author used a pointed loads model. In the first part of the 

article Frýba presented the classical development of the moving load problem, and after that, 

he derived these simple expressions to elaborate some criterions of interoperability in the 

railway network. In the article the measurements carried out for the TGV is compared with 

the simple expressions and the results are in accordance to each other, although ERRI D214 

[40] indicates that these expressions usually give conservative estimations. 

Hu Xia, from Beijing Jiaotong University, has been another of the most important 

investigators of the last decade. He has contributed in the field of the dynamic behavior of 

high speed railway bridges, publishing many articles related with the theories and 

experiments carried out by him (from reference [11] to [20]). For the majority of his articles 

he has collaborated with other important investigators of the subject like W.W. Guo, or Nan 

Zhang among others.  

Analyzing the vehicles, according to Xia and Zhang [17] the following simplifications are 

assumed for the majority of the models: 
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- The train runs on the bridge at a constant speed. 

- The car body, bogies and wheel-sets in each vehicle are regarded as rigid components, 

neglecting their elastic deformation during vibration. 

- The connections between car body, bogies and wheel-sets are represented by linear 

springs and viscous dashpots. 

- Each vehicle body has five DOFs. These are, lateral displacement, roll displacement, 

yaw displacement, vertical displacement, and pitch displacement. Each bogie has 

another five DOFs; lateral displacement, roll displacement, yaw displacement, vertical 

displacement and pitch displacement. And finally each wheel has three DOFs; lateral 

displacement, roll displacement and vertical displacement. 

After these simplifications, a complete 4-axle 2-bogie vehicle can be designed with 27 DOFs. 

The principal difference between one research and the other is the selection of the degrees of 

freedom of the wheel-set that relates the interaction between rail and wheel. 

The description above is related to non-articulated trains. Nevertheless, Xia in [19] does a 

description of articulated trains. The front and the rear locomotives have two independent 

bogies with four axles and can be modeled as in the description given before. The transition 

vehicle has an independent bogie and the other bogie is shared with the next articulated 

vehicle. The carriages in the middle share both bogies. It is obvious that the DOFs change 

from one vehicle to other. The conclusion after the study of the behavior of the articulated 

train is that, the articulated train has a good running property at high speed, helping to reduce 

the impact on the bridge structures. In the figure 2.2 the dynamic model of articulated vehicle 

element is depicted. 

 

 

Figure 2.2: Dynamic model of articulated vehicle element from [19] 

After the assumption given before and assuming small vibration for each part that made up 

the vehicle element, the dynamic equation governed the motion of the vehicle can be defined 

as  

                                   (2.1) 
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Where [MV], [CV], [KV] are respectively, the matrix of mass, damping and stiffness of the 

vehicle. (üV), (   ), (uV) are respectively, the vector of displacement, velocity and acceleration. 

(uV) = (uV1, uV2 , uV3,...,  uVn)  (2.2) 

(FV) is the vector of forces transmitted from the wheel-set to the bogie. 

(FV) = (FV1, FV2, FV3,…., FVn)  (2.3) 

Where n is the number of vehicle. 

In order to model the bridge, the following assumptions are assumed: 

- The relative displacement between the track and the bridge deck are not taken into 

account. 

- The vibration modes of the girder are the same as the vibration modes of the bridge 

deck. 

- Since the mass of the bridge is much bigger than the masses of the wheels, these are 

not taken into account. 

- The cross-section deformation in the girder is negligible. The movement of any point 

of any section can be defined by the lateral displacement, vertical displacement and 

rotation. 

When a train runs on the bridge, the forces from the wheels have to be transmitted to the 

bridge deck trough the track. The bridge usually is defined with the finite element method, 

assuming small vibration for each part of the bridge, and the dynamic equation that governs 

the motion of the bridge system can be defined as 

                                   (2.4) 

Where [MB], [CB], [KB] are respectively, the matrix of mass, damping and stiffness of the 

bridge system. {üB}, {úB}, {uB} are respectively, the vector of displacement, velocity and 

acceleration of the bridge system. {FB} is the vector of the forces transmitted from the wheels 

to the deck bridge through the track. 

 

 

Figure 2.3: Dynamic interaction of vehicle and bridge from [17] 
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The interaction between the structure and the train (figure 2.3) is increasing in importance as 

the train load and train speed is increasing. When a train runs on the bridge, the bridge suffers 

from deflection and in turn forces the unsprung mass located on some parts of the axle of the 

train, to move in rhythm with the bridge motion.  It is for this reason that the forces 

transmitted from the train to the bridge not only depend on the weight of the load but also 

depends on the relative displacement between other variables like inertia of the train axles or 

velocity of the sprung or unsprung components. 

The interaction between bridge-vehicle is produced in the contact between the wheel-set and 

the  rail under the following assumptions [19]:  

- The relative displacement between the bridge deck and the track are neglected. The 

elastic effect of the ballast, fasteners and rail pads are also neglected. 

- The cross section deformation of the girder is considered in the modal analysis. 

 

Assuming that the vibration amplitude is very small in each component of the vehicle and the 

bridge, the dynamic equation for the coupled bridge-train system using the equilibrium 

conditions, can be defined as [17]:  

 
    
    

  
  

  
    

      

      
  

   
   

    
      

      
  

  

  
    

  
  

   (2.5) 

Where all the variables have been defined above and the subscripts “v” represents vehicles 

and the subscripts “b” represents bridge. 

The most common calculation method used by Xia in the majority of his researches [13], 

[14], [19] and also used by many investigators to solve the interaction between bridge and 

vehicle is the Newmark-β method. This method is unequivocally convergent and the 

displacement, velocity and acceleration of the bridge-vehicle system are obtained within a 

certain time-step show in the flowchart of figure 2.4 

 

 

Figure 2.4: Flow chart of Newmark-β iteration program from [19] 

Another important factor to be taken in account in the study of the interaction between vehicle 

and bridge is the resonance. The analysis of the resonance mechanism was also studied by Xia 
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[16] with the conclusion that the resonant vibration of vehicle-bridge can be divided in four, 

depending on their generation mechanisms: 

- Bridge resonance stimulated by periodically moving load series corresponding to 

moving vehicles. 

- Bridge resonance stimulated by loading value corresponding to the moving loads 

that represent the different vehicles axels. 

- Bridge resonance stimulated by the rock of moving vehicle induced by track 

irregularities and hunting movements. 

- Vehicle resonance stimulated by the vehicle regularly arranged to the different 

bridge spans and their deflections. 

In Spain there is to emphasize the research carried out by Enrique Alarcón Álvarez in 1970 

and Ramón Álvarez Cabal in 1984 in their respective doctoral thesis [10]. Alarcón, in the 

beginning of the 80’s took part as an expert in a research group, organized by ORE, to study 

the comfort of the railway passengers when the train runs over the bridges.  As a result of this 

research, R. Álvarez published his doctoral thesis under the supervison of E. Alarcón. 

Professor Alarcón, also author of [49] has continued his research in the field of structural 

dynamics in the Polytechnic University of Madrid (U.P.M.). Ramón Álvarez also has 

continued his work in the field of railway bridges, carrying out some researches and 

publications. 

José María Goicolea also has carried out an important work in the dynamic of railway bridges 

field. He was the president of the commission in charge of drafting the new Spanish code 

IAPF-2002 besides publishing different articles and books in this field. One of his most 

important contributions is [44] where the followings conclusions were obtained: 

- In the dimensioning of the high speed railway bridges, due to the resonance 

possibility, the dynamic vibration under the moving loads of the train, must be 

taken in account. It is for this reason that some numeric models exist. 

- In the new IAPF draft and the last version of Eurocode 1 draft of action in bridges, 

the necessity to carry out a dynamic analysis in the high speed railway cases are 

taken into account. 

- It is necessary to apply these dynamic calculation methods to improve the 

knowledge about dynamic response on the bridges. Consequently, the structural 

typologies in the new high speed lines and the project instructions could be 

increased. 

- In some situations, the dynamic unload can be important in a structural way, and it 

is for this reason that they have to be taken into account. 

Finally, other engineers have been carrying out some research in the dynamic field in Spain. 

An important contribution has been the doctoral thesis “Interaction vehicle-structure and 

resonance effects in isostatic railway bridges for high speed lines” by Pedro Museros Romero, 

under the supervision of Enrique Alarcón, besides other publications. 
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2.2  Soil-structure interaction 

As important as the structure, is the interaction between soil and structure. This interaction 

has been the object of study in many researches carried out during the last decades due to the 

importance that it has in the dynamic behavior of the structure. The study of the reciprocal 

influence includes the indeterminate effects between the structure and the soil. This 

indeterminacy is based on the results of the magnitude and distribution of the earth pressure 

varying with the type and amount of deflection of the structure. The pressure distribution on 

the structure and on the substructure depends on many factors that make the study of this 

phenomenon quite complicated. This complication is because the soil is not homogenous and 

has variable properties and it is not elastic. 

In order to analyze the dynamic behavior of the bridges, the interaction between soil-structure 

has an important role and it is represented by the boundary conditions. Different choices of 

boundary conditions include a group of very sensitive parameters that can considerably 

modify the dynamic analysis of the bridge.   

In [7] three different modeling alternatives for the dynamic soil-structure interaction analysis 

for a portal frame bridge have been analyzed. The results show that using fixed boundary 

conditions, the acceleration in the bridge deck are underestimated. Introducing the two soil-

structure interactions (SSI), the accuracy in the result is improving, the static SSI being more 

conservative than the dynamic SSI. In the research, the contribution of the damping 

introduced by the soil-structure interaction (SSI) to the global modal damping ratio is 

analyzed. It has to be obtained as the linear combination of: 

ξ = ξstructure + ξSSI                (2.6)  

After the analysis, the results show that the contribution of the damping ratio introduced by 

the soil-structure interaction is quite important, especially for the lower range of the soil 

elastic modulus. It is concluded that in order to eliminate the uncertainties involved in the 

theoretical determination of the dynamic stiffness functions, these should be based on the 

direct measurements. All these conclusions are depicted in the figure 2.5. 
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Figure 2.5: Maximum vertical bridge deck acceleration as function of the train speed (HSLM-

A2), assuming three different values for the soil elastic modulus and three different models 

for the boundary conditions [7]. 

2.3   The UIC reports 

As it has been said before, since the 1950´s, the ORE, and later the ERRI, have carried out the 

most important researches in the railway field. From this effort realized by the UIC through 

both institutions, resulted in the creation of the UIC leaflets, where recommendations and 

instructions to apply during the design, construction and maintenance of railway lines are 

given. The UIC leaflets have been a reference for the rest of the codes used.  

The first studies in the field of vertical accelerations on bridges were carried out by the ORE 

through the committees D23 and D128. The committee D23 was the first in defining a 

calculation method to take into account the dynamic effects on bridges. After that, the D128 

carried out theoretical and experimental studies in order to validate the criterion established 

by D23. 

The conclusion obtained in those studies was that when a train is running over a bridge with a 

specific speed, the effects like efforts, deflections, stresses, etc. are increased in a certain 

proportion, compared with the values obtained on a quasistatic speed. Accordingly, the static 

effects have to be multiplied by a Dynamic Amplification Factor (DAF) to take into account 

the dynamic effects with the following expression: 

                   (2.7) 
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Where the DAF is function of   ,     and λ is a function that only depends of the grade of 

maintenance of the track. 

The coefficient    quantifies the increase of the loads due to the motion of those with a 

certain speed along an ideal track. The expression of    is established in the leaflet 776-1R 

[40] as: 

   
 

       ,   
 

     
   (2.8) 

where K is a dimensionless parameter that depends on V, speed of the train, n0 the first 

frequency of the structure, and LΦ the determinant length.  

The coefficient     quantifies the increase in the displacement, strains and stresses regarding 

static effects due to track irregularities. Some studies carried out by ERRI D214 [40] 

concluded that there are little information about the method used by the committee D23 to 

obtain the expression     as function of the span length and the bridge frequency. 

Subsequently, some studies were done by the committee D128, including new numerical tests 

and measurements carried out on some real bridges, validating the expression     obtained by 

D23. This committee also checked that in resonance situations, the coefficient     

underestimates the effect of track irregularities, but at the same time, it is compensated by the 

overestimation due to the coefficient   . The conclusion was that the DAF is a good value in 

order to quantify the dynamic amplification because of the train running.  

The expression of     proposed by D23 and included in 776-1R and in the Eurocode [29] is: 

    
 

   
      

  
 

        
   

  
      

  
 

      (2.9) 

where n0 is the first natural frequency of the structure, LΦ the determinant bridge length, and a 

is the function of the train speed, being a=1 for V>22 m/s and a=V/22 for V<22 m/s. 

In the study of the behavior of high speed railway bridges, the condition V>22 m/s is always 

verified. Hence the expression 2.9 can be represented as a function of n0 for different values 

of LΦ or vice versa, with the value a equal to the unit. 

With the increase of the train speed some problems were detected in some high speed lines 

bridges because of resonance phenomenon. The committee ERRI D214 was created with two 

principal purposes. The first purpose was to analyze the problems coming up in the high 

speed lines bridges and the second purpose was to check the methods suggested by the 

committees ORE D23 and D128.   

According to the research carried out by D214 in different bridges, in short span bridges (15-

25 m), acceleration greater than 7-8 m/s
2
 causes inacceptable reductions of the wheel-rail 

contact forces, with the danger of derailment associated with this fact, besides the appearance 

of some problems related with the liquefaction of ballast layer. Other problems like the 

reduction of vertical reaction in the supports were detected. 

In long span bridges (40 m) the result is very different because even in resonance situation, 

the maximum acceleration values are never greater than 4.5 m/s
2
. If the effects of interaction 
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between vehicle-structure are taken into account, this value can decrease until levels very 

close to the threshold of 3.5 m/s
2
. These results are depicted in the figure 2.6. 

 

     

Figure 2.6: Maximum acceleration in the middle of span for a bridge of 15 m (left) and 40 m 

(right) when the principal high speed trains runs over it, designed with the UIC leaflets. 

From [10]. 

According to the study of the methods suggested by the committees ORE D23 and D18, after 

the analysis of the information was done, the D214 detected that some hypothesis done in the 

beginning were not correct and it is for this reason that the method suggested in the leaflet 

776-1R was invalidated in order to use in high speed lines. Specifically, in the final Report of 

D214 [40] it is indicated that the committees D23 and D126 did not take in account the 

following considerations: 

- The high speed trains used in the numeric simulations were always smaller than 

the actual trains. Hence, the maximum displacements and accelerations planned by 

D23 and D18 for resonance situations were lower than the real measurements. 

- The damping ratios used were always higher than 2.5%. Nowadays, the real 

damping ratios in prestressed and composite structures are lower than this value 

(0.5-1 %), it is normal that the amplitude of resonance response were lower than 

the expected response since it is related to the damping percentage used. 

- It is possible that the bridge vertical acceleration was not taken into account in 

order to obtain the expressions of the coefficients    and    . There was no 

experience in the field of the high speed lines, hence there was no reason to think 

that the planned accelerations (inferior to the real accelerations as it has been 

explained above) could cause the liquefaction of ballast layer. This fact could 

motivate that only the dynamic effects in terms of strains and displacements were 

studied and the consequences of the vertical accelerations were not taken into 

account. 

 After the mistakes found in the hypothesis done by D23 and D18, and as a result of the 

researches carried out by the ERRI D214 in the field of high speed lines, this committee 

elaborated a guidance to determine if a dynamic analysis is necessary, see figure 2.7, and if it 

is, how the high speed railway bridges have to be designed taking into account the dynamic 
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effects. This guidance is divided into nine reports, the last report being a summary of the 

results obtained. The nine reports will be summarized briefly in the following pages. 

 

Figure 2.7: Flow chart for determining whether a dynamic analysis is necessary from [40] 

One of the researches carried out by the ERRI D214 in order to study the loading effects of 

different trains was to develop a method called train signature where the two responsible 

aspects of the dynamic response, the characteristics of the train and the characteristics of the 
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bridge are separated. The main advantage of this method is that the resonance situations 

because of the train can be studied separately from the bridge, because the train signature is 

only a function of axel spacing and axel load and it is also a very simple method. 

The use of train signature permits to compare the response of different trains. If the study of 

the train signature of one particular train for a particular route is satisfactory, the study of any 

trains whose train signature is lower than the particular train studied before will be 

satisfactory for that route.  

Nevertheless, the main disadvantage of the method is that it cannot be used as a defined 

loading in the analysis of more complex bridges because the procedure does not give a whole 

calculus method. The envelope of the signature of the real trains is only a reference in order to 

build the new trains. 

In order to avoid these problems, the ERRI D214 tried to find a new general method defining 

a new family of universal trains (fictitious) in which dynamic effects over the structures 

envelope the dynamic effects of any real train. This family is called UNIV-A and its 

characteristics are presented in the table 2.1. 

In bridges with small spans (L<7 m) the dynamic effects are more related to the separation 

between the axels in a bogie than the separation between the different bogies, hence, a special 

family has been defined whit the name UNIV-B. 

Table 2.1: Characteristics of the family of universal trains UNIV-A, as a result of varying the 

length D from [44] 

Type of vehicle Articulated 

Total length (m) ≈ 400 

Coach length D (m) From 18 to 27 

Point force P (kN) 170 

Bogie axle spacing d (m) 2,5 

Power car in the beginning and in 

the end 

Yes 

 

The envelope of the trains UNIV-A initially presents the problem that is shown in figure 2.8 

and the problem is, that, this envelope is not able to cover the train TALGO AV for a wave 

length lower than 15 meters (λ < 15). It is supposed that this fact can also be repeated with 

other real trains, where the TALGO is the representative example. 
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Figure 2.8 Train signature of envelope UNIV-A trains (black) and TALGO AV (blue) from 

[44]. 

With the objective of solving this problem, especially considering that it was important for the 

Spanish trains, a new research was done, where it was demonstrated that the TALGO was not 

more dynamically aggressive than the other trains, hence a modification in the definition of 

UNIV-A family was done. These modifications covered the envelope of Train Signature for 

all the possible real trains like TALGO, including the small wave length. As a result of these 

modifications, a new family was defined for high speed trains, the Reference Trains or High 

Speed Load Model (HSLM). 

HSLM-A1 to A10 was studied for almost every bridge with the exception of short simple 

supported bridges where a new family HSLM-B was developed, for the same reasons that 

UNIV-B was developed as it has been explained above. The characteristics of the HSLM-A 

and HSLM-B are depicted in the following tables and figures: 

 

Figure 2.9: HSLM-A axle configuration from [29] 

 

 

Figure 2.10: HSLM-A from [29] 
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Figure 2.11: HSLM-B axle configuration from [29] 

 

 

Figure 2.12: HSLM-B variation of the parameters N and d with the span length from [29] 

The first report published by ERRI D214 is a summary about dynamic behavior of railway 

bridges [32], the second one is a recommendation for calculating bridge deck stiffness [33] 

and the third one is a recommendation for calculating damping in the bridge deck [34]. 

The damping is a phenomenon that occurs in all structures, and it is because of energy losses 

during cycles of oscillation. The principal factors because of which damping exists are: 

- Energy dissipation through bending of materials. 

- Friction at supports and along structural boundaries. 

- Energy dissipation from soil-structure interaction at the ends of the bridge. 

- Energy dissipation in ballast. 

- Opening and closing of cracks in the material (especially in concrete). 

The damping test carried out by D214 in some structures have detected that even in the same 

structure the damping ratio varies for different amplitudes and frequencies of oscillation. 

Even similar structures made with the same materials can have wide variations in damping. 

Hence, the damping ratio of one structure is quite difficult to obtain. The models of damping 

used in the classical dynamics are viscous damping proportional to velocity and frictional 

damping proportional to displacement. 

In the studies carried out in a complex structure as a railway bridge, the damping mechanism 

is very complicated since at low amplitudes, the damping ratio is quite similar to the material 

that made up the bridge. Nevertheless, at high amplitudes the damping ratio increases because 

of the increase of the friction phenomenon at joints and bearings. Due to this complexity, the 

ERRI advises about the mistakes that could be committed in the interpretation of the historical 

data of the signal. 
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It has been demonstrated that the response of the structure in a resonance situation is related 

with the damping ratio and the effects of the previous events and each loading event. Hence, 

an overestimation of this parameter could change the response of the structure. It is for these 

uncertainties that the ERRI propose to choose a lower bound of damping ratio in order to be 

on the safe side. 

Due to the divergent results obtained from the damping analysis, it was necessary to create 

some criterions to define the damping values that had to be adopted in the design. After the 

research was carried out, the damping results showed that: 

- Reducing damping to a single value is an oversimplification. 

- Increasing the number of bridge categories does not produce satisfactory results. 

- A rule that took into account the span of the bridge would allow the estimates to be 

refined. 

The values of percent of critical damping are shown in the following table. The lower limit 

should be used for design. 

Table 2.2: Values of percent of critical damping for design purpose from [29] 

 

In the 4
th

 report [35], the D214 committee analyses the train-bridge interaction. According to 

this report, the primary and secondary suspensions of the vehicle limit approximately 90% of 

the train mass to accelerations of about 0.1 g. In order to analyze the effects of train bridge 

interaction, two models were studied. In the first model the interaction between vehicle-bridge 

was taken in account and in the second model, this interaction was negligible. The 

conclusions obtained were the following: 

- Away from resonance situations, it is not important to take in account the vehicle 

mass interaction in the analysis. 

- At resonance, the analytical techniques based on the interaction predict reduced 

dynamic response on the bridge when compared to moving forces models. Both 

the acceleration and deflection peaks are reduced at resonance situations. 

- The reduction in peak effects shown by interactive models, when compared with 

travelling force models at resonance situations is less important for continuous 

spans and for a sequence of simply supported spans than for a simply supported 

span. 

- The interaction models indicate that resonance effects will take place at slightly 

lower speeds than travelling force models. 

- The effects of vehicle-bridge interaction diminish with spans over 30 m. 
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The 5
th

 report [36] is focused on the effect of track irregularities at bridge resonance. Track 

irregularities increase the dynamic load effects. The influence increases with the speed of the 

trains, and it decreases for longer spans, and the principal factor that causes this is the loading 

effects developed in the unsprung axle of the trains traversing the vertical track profile. The 

track irregularities are taken in account through the factor    , which represents the additional 

dynamic effect due to track irregularities.  

One of the first purposes of the D214 was to check the formula 2.9 obtained by D23 and 

D128 for the track defects. Committee D128 carried out some theoretical and experimental 

studies in railway bridges. These studies together with numerical calculation carried out in 

this report concluded that the track irregularities should be taken into account to speed up to 

350 km/h. 

Committee D128 in report number 4 indicated that away from resonance situations, the factor 

   is overestimated; hence any underestimation of the factor that represents the track 

irregularities     is reasonably compensated. Therefore, the formula 2.7 of the DAF is a valid 

estimation of the dynamic effects in the majority of the cases. 

In this report the conclusion is described after the study of the different limiting values of 

parameters taken into account in the research carried out by D23 and D128. As a result of 

these studies, the committee D214 concluded that further studies should be done in the 

following aspects to validate the expression of    : 

- Bridge behavior at resonance situations. 

- The effects caused by the new high speed trains. 

- Validity for the low values of damping in new high speed bridges. 

- Further investigation for very stiff short span bridges, where the studies carried out 

by the D128 had taken into account different models, concluded that the 

expression     is not adequate. 

In addition, it was considered advisable to investigate a model that take into account the 

interaction between bridge-track-vehicle. 

The values of the expression     due to UIC 776-1R were compared with the two following 

expressions of    , the first one based on the maximum deflection of the beam at mid span 

calculated at different speeds, and the second one  based on the maximum acceleration of the 

beam at mid span also calculated for different speeds. 

    
   

        

    
                                                   

   
        

    
    (2.10) 

Where          and          are the maximum deflection and acceleration respectively of the 

beam at mid span with a track dip and      and      are the maximum deflection and 

acceleration respectively of the beam at mid span without dip. 

The comparison between     
   and     

   from the point of view of the displacement, using the 

new formula, the values obtained are always below or comparable to the UIC values. The 

reason because this phenomenon takes place is because in the new formula, the models used 

took into account the damping and spring stiffness of the track. Nevertheless, from the point 

of view of the accelerations, the values obtained with the new formula are not always below 
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to the UIC values. The track irregularities have more influence in the deck accelerations than 

on dynamic deflections. 

After the research was carried out, the following conclusions were obtained: 

- The effect of track irregularities must be taken into account for the design of high 

speed railway bridges. 

-  Wheel lift off can take place when defects in the track exist for speeds higher than 

260 km/h. 

As indicated in UIC leaflet 776-1R, if the track maintenance is sufficiently exhaustive a value 

of       can be used instead of     to calculate the dynamic deflection and the bridge deck 

acceleration due to track irregularities. Finally, it is suggested in this report that the dynamic 

analysis of one bridge and structure on the whole, should consider the first 3 or 4 modes of 

vibration, and if an arbitrary cut-off frequency of 20 Hz is done, it might not identify critical 

bridge behavior. 

The 6th report [37] is focused on the study of mass and stiffness of the bridge. The natural 

frequency of the bridge decreases if the mass of the bridge increases. The rest of the 

parameters keep constant. Hence any underestimation of the mass of the bridge, will 

overestimate the natural frequency of the bridge and overestimate the minimum train speed 

required to occur resonance situation. Hence, safe upper bound estimates of mass are 

necessary to ensure that safe lower bound predictions of resonant speeds of the train are made. 

On the other hand, the maximum acceleration decreases if the mass of the bridge increases, 

thus an overestimation of the mass of the bridge will underestimate the acceleration due to 

dynamic loads. It is necessary to fix a safe lower bound of mass to ensure that the peak 

dynamic acceleration is obtained safely. 

The values of the displacements are not affected by increasing the mass of the bridge, but it is 

produced at lower train speeds, as is showed in figure 2.13. 

According to the explication above and as it is showed in the figures 2.13 and 2.14 it is not 

recommended to increase the mass of the bridge in order to decrease the peak acceleration 

because this fact also will decrease the resonance train speeds. 
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Figure 2.13: Maximum mid span displacement on a single track bridge with different mass 

from [37]. 

 

Figure 2.14: Maximum mid span acceleration on a single track bridge with different bending 

stiffness from [37]. 

The stiffness is among others, one of the parameters which the natural frequency of one 

structure depends. The stiffness is the most difficult parameter to predict accurately, and due 

to the boundary conditions depending on the stiffness behavior of the bridge, these are also 

difficult to quantify in bridges that are not made up by simply supported spans. 

In order to improve the accuracy of the stiffness, the committee D 214 carried out several 

researches comparing the static and dynamic behavior of the materials which contribute to the 

stiffness of the bridges, and the conclusion was that increasing the stiffness of the bridge is 

beneficial because it increases the critical train speeds at which resonance situation takes 

place, but this increment has a cost and it is for the economical reason that an accurate 

prediction of the stiffness has to be done. This fact is depicted in figures 2.15 and 2.16. 

 

Figure 2.15: Maximum mid span displacement on a single track bridge with different bending 

stiffness from [37] 
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Figure 2.16: Maximum mid span acceleration on a single track bridge with different bending 

stiffness from [37] 

According to this, in the design, a lower bound of the stiffness has to be used, and based on 

this lower bound the maximum speed train allowed should be calculated as well. 

Another factor that has an importance in the stiffness of the bridge is the modulus of elasticity 

(E) and the shear modulus (G) since this is dependent on E. These parameters suffer a 

variation under dynamic load. The ERRI recommends to take a value of the secant modulus 

of elasticity, Ecm from Table 3.2 in ENV 1992-1-1: 1991, for a normal cured condition and 

normal weight concrete. These values are taken after duration of 28 days. 

The 7
th

 report [38] is focused on the calculation of bridges with a complex structure for the 

passage of traffic and computer programs for dynamic calculations. Bridges that cannot be 

modeled like simple supported beam are considered complex structures and specific computer 

programs are required in order to design it taking into account the dynamic calculations. 

This report is divided into two parts. The first part (A) contains a description of the dynamic 

principles, methodology and techniques used by the finite element program. There is a 

summary too, with the results obtained and the conclusions. 

The second part (B) describes two computer programs that were developed at the request of 

the committee D214. These programs are CEDYPIA and DIA presented respectively in the 

part B1 and B2 and it has the disadvantage that it is difficult to use and both programs needs a 

large amount of calculation time although nowadays the capacity of the computer is greater 

and the calculation time is decreasing.  

The programs described above cover the majority of the cases that can be found in real life, 

only some complex structures are not covered, and it requires three dimensional models 

although these types of bridges are not usually susceptible to excessive vibration levels. 

Part B also contains a guide for using the programs, as well as example cases and the 

theoretical background to these programs. 

The 8
th

 report [39] compares the values obtained against experimental data related with the 

ballast behavior on bridges due to high acceleration levels and in the second part of the report 
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a comparison of calculations and measurements using simplified models of rail bridges is 

done. 

The aim of this report is to evaluate whether ballast mats fixed to the bridge deck have a 

reducing effect on ballasted track, and if this occur, how this is achieved. The displacements 

due to train passage were also measured, and the following results were obtained: 

- The dynamic behavior transferred from the bridge to the ballasted track depends 

on the acceleration level and the frequency. The vibrations are usually amplified 

and this amplification increases as acceleration and frequency increase. 

- Ballast mats increase the vibrations. The properties of the mats have a negligible 

influence. Hence the conclusion is that ballast mats are not appropriate for 

vibration insulation within the frequency range considered. 

- The maximum acceleration amplification of the rail grid due to the effects of the 

ballast mats is 60 % at 0.8 g and 18 Hz. Without ballast mats, it is only about 15 % 

in the same site. 

- In the frequency range of 2 – 20 Hz, there is no extreme value in the transfer 

functions. 

- The elastic properties of the dynamic system bridge ballast do not have a linear 

character, due to the transfer functions depending on the value of the accelerations. 

- For the limiting value for vibration of the bridge deck of 0.35 g given in the 

Eurocode an amplifying factor of 10 – 15 % (without mats) and 40 % (with mats) 

can be obtained for the acceleration of the rail grid. 

 

The last report,the 9
th

 report [40]  is divided in two parts. The first part is a detailed review of 

the results obtained in the reports 1 to 8 by the Committee D214, and the second part is a draft 

for UIC leaflet 779-8-R, which substitutes the previous leaflet. Nevertheless it is not a 

definitive version because the results of D 214.2 on interoperability are still not available.  
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Important Theoretical Concepts 

3.1  Euler-Bernoulli beam theory 

Beam is defined as a structure that has one dimension much larger than the other two. The 

beam is defined by an axle along the principal direction, the cross section is perpendicular to 

this axle and it can modify its properties smoothly along the length of the beam. The majority 

of the structures in civil engineering are made up by an assembly or grid of beams. Although 

nowadays sophisticated tools exist such as the finite element method, the beam models 

continue being used in the pre-design step, and also to validate the solution obtained by the 

computer programs.  

Several beam theories have been developed along the history with different assumption and 

different levels of accuracy. One of the most important and simplest beam theories was 

developed by Euler and Bernoulli and it is known as the Euler-Bernoulli beam theory. In the 

following, this theory will be briefly explained. 

The most important assumption of this theory is that the cross-section is infinitely rigid in its 

own plane, i.e., no deformations exist in the plane of cross-section as is observed in figure 3.1. 

Consequently, the in-plane displacement field can be defined with one rigid body rotation and 

two rigid body translations. Two other assumptions related with the out- of-plane field 

displacement of the section are considered: during and after the deformation, the cross-section 

of a beam remains plane and normal to the deformed axis of the beam. 

 

Figure 3.1: Long beam deformation under end bending moments.(from [2]) 

These assumptions are valid for slender, long beams made of isotropic materials and solid 

cross-sections. If one or more of these conditions are not fulfilled, the accuracy of the results 

is not guaranteed.  

Chapter 3 
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Consider a slide of one beam, defined by I=(i1, i2, i3) with coordinates x1, x2, and x3. This set 

of axes is fixed in an arbitrary point of the beam cross-section; i1 is along the principal 

direction, and i2 and i3 are perpendicular to i1 defining the cross-section plane. The 

displacement of an arbitrary point of the beam, can be defined as u1(x1, x2, x3), u2(x1, x2, x3), 

and u3(x1, x2, x3), along directions i1, i2, and i3 respectively. This descomposition can be 

observed in the figure 3.2. 

 

Figure 3.2 Decomposition of the axial displacement field (from [2]). 

The first Euler-Bernoulli assumption indicates that there is no deformation in the plane of the 

cross-section, this is infinitely rigid in its own plane, and hence it implicates that 

u2(x1, x2, x3)= u2(x1),      u3(x1, x2, x3)= u3(x1)  (3.1) 

The second Euler-Bernoulli assumption indicates that the cross-section remains plane after 

deformation. This implies that the axial displacement of any point can be defined by one 

translation u1(x1) and two rotations ф2(x1) and ф3(x1) as it is described in the figure 3.2: 

u1(x1, x2, x3)= u1(x1) + x3    (x1) – x2    (x1)  (3.2) 

The sign conventions are the following, u1(x1), u2(x1) and u3(x1) are positive in the positive 

directions of i1, i2 and i3 respectively, and   (x1) and   (x1) are positive about axes i2 and i3 

respectively. 

The third Euler-Bernoulli assumption indicates that the cross-section remains normal to the 

deformed axis of the beam. This implies that there is no change in the shape of the rotated 

cross-section. According to that, the rotations can be defined as: 

   
   

   
,            

   

   
  (3.3) 

The minus in the second expression is a consequence of the sign convention for the sectional 

rotations and displacements. Using both expressions, the rotation can be eliminated from 

expression 3.2, resulting in the three dimensional displacement expressed as a function of 

u1(x1), u2(x1) and u3(x1) and their first derivate with respect to x1: 

u1(x1, x2, x3)= u1(x1) – x3
       

   
 - x2

       

   
,         (3.4) 

u2(x1, x2, x3)= u2(x1),   (3.5) 

u3(x1, x2, x3)= u3(x1).       (3.6) 

The strain field can be calculated from the displacement field as it is done in [2] using the 

following equations: 
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Introducing the following notation: 

       
       

   
               

        

   
               

        

   
    (3.10) 

where    is the sectional axial strain, and   and   are the sectional curvature about the axes i2 

and i3 respectively. Finally using the expressions above, the axial strain distribution over the 

cross section is: 

                                        (3.11) 

The expression 3.11 is the mathematical form to represent the assumptions of the Euler-

Bernoulli beam theory. 

The objective of the beam theory is to represent the three dimensional models into two 

dimensional models in which sectional properties are only dependent on the span wise 

variable, x1. 

In the following, the three dimensional stresses will be represented in terms of sectional 

stresses called stress resultants. The three resultant forces defined are: the axial force, N1(x1) 

located along the axel i1, and the transverse shear forces V2 (x1) and V3(x1), located along the 

axes i2 and i3 respectively. The expressions for theses forces are the following, where the term 

A represents the cross-sectional area of the beam: 

                      
 

.  (3.12) 

                        
 

                              
 

  (3.13) 

Also, the two following bending moments are defined; M2(x1) and M3(x1) acting over the axes 

i2 and i3 respectively: 

                        
 

,                              
 

   (3.14) 

The minus sign used in the expression of M3(x1) is for giving a positive bending moment over 

axis i3. The sign convention of the moments and the forces is shown in the next figure. 

 

Figure 3.3 Sign convention for the sectional forces and moments (from [2]). 
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Frýba [41] studied the dynamic behavior of a simple supported beam under different types of 

moving loads developing Euler-Bernoulli´s differential equation with the following 

assumptions; theory of small deformations, Navier´s hypothesis, Hooke´s law, and Saint 

Venant´s principle.  

3.2  Damping models 

Damping is the general term used to define the physical dissipation of energy through some 

mechanisms such as friction, material damping, fluid/structure interaction, etc. The energy 

dissipation in materials is related to viscoelasticiy or other non linear phenomenon. Linear 

viscoelasticity is represented through complex modules, which are not time domain 

equivalent or internal states, hence its incorporation to FEM is pretty difficult. Friction 

usually occurs in joints and these are quite difficult to model and if it is modeled, the model is 

not accurate enough. 

Due to all these limitations the introduction of damping models in dynamic systems is a 

complex process. Rayleigh and modal damping belong to the type of general viscous 

damping, and modal damping ratio is usually used in the frequency domain while Rayleigh 

damping is used in the time domain.  The development of both the damping models is briefly 

explained below. Viscous damping can be defined as a force that is proportional to velocity 

with the following dynamic expression 

                                   (3.15) 

where M is the mass matrix, K is the stiffness matrix and C is the damping matrix that is 

generally a symmetric semi-positive definite matrix in order to ensure a passive system. 

Finally,      is the force vector which is a function of time. 

In order to represent the material damping, the viscous damping is not the best choice. The 

material damping is better represented by hysteretic models because in these models the 

dissipation force is proportional to displacement, or friction, where the damping only depends 

on the direction of the velocity. Viscous damping should be considered as an approximation 

in time domain simulation. However it is commonly used because it is a linear dissipation 

mechanism and this means a corresponding save in the computation of time especially in the 

big models. 

3.2.1  Rayleigh damping 

Among the viscous damping models, one of the most commonly used is the Uniform 

Rayleigh Model, where the damping matrix is defined as a linear combination of mass and 

stiffness matrices according to              This method is usually used when an exact 

knowledge about the damping is not known, and it could be more accurate than other methods 

since it is only a function of two coefficients, or even one, if the value of     is adopted. If 

an improvement in the accuracy is required, a piece-wise Rayleigh damping should be 

adopted where different coefficients are used for various parts of the model according to [31] 

                      (3.16) 
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The use of the coefficients    and    are because some components of the system are more 

dissipative than the others and have dissipation proportional to the deformation or to the time 

derivate of displacement respectively. However the major limitation of the damping models is 

that the most important dissipation of energy takes place at the junctions, and it is usually 

modeled as perfect and are not associated with matrices. 

Pulsations ωj and real mode shapes {  } are solutions of the eigenvalue problem 

    
                    (3.17) 

If all the modes are taken, one of them has the mass orthogonality conditions, and using the 

property which one matrix and the inverse of this can be permuted, the following relations can 

be obtained: 

                                                       (3.18) 

The same orthogonality condition occurs in the stiffness, which for mass normalized modes is 

given by 

               
       (3.19) 

3.2.2   Modal Damping 

As is explained in [51] viscous damping matrix is diagonal in the real mode basis, and modal 

damping is based in this assumption. This leads to 

                      (3.20) 

where the factor    is the modal damping ratio of mode j. Using the conditions (3.18) leads to 

the following expression for uniform Rayleigh damping 

   
 

 

 

  
 

 

 
    (3.21) 

where it can be observed that the damping ratio is proportional to the natural frequencies of 

the system. A typical plot of equation 3.21 is depicted in figure 3.4 where it can be observed 

that in the first portion the curve shows marked non-linearity and beyond that the variation is 

linear. 
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Figure 3.4 Variation of damping ratio with natural frequency of a system (from [50]). 

This damping model has two limitations. The first one is that damping proportional to mass 

cannot be applied when rigid body modes exist because they would have infinite damping. 

The other limitation is that damping proportional to stiffness increases with frequency but it is 

known that it rarely occurs in the physical behavior, where the damping ratios are almost 

constant over a large frequency range. 

Considering that the assumption of modal damping is valid, in [53] it is explained that the 

modal strain energy can be used and for each modeshape {  }  

              
                  

             (3.22) 

This has one limitation in that it is assumed that each damping ratio is associated with a real 

modeshape. This is not true since the reality modes are really complex. Anyway, as it is 

described in [54] modal damping is always an adequate tool for well separated modes, and a 

correct approximation in any case.  

A consequence of the equation 3.22 is that piece-wise Rayleigh damping generates damping 

ratios that are limited by the different coefficients    and   .  

Using the basis of modal damping, the viscous damping can be expressed easily as a diagonal 

matrix. It is obvious that the modal diagonal matrix becomes full. Using the orthogonality 

conditions described above, it leads easily to [ ]
-1

= [ ]
T
 [M] and [  T

]
-1

 = [M] [ф]. Inverting 

the expression 3.22 the following is obtained 

[C] = [M  ]N x Nm [
\
2    \]Nm x Nm [M  ]

T
Nm x N     (3.23) 

The result obtained with this equation is exact if all the modes are kept, but usually only a 

modal series of Nm modes is used. To carry out this simplification is important to realize that 

rows of [ ]
-1

 are given by     
    . The damping matrix [C] obtained in the expression 

before is full, hence it is too large to carry out any practical applications. In time simulations 

it is mandatory to compute [C]{v} products, resulting in the following expression 

[C]{v} = ([M  ] ([
\
2    \] ([M  ]

T
{v}))).  (3.24) 
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where [M ф] is only kept for selected modes and to solve these operations BLAS (Basic 

Linear Algebra Subroutines) is used achieving a very good performance. 

The number of modes Nm selected and its damping coefficients associated are related to the 

computation time. It is very important to do a correct selection of the modes whose results are 

important in order to save computation time and combine them with a Rayleigh model for the 

rest of the modes. If this combination is done, Rayleigh damping should be compensated to 

obtain the desired modal damping ratios. For the selected     the equation leads to [31] 

               
       (3.25) 

where the coefficient C0 is the Rayleigh damping. If the modal damping hypothesis described 

above is verified the compensation carried out is exact. 

3.3  Mode superposition method 

In order to carry out the dynamic analysis, two methods are the most used; the direct 

integration method and the mode superposition method. 

 The direct integration method uses a numerical step-by-step procedure in which any 

transformation of the equation is not required and it is for this reason that the method is 

considered as direct. In linear analysis, it is common to apply a constant time-step, but it is 

easy to extend the complexity of the analysis by introducing varying time-steps. In non-linear 

analysis, the direct integration must be applied in order to solve it. There are numerous 

methods for direct integration that can be found briefly explained in [55]. 

The mode superposition method is commonly used when a reduction of multi degree of 

freedom system is needed. Besides, it is possible to do a selection of the modes used in the 

response and then it is possible to combine it in order to produce the total response of the 

structure. This selection reduced the system used and the consequence was less usage of 

computer capacity and thus enabling more simulations to be performed. Due to the 

characteristics of the method it is not possible to integrate any non-linear behavior or un-

coupled damping into the model. The integration of the equation of motion is going to be 

described in the following and can be found in [27]. 

 

Figure 3.5: left: SDOF (Single-degree-of-freedom) right: MDOF (Multi-degree-of-freedom)(from 

[52]). 
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Figure 3.5 depict a single degree of freedom system compared with a multi degree of freedom 

in one dimension. If D’Alembert’s principle is applied to the SDOF system the dynamic 

equilibrium equation obtained is the following: 

                          (3.26) 

Where m, c and k are the mass of the system, the damping constant and the spring constant 

respectively, u(t) is the displacement in the horizontal direction and p(t) the applied load. For 

the MDOF system, the dynamic equilibrium equation obtained looks similar to the equation 

before 3.26: 

                          (3.27) 

The difference between this equation and equation 3.26 is that in this case M, C and K are 

matrices, and u and p are vectors functions of time. To solve equation 3.27 it is necessary first 

to consider the free vibration problem of an undamped system doing the terms C and p of the 

equation equal to zero. The new equation looks: 

                (3.28) 

If it is assumed a simple harmonic solution                  the eigenvalue problem 

obtained is: 

          (3.29) 

Where        is the inverse of the so-called dynamic matrix. If n degrees of freedom of 

the system is considered, there are n eigenvectors (  ) and eigenvalues (ωi) respectively that 

are solution of the equation above 3.29. The n eigenvalues (ωi) are associated with the natural 

frequencies of the system and the eigenvectors (  ) are the different modes of vibration of the 

system. The first natural frequency is referred to as the fundamental frequency of the system 

and corresponds to the largest period of vibration. The frequencies and the periods are related 

by the following expression: 

   
  

  
  (3.30) 

As is explained by Bathe [27] two important properties can be extracted from the modes of 

vibration. The first one is that the modes of vibration of a dynamical system are always 

orthogonal to each other with respect of the stiffness K and mass M matrices. The second 

property asserts that the modes of vibration of a dynamical system constitute a basis for the n-

dimensional space. This last property can help to solve the equation 3.27. Considering u(t) the 

solution of 3.27, it can be written as a linear combination of the n modal shapes: 

            (3.31) 

where   is a matrix whose columns are the vibration modes of  i. Introducing 3.31 in 3.27 

and using the orthogonality properties, the following scalar equation is obtained for each 

mode of vibration i: 

                                  (3.32) 

where, 
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       (3.33) 

     
      (3.34) 

     
       (3.35) 

        
        (3.36) 

These expressions are known as the generalized mass, the generalized damping constant, the 

generalized stiffness, and the generalized load of the structure, respectively. 

Finally, the expression 3.32 can be written as follows: 

                     
       

     

  
   (3.37) 

Where, 

   
  

     
   (3.38) 

is the damping ratio, and  

    
  

  
  (3.39) 

is the circular frequency corresponding to mode i. 

The process carried out demonstrates how the equation 3.27 can be separated in n equations, 

one for each mode of vibration 3.37. It also indicates that the modes of vibration uncouple the 

dynamic equations of motion. In order to solve a MDOF it is not necessary to solve a system 

of coupled differential equations 3.27, it is only necessary to solve n separate differential 

equation of the form 3.37. This is one of the major advantages that the modal superposition 

method has in solving dynamic problems. 

3.4  Mass matrix 

3.4.1  Lumped mass matrix 

The easiest way to define the mass in one structure is to assume that the entire mass is 

concentrated at the points called nodes where the translational displacements are defined. The 

simplest procedure is to divide the structure into different segments known as elements and 

these elements are connected by the nodes. The total mass concentrated in each node is the 

sum of the masses of the elements that are attached to that node. In one system where only the 

translational displacements are the degrees of freedom, the lumped mass matrix is a diagonal 

matrix, and the number of elements in the diagonal corresponds to the number of degrees of 

freedom that the system has. In the figure 3.6 this fact is depicted. 
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Figure 3.6: Lumping of mass at beam nodes (from [31]) 

Written in a matrix  

 

  

 
 
 
 
 
 
       
       
      
       
      
        

 
 
 
 
 

   (3.40) 

 

The rest of the terms of the lumped matrix mij are equal to zero because an acceleration of any 

mass point produces an inertial force only in that point. The inertial force at i is a consequence 

of unit acceleration of point i and is equal to the mass concentrated at that point; hence the 

mass influence coefficient mii=mi in a lumped mass system.  

If any node has defined more than one degree of freedom, the mass of that node will be 

associated with each degree of freedom. On the other hand, the mass associated with 

rotational degrees of freedom will be zero, due to the own definition of lumped mass, where 

the mass is concentrated in points which have no rotational inertia. Hence, the lumped mass 

matrix is a diagonal matrix that can contain zeros in its diagonal. 

3.4.2  Consistent mass matrix 

As is defined in [30], the mass influence coefficient mij for a structure is the force in the ith 

DOF caused by unit acceleration in the jth DOF. Applying this definition to an arbitrary beam 

element with distributed mass m(x) and using the principle virtual displacement as done in 

[30] a general equation for mij can be obtained: 

                     
 

 
  (3.41) 

The symmetric form of this equation indicates that the mass matrix is symmetric; mij = mji, 

and it is important to know that this expression for an element has the same form as the 

expression for a structure. 

Using the same interpolation function as were used to obtain 3.41 and developed in [30], the 

result obtained is known as the consistent mass matrix. The cubic hermitian polynomials 
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described in [31] are used to evaluate the mass coefficients of any straight beam segment. In 

the special case of a beam with uniformly distributed mass the result is: 

       
  

   
 

            
             

            
               

      (3.42) 

The consistent mass matrix has no zeros and it is not a diagonal matrix unlike the lumped 

mass matrix. When the entire masses matrix for all the elements has been obtained, it can be 

assembled in order to obtain the mass matrix of the complete beam. It has the same 

configuration as the individual element mass matrix.  

The dynamic analysis of a consistent-mass system requires usually more computational effort 

than a lumped-mass idealization does due to mainly two reasons: (1) the lumped-mass matrix 

is diagonal, whereas the consistent-mass matrix has off-diagonal terms; and (2) the rotational 

DOF can be eliminated by static condensation while all rotational and translational degrees of 

freedom has to be included in a consistent-mass analysis. 
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The Case study: Lögdeälv Bridge 

 

The organization of this chapter is the following. In the first part a description of the bridge 

over Lögdeälv is presented. In this description all the necessary information is extracted from 

the real project. In the second part the FE-model is presented, where the assumptions and the 

simplifications taken are explained. Finally, in the third part of the chapter the field 

measurements are described.  In this section, the methodology to carry out the measurements, 

the features of the Green Train and the different speeds in which the measurements were 

taken are explained. 

4.1 General description 

The bridge over the Lögdeälv is a double span composite bridge. The bridge is simply 

supported and is located along the Bothnia Line, between the localities of Nordmaling and 

Rundvik.  

 

Figure 4.1 Location of the the bridge over Lögdeälv at the Bothnia Line 

The concrete deck is supported by two steel girders, which are connected to each other by 

transversal steel beams. The total length of the bridge is 86.6 m, divided in two spans of 43.3 

m. These steel beams contribute to the load bridge with a value of 0.2 KN/m and also 

contribute to make the bridge stiffer. The two steel girders are composed of four different 

Chapter 4 
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cross-sections along the length of the bridge. Each cross-section has different weight and 

sectional properties as is shown in the tables 4.1 and 4.2 and its distribution along the bridge 

is depicted in the sketch of the figure 4.3. Taking into account the area of concrete and ballast 

over the two steel girders, it represents a weight of 30.8 KN/m and 30 KN/m respectively.   

Table 4.1 Weight of the Lögdeälv Bridge 

Beam 

type 

gbeam 

(KN/) 

gtrans 

(KN/m) 

gconc 

(KN/m) 

gballast 

(KN/m) 

gtotal 

(KN/m) 

1 8.2 0.2 30.8 30.0 69.2 

2 10.0 0.2 30.8 30.0 71.0 

3 9.7 0.2 30.8 30.0 70.7 

4 16.0 0.2 30.8 30.0 77.0 

 

Table 4.2 Cross-sectional data for the steel beams 

Beam 

type 

ρ (Kg/m
3
) E (Pa) A (m

2
) I (m

4
) 2A (m

2
) 2I (m

4
) 

1 34343 2.1E+11 0.2054 0.1773 0.4108 0.3546 

2 31223 2.1E+11 0.2318 0.2198 0.4636 0.4396 

3 32059 2.1E+11 0.2248 0.2094 0.4496 0.4188 

4 25509 2.1E+11 0.3077 0.3120 0.6154 0.624 

 

 

 

Figure 4.2 Schematic sketch of the bridge model. 
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Figure 4.3 Elevation and cross-section of the bridge over Lögdeälv 
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4.2 Description of the FE-model 

4.2.1 Bridge design and assumptions 

The bridge is designed as a 2D-model double span beam. The total length of the bridge is 86.6 

m divided in two spans of 43.3 m. The bending stiffness of the beam is assumed to be the 

double of the bending stiffness of one girder, and the same assumption is done for the area. 

Four different types of cross-sections are modeled according to the dimensions and 

characteristics of figure 4.3 and table 4.2. The value of the modulus of elasticity for the 

composite section (2.1E+11 Pa) is chosen taking into account the cracking in the concrete and 

it is the result of                  according to previous dynamic researches carried out. 

The sketch of the FE-model adopted in ABAQUS is depicted in figure 4.4 where the different 

cross-sections are shown in different colors. This figure also show the supports, where in the 

extremes only the vertical displacement U2 is constrained whereas in the center both 

displacement U1 and U2 are constrained. The rotation in the three supports is allowed in the 

Lögdeälv Bridge since the bridge has a bearing over each one of the supports.  

 

Figure 4.4 FE-model realized for the Lögdeälv Bridge 

The vertical and rotation stiffness of the supports will be modified by the addition of different 

springs located in the same place of the supports in order to calibrate the model as is 

explained in chapter 5. 

The shear deformation of the girders is neglected, hence the Euler-Bernoulli beam theory is 

used (more information in section 3.1) by the election of the Euler-Bernoulli beam elements 

which in ABAQUS are designated with the notation of B21.  

The 20 first eigenfrequencies of the bridge converged already with 2 meters long beam 

elements. Nevertheless the 1 meter long beam element has been chosen in order to improve 

the accuracy. This is equivalent to 86 elements connected by 87 nodes. Three different models 
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with 1, 2 and 4 meters elements were analyzed and no significant variations neither in the 

eigenfrequencies nor in the vertical accelerations nor in the displacements with the Green 

Train passing were found. 

The additional weight over the bridge due to the concrete over the two girders, the ballast and 

the transversal beams are taken into account in the model, increasing the density of the beam 

element according to the values shown in table 4.2. The weight of the sleepers and the track is 

neglected as well as the considerations that usually are taken into account in the interface 

between the girders and the concrete in the composite bridges. 

The damping is calculated according to Eurocode [29]. Actually, different damping values are 

obtained for different parts of the structure and different mode orders as is explained in 

section 3.2. In the bridge models, the damping is simplified by using the same damping value 

for the entire structure and all eigenmodes, and it is defined as direct damping. No aspects of 

the bridge are designed concerning the damping of the ballast and the sleepers. According to 

Eurocode, the standard value of the percentage of critical damping is set to 0.5, regarding 

composite bridges with a span length of L ≥ 20 m.  

The track has not been modeled, and due to this reason the moving loads are directly running 

over the beam elements as it is explained briefly in the next point. 

4.2.2  Train load model  

Trains are made up of  many components of high complexity, and the different vehicles can 

be modeled as a set of lumped masses, springs and dampers or it also can be simplified and 

hence, it can be modeled as constant forces.  

The simplest dynamic train model is the moving force model. A moving vehicle travelling 

along a bridge is modeled by a group of moving loads whose magnitude and separation 

between them are extracted from the Eurocode [29] for HSLM trains as is described in section 

2.3 and for the Green Train as is described in the section 4.3.2. In this simplification, the 

effect of mass-inertia is neglected and the magnitude of the contact force is constant along the 

time. The two necessary conditions to this approximation which works with enough accuracy 

are: the inertial forces of the vehicle are much smaller than the dead weight of the train and 

the second condition is that the mass-inertia of the vehicle has to be also much smaller than 

the mass-inertia of the bridge. 

This simplification cannot be used in cases where the mass-inertia of the vehicle is not small 

enough, or if the bridge span is much larger compared with the vehicles axles or finally when 

the effects of irregularities in the track has to be taken into account. In a train which is moving 

along a straight path at constant speed, the effects of inertia forces in the vehicle are mainly 

caused by bridge-vehicle interaction and track irregularities.  

Nevertheless, when the principal purpose of the research is analyzing the dynamic behavior of 

the bridge, it is not necessary to model the train in great detail. In this master thesis, the train 

modeling has been done only with moving force loads with the Matlab command Moving 

loads. The trains running by this method are the Green Train and according to Eurocode [29] 

the HSLM-A trains consisting of A1 to A10, due to the characteristics of the Lögdeälv 

Bridge.  
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The moving loads are running at constant speed, from left to right of the bridge although in 

the Lögdeälv Bridge the trains pass in both directions and it is assumed that the train never 

loses the contact with the bridge. When the first moving load arrives to the bridge, the bridge 

does not experience any deflection or velocity, except the deformation due to the gravity load. 

The train loads are only applied in vertical direction, that means that no accelerations or 

braking forces are taken into account and the results extracted from the analysis only show the 

vertical response.  

4.3 The field measurements 

4.3.1 Instrumentation of the bridge 

The methodology used in this point is based on measurements of acceleration, particularly on 

the bridge deck. The instruments located on the Lögdeälv Bridge were planned to measure the 

dynamic responses during the test with the Green Train and also to test the OMA (Operational 

Modal Analysis) on bridges that have relatively low background noise. The accelerometers 

were used as reference sensors to measure OMA and used simultaneously to measure 

accelerations during passages of the Green Train.  

Data were collected using the MGC data loggers from HBM and a laptop. The accelerometers 

used were the MEMS –type with housings that have been developed by the Division of 

Structural Design and Bridges at KTH. 

 

Figure 4.5 Accelerometer installed on the edge beam. 

In figure 4.5 an accelerometer from the Rössjö Bridge is depicted. The accelerometers that 

were installed on the Lögdeälv Bridge are of the same type. 

The aim of the work realized while collecting data is to draw the vertical accelerations 

measured during the passages of the Green Train. The instrumentation used is based on 

accelerometers and in the following it is going to be described as to where these were 

installed, the data collected and the features of the Green Train. 

Vertical sensors were placed inside the flange of the girder, as close as possible to the girder 

web. Transverse sensors were placed on the web of the girder as close as possible to the upper 
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flange. Finally, vertical sensors were installed on the edge beams. The location of these 

sensors is depicted in figure 4.6. 

The Bridge is divided longitudinally into seven sections with two vertical measured points 

inside the beams, one transversal measured point inside the beam and two vertical measured 

points on the edge beams. Thus, 4x7 + 7 = 35 measured points are defined. However only the 

data from three reference sensors are available and the analysis carried out in the chapter 5 is 

done according to the data collected from these three reference sensors. The notation used in 

figure 4.6 to show the location of each of the accelerometers is the following: 

K: Edge beam 

I: Inside 

V: West 

Ö: East 

T: Transverse  

Ref: Reference sensor 
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Figure 4.6 left: location of the accelerometers. Right: location of the reference sensors in the 

cross-section.  
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The measured data were carried out during the 15
th

 and 16
th

 of June 2010. However some 

problems with the data collected on 15
th

 by the instruments were detected in the analysis, 

hence only the data extracted from the 16
th

 are reliable data and it has been used to carry out 

the research in this master thesis. The total number of passing trains measured was 10 as is 

shown in table 4.3 

During the data collection the sampling rate was 800 Hz, and two Matlab commands were 

used to plot the information extracted from the measurement. One command was used to 

obtain the information of the free vibration of the bridge and the other one was used to obtain 

the dynamic information when the trains were passing. A cut-off frequency filter of 200 Hz 

and 30 Hz was used in order to obtain the data related up to these frequencies respectively. 

A research was carried out in order to know the passing speeds of the Green Train along the 

Lögdeälv Bridge. The different speeds found are shown in table 4.3 together with the 

nomenclature used to call each of the different trains passing across the bridge for which data 

was measured. The speeds shown in the table 4.3 are theoretical speeds, hence the variations 

in the speeds due to human or conditional factors were not considered. 

 

Table 4.3 Nomenclature and speed of the different Green Trains passing 

Number of train Nomenclature Speed (km/h) 

1 PK 22 230 

2 PK 23 230 

3 PK 31 240 

4 PK 33 240 

5 PK 34 192 

6 PK 35 220 

7 PK 36 180 

8 PK 41 200 

9 PK 42 223 

10 PK 45 180 

 

 



 

 46 

4.3.2 Gröna Tåget 

Finally, as it has been explained above, the Lögdeälv Bridge is located in the Bothnia Line. 

The train that covers this line is the HST Green Train. In the following a brief description of 

the Grain Train will be given. 

Gröna Tåget (Green Train) is a fast, electric tilting train that can not only maintain higher 

speeds than conventional trains on sections with curves, but also 300 km/h or more on 

dedicated high-speed lines. 

The concept also offers operators and infrastructure managers the following advantages: 

- Flexible train length; capacity according to need. 

- Many seats in a given train length. 

- Reliability and accessibility even in the nordic climate. 

- Low cost give profitability in a market exposed to competition. 

- Track-friendliness, which means less wear to track and wheels and enables high 

speeds on irregularity track. 

- Even lower energy consumption and less noise than other conventional trains. 

Gröna Tåget can be a new standard train that offers low-cost high speed with an even lower 

environmental loading. In figure 4.7 is depicted the dimensions of two types of Green Train 

compared with X 2000. 

 

 

Figure 4.7 Dimensions of Green Train compared with X 2000 (from www.gronataget.se) 

 

In order to model the Green Train to carry out the dynamic analysis in the model designed for 

the Lögdeälv Bridge, only two vehicles are taken into account, and the axle positions and axle 

loads are showed in table 4.4. 

 

 

 

http://www.gronataget.se/
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Table 4.4 Axle positions and loads for the Green Train model 

Number of axle Position (m) Load (kN) 

1 0 179 

2 2.7 177 

3 19 176 

4 21.7 175 

5 26.6 162 

6 29.3 161 

7 45.6 177 

8 48.3 178 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 49 

 

 

 

Results from analysis  

The results of the procedures described in chapter 4 are here presented and discussed. Firstly, 

the analysis of field measurements is presented. In the second part of the chapter, the analysis 

carried out with the FE-model is described. Finally in the last part of the present chapter, a 

comparison and discussion about the results obtained in both models is done. 

5.1  Analysis of the field measurements 

In this part of the chapter is analyzed the measurements that were taken in situ by the 

reference sensors as it was explained in the chapter 4. In figure 5.1 and 5.2 is depicted the 

frequency spectra of the Lödgeälv Bridge during the free vibration and the Green Train 

passage respectively.  

The cut-off frequency was done for frequencies up to 30 Hz as it is indicated in Eurocode 

[29], but not interesting results were found in the range of frequencies [10-30 Hz] and because 

of this fact, in figure 5.1 and 5.2 only the frequencies up to 10 Hz are plotted in order to 

obtain a more clear graphics for the readers.  

Analyzing the free vibration of figure 5.1, the eigenfrequencies of the structure can be 

extracted. The major peak is found at a frequency of 2.73 Hz. In this peak the vertical 

accelerometers placed in the edge beam and in the flange have the same ANPSD, around 0.7. 

This fact indicates that this eigenfrequency corresponds to the first bending mode of vibration 

of the structure. After that, another two peaks were detected by the vertical edge beam sensor 

at a frequency of around 3 Hz and 3.5 Hz respectively. The vertical flange sensor also 

detected it, but with lower amplitude, thus it means that these two eigenfrequencies belongs to 

the first two torsion modes of the Lödgeälv Bridge. Finally another important peak is found at 

a frequency around 3.8 Hz with similar amplitude in both vertical accelerometers. Thus, it can 

be concluded that this eigenfrequency corresponds to the second bending mode of vibration of 

the structure. The summary of these values is noticed in table 5.1. 

Chapter 5 
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Figure 5.1: Frequency spectrum free vibration 

 

Figure 5.2: Frequency spectrum Green Train passage 

Analyzing the frequency spectrum when the Green Train is passing, figure 5.2, the first 

bending mode of the structure is found at a frequency of 2.6 Hz and the second bending mode 

is located at a frequency of 3.56 Hz. Regarding torsional modes, the first is found at 3 Hz, and 

the second is found at 3.33 Hz. As noticed in table 5.1 the frequency values at free vibration 

are slightly higher than in the spectrum for Green Train passage. This fact is because when 

the train is over the bridge, the mass of the structure is larger, and consequently the frequency 

values decrease. 

Although transversal acceleration is not analyzed in this thesis, no notable differences were 

found between the frequency values collected for the free vibration and Green Train passage. 
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Table 5.1: Differences between the frequency values of free vibration and Grain Train passing 

Mode 
Free vibration 

Frequency [Hz] 

Green Train passing 

Frequency [Hz] 
Difference (%) 

1
st
 Bending mode 2.73 2.6 4.76 

1
st
 Torsional mode 3 3 0 

2
nd

 Torsional mode 3.5 3.33 4.86 

2
nd

 Bending mode 3.8 3.56 6.3 

 

In figure 5.3 the accelerations vs. time are plotted when the Green Train is passing at 220 

km/h and with a frequency up to 30, 70 and 200 Hz respectively. The accelerations are 

depicted in m/s
2
 and the time in seconds. The range time is between 2 and 12 seconds because 

of that the most important information is found in this interval. In appendix A the rest of the 

graphics for acceleration vs. time recorded by the vertical sensors for the rest of Green Train 

moving speeds (described in chapter 4) are depicted and at a frequency up to 30 Hz as 

indicated in Eurocode [29]. 
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Figure 5.3: Accelerations vs time for the Green Train passing PK 35 (220 km/h) a) Cut-off frequency 

30Hz b) Cut-off frequency 70 Hz and c) Cut-off frequency 200 Hz 
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Only the two vertical sensors have been depicted and the shape of the peaks of both 

accelerometers is slightly similar. However as shown in figure 5.3 when the train is crossing 

the bridge (between the seconds 3 and 5) the vertical edge beam sensor records a slightly 

higher accelerations than the vertical flange sensor.  

Analyzing the three graphics, as cut-off frequencies increase also accelerations do. At a Green 

Train speed of 220 km/h, and at a cut-off frequency of 30 Hz, the maximum absolute vertical 

acceleration obtained with the expression 5.1 is 1.92 m/s
2
, while at 70 Hz is 4.29 m/s

2
, and at 

200 Hz is 6.38 m/s
2
. 

The expression used to obtain the maximum absolute vertical acceleration is: 

     
          

 
   (5.1) 

where      is the maximum absolute vertical acceleration recorded by the vertical reference 

sensor placed in the flange,       is the maximum absolute vertical acceleration recorded by 

the vertical sensor located in the edge beam, and      is the maximum absolute vertical 

acceleration. All of these accelerations are expressed in m/s
2 

. 

In figure 5.4 the maximum vertical absolute accelerations obtained by the expression 5.1 vs. 

Green Train speeds are depicted. The cut-off frequencies are 30, 70 and 200 Hz respectively. 

As the cut-off frequencies increase, the accelerations also increase, and as observed in the 

figure 5.4, no resonance phenomenon were found in the range of the train speeds measured. 

The acceleration limit of 3.5 m/s
2
 for ballast track imposed by the Eurocode [29] is also 

plotted. This limit is only satisfied by the cut-off frequency of 30 Hz. Cut-off frequencies 

carried out at 70 Hz and 200 Hz gave always accelerations above the acceleration limit for the 

range of the speeds measured.  

 

Figure 5.4: Maximum vertical absolute acceleration (obtained with the expression (ref)) vs. Train 

speed with different cut-off frequencies 

In figure 5.5 is depicted the accelerations for the different Green Train passing speeds taken 

from the reference sensors. At train speeds of 180, 230 and 240 km/h, two Green Trains were 
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measured, and for the rest of the train speeds only data for one Green Train is available. No 

resonance phenomenon was found in this range of speeds. 

As shown in figure 5.5 maximum absolute vertical acceleration varies slightly at frequencies 

up to 30 Hz, while somewhat greater variability was observed when the frequencies up to 70 

or 200 Hz were included. As it was expected in this type of bridge, the transversal 

acceleration always takes a value lower than vertical acceleration. 

  

Figure 5.5: Maximum vertical acceleration as function of (planned) train speed. 
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In figure 5.6 the frequency vs. the acceleration for different Green Train speeds is depicted. 

As it was explained above, the cut-off frequency chosen is 30 Hz according to Eurocode [29]. 

The data have been collected from the graphics in appendix A, when the trains leave the 

bridge and the structure starts to vibrate in a free vibration way. In table 5.2 the information 

correspondent to the Green Train PK 22 (230 km/h) is noticed. The acceleration is obtained 

directly from the graphic, and the period is extracted from the time passed between two 

following peaks. Finally the frequency is obtained with the expression: 

  
 

 
       (5.2) 

where f is the frequency in Hz, and T is the period in seconds. 

 The correspondent data for the rest of the trains have been collected in the tables of 

appendix B. 

Table 5.2: PK 22 (230 km/h) 

Acceleration (m/s
2
) Period (s) Frequency (Hz) 

0.85 0.41 2.46 

0.46 0.39 2.56 

0.45 0.381 2.58 

0.26 0.38 2.61 

0.13 0.36 2.79 

  

 

Figure 5.6: Frequency vs. acceleration for the different Green Train speeds 
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5.2  FE-model analysis 

5.2.1  Time step 

The time step is a very important parameter in order to obtain accuracy in the solution. If a 

very small value of time step is used, the solution will be more accurate, however this fact 

also will increase the computational time. The time parameter selected has to be small enough 

to represent the reality but at the same time, it has to be large enough to do not increase the 

computational time extremely. 

Taking into account that the cut-off frequency required in the Eurocode [29] is 30 Hz, the first 

approximation to obtain the time step parameter is carried out by the following expression: 

   
 

      
 

 

     
             (5.3) 

where    is the time step in seconds, and      is the maximum frequency, in this case, 30 Hz.  

In order to analyze the model response with different time steps, the HSLM-A10 train 

proposed by the Eurocode [29] and defined in section 2.3 is chosen because as is explained in 

the following section, this is the most unfavorable train. Three time step are considered: 0.03 

s, 0.003 s and 0.0003 s. In figure 5.7 the maximum absolute accelerations when HSLM-A10 

train is passing at different speeds is depicted. 

As shown in figure 5.7 the higher time step selected, 0.03 s, does not provide an accurate 

solution, because this time step is not able to show the accelerations peaks and it provides a 

solution with lower values than the rest of time steps selected. The other two time steps 

selected, 0.003 s and 0.0003 s give a very close solution, and the differences between both can 

be negligible. According to save computational time, in the rest of the sections, 0.003 s will 

be the time step selected. This value is very close to the value obtained by the expression 5.3. 
 

 

Figure 5.7: Acceleration vs. Train speed of the HSLM-A10 train with different time steps 
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5.2.2  Run HSLM-A trains 

In this section, and as Eurocode [29] indicates to carry out the dynamic analysis, the HSLM-A 

trains must to be run across the bridge as it is explained in chapter 4. The ten HSLM-A trains 

are running across the initial model at a cut-off frequency of 30 Hz as it is indicated in the 

Eurocode [29]. The results  depicted in figure 5.8 show that the majority of the trains fulfill 

the limit of 5 m/s
2
 imposed by Eurocode [29]  for maximum absolute acceleration over 

unballasted track. 

The most unfavorable train is the HSLM-A10 train having an acceleration peak higher than 

7 m/s
2
 correspondent to the resonant speed 205 km/h. It is for this reason that in the following 

sections, this train will be used to upload the bridge model modifying different bridge 

parameters.  

 

Figure 5.8: HSLM-A trains 

5.2.3  Mode shapes 

The twenty first modes shape were analyzed in the bridge model. In the following figures, the 

ten first modes are depicted for the initial model i.e. the simply supported model. In the 

section model updating, the ten first eigenfrequencies are analyzed in order to update the 

bridge model. The rest of the mode shapes are found in appendix C.  

As is observed in figure 5.9 the vibration modes number 5 and 6 correspond to longitudinal 

modes of vibration. The vibration modes 12, 13, 17 and 18 shown in appendix C are also 

longitudinal modes of vibration. 
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                    Mode 1: 2.11 Hz                                  Mode 2: 3.43 Hz 

          

                     Mode 3: 8.16                                       Mode 4: 10.44 Hz 

              

                    Mode 5: 15.4                                    Mode 6: 15:56 Hz 

          

                     Mode 7: 17.72 H                                Mode 8: 20.57 Hz 

              

                    Mode 9: 30.14 Hz                Mode 10: 33.28 Hz 

              

Figure 5.9: Ten first Mode shapes 
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5.2.4  Frequencies 

In order to compare the measurements with the model, and compare the differences between 

accelerations obtained with different cut-off frequencies. As is depicted in figure 5.10 the 

maximum absolute accelerations of the model are obtained. The HSLM-A10 train cross the 

initial bridge model at different speeds and at cut-off frequencies of 200, 70 and 30 Hz 

respectively. 

As is observed in figure 5.10, increasing the cut-off frequencies, the maximum absolute 

accelerations are also increased. Using the frequencies up to 200 Hz, at 165 km/h is detected 

an acceleration peak close to 3 m/s
2
 that is not detected for the rest of the cut-off frequencies. 

The Eurocode [29] recommeds using a cut-off frequency of 30 Hz. As is observed in figure 

5.10, the frequencies up to 30 Hz detect the most important peak of acceleration located at 

205 km/h, thus because of these two reason, in the following sections, only frequencies up to 

30 Hz are going to take into account to analyze the bridge model. 

 

Figure 5.10: Different cut-off frequencies for HSLM-A10 

5.2.5 Gröna Tåget 

The Lögdeälv Bridge is design for the Green Train passing. In order to check if the Green 

Train fulfills the maximum acceleration limit imposed by the Eurocode at 3.5 m/s
2
 for 

ballasted track, the study of the maximum absolute accelerations when the Green Train is 

passing across the bridge model at a range of speeds from 150 km/h to 300 km/h is carried 

out. The cut-off frequency chosen is 30 Hz and the time step selected as is explained in the 

time step section is 0.003 s. 

As is observed in figure 5.11 the maximum absolute accelerations at the range of speeds 

selected are much lower than the Eurocode limit. No resonance speeds were found thus there 

is not any clear maximum acceleration peak, and as is depicted in figure 5.11 the range of 
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maximum absolute accelerations varies between 0.47 m/s
2
 at 160 km/h and 1.5 m/s

2
 at 

265 km/h.  

Comparing these results with the results obtained for the HSLM-A trains, it can be observed 

that the maximum absolute acceleration envelope for the HSLM-A trains covers completely 

the values for the maximum absolute acceleration for the Green Train in the range of speeds 

going from 150 km/h to 300 km/h. 

 

Figure 5.11: Max. abs. acceleration for the Green Train 

5.3  Model Updating 

In section 5.1, the analysis of the measurements gave results that were noticed in table 5.1. As 

it is seen, the first four more important eigenfrequencies corresponding to bending and 

torsional modes are very close and mixed. Consequently, it was impossible to filter the signal 

in order to separate bending and torsional modes. It is for this reason the accelerations 

registered by the sensors are accelerations caused by modes which have bending and torsional 

component. 

The FE-model developed in this thesis is a 2D-model, thus it is impossible to analyze the 

accelerations caused by torsion. In this part of the chapter a update of the model is carried out 

focusing in the value of the eigenfrequencies of the two first bending vibration modes of the 

structure (2.73 and 3.8 Hz) although the accelerations also will be analyzed. The updating is 

carried out in four different ways, modifying the bridge mass, the damping of the structure, 

the bridge stiffness and finally the support stiffness. 

The ten first eigenfrequencies are taken into account in the model to analyze the maximum 

absolute acceleration along the bridge model caused by HSLM-A10 train (the most 

unfavorable train as is explained in section 5.2.2). The range of train speeds goes from 

150 km/h to 300 km/h. The time step selected is 0.003 s (more information in section 5.2.1), 

and a cut-off frequency of 30 Hz is chosen (involving only the 8 first modes of vibration) as is 

required by Eurocode [29]. The speed increment used in the analysis of the accelerations is 

5 km/h. 
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5.3.1  Bridge mass 

In section 4.1 and table 4.2 the material and sectional properties for the Lögdeälv Bridge are 

noticed. In order to calibrate the model, the density value adopted for each type of the four 

sections is modified multiplying each value for different coefficients shown in table 5.3. The 

values obtained for the first ten frequencies due to bending and longitudinal modes are 

noticed in table 5.3. 

Table 5.3: Effect of the mass variation in the frequencies [Hz] of the first ten bending and longitudinal 

modes of vibration of the Lögdeälv Bridge 

Coefficient     1.5 1 

 

   
 

 

   
 

 

 
 

1
st
 frequency 1.62 1.72 2.11 2.58 2.74 2.98 

2
nd

 frequency 2.63 2.8 3.42 4.2 4.46 4.84 

3
rd

 frequency 6.26 6.66 8.16 10 10.64 11.54 

4
th

 frequency 8.01 8.53 10.44 12.79 13.61 14.77 

5
th

 frequency 11.86 12.63 15.47 18.94 20.16 21.87 

6
th

 frequency 11.94 12.71 15.56 19.06 20.29 22.01 

7
th

 frequency 13.59 14.47 17.72 21.7 23.1 25.05 

8
th

 frequency 15.78 16.79 20.57 25.19 26.82 29.09 

9
th

 frequency 23.11 24.61 30.14 36.91 39.29 42.62 

10
th

 frequency 25.53 27.18 33.28 40.76 43.4 47.07 

 

The values from table 5.3 are depicted in figure 5.12. As is observed, the low frequencies do 

not suffer many variations respect the different coefficients adopted. In higher frequencies, 

the difference is more signifier. According to the bending frequencies found in the real 

measurements, and focusing in the value of the first two frequencies, the coefficient  
 

   
   

gives the most accuracy. However it can be concluded that if only the frequency values 

corresponding to bending modes are taken into account, this method is not a satisfactory 

updated method because it was impossible to find a coefficient which first two frequencies 

were similar to the values obtained by the measurements.  
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Figure 5.12: Effect of the mass variation in the frequencies of the first ten bending modes of the 

Lögdeälv model bridge. 

In figure 5.13 the four coefficients which provide the most accurate results are selected from 

table 5.3 in order to depict the maximum absolute acceleration on the bridge model when 

HSLM-A10 train is passing. As is observed in figure 5.13, decreasing the mass value used in 

the model, the maximum absolute peak acceleration increases although it occurs at a higher 

train speed. The maximum absolute acceleration goes from 7.53 m/s
2
 at 205 km/h for a 

coefficient equal to one, to 15.02 m/s
2
 at 290 km/h after a reduction of the mass equal to the 

half was done. 

 

Figure 5.13: Max. abs. acceleration for HLSM-A10 with bridge mass modification 
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5.3.2  Bridge stiffness 

The value of the modulus of elasticity adopted in the FE-model is shown in table 5.4. In order 

to updating the model modifying the bridge stiffness, the value of E is modified multiplying 

and dividing by the coefficients 2, 1.5 and 1.7, resulting the values noticed in table 5.4. 

Table 5.4: Effect of the bridge stiffness in the frequencies [Hz] of the first ten bending and 

longitudinal modes of vibration of the Lögdeälv Bridge 

E [N/m
2
] 1.05E+11 1.40E+11 2.10E+11 3.15E+11 3.57E+11 4.20E+11 

1
st
 frequency 1.5 1.72 2.11 2.57 2.73 2.96 

2
nd

 frequency 2.44 2.81 3.42 4.16 4.41 4.76 

3
rd

 frequency 5.84 6.71 8.16 9.89 10.48 11.29 

4
th

 frequency 7.54 8.64 10.44 12.54 13.24 14.2 

5
th

 frequency 10.94 12.63 15.47 18.94 20.16 21.87 

6
th

 frequency 11 12.71 15.56 19.06 20.29 22.01 

7
th

 frequency 12.83 14.7 17.72 21.2 22.37 23.95 

8
th

 frequency 15.06 17.19 20.57 24.38 25.63 27.29 

9
th

 frequency 22.16 25.25 30.14 35.58 37.35 39.7 

10
th

 frequency 24.77 28.1 33.28 38.9 40.69 43.04 

 

The values of the table are depicted in figure 5.14. Except the frequency values related to the 

first four modes of vibration, which are very close between them, the rest of the frequency 

values related to the rest modes of vibration remain separated with a constant value. This 

separation starts in the mode 5, which is the first of the longitudinal modes of vibration (more 

information in mode shape section).  According to the bending frequencies found in the real 

measurements, and focusing in the value of the first one, the adoption of a value equal to 

3.57E+11 N/m
2
 in the modulus of elasticity provides a better accuracy. However, observing 

the results, it can be concluded that using this method is very difficult to update the model if 

the two first values of the eigenfrequencies are taken as reference. 
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Figure 5.14: Effect of the bridge stiffness on the frequencies of the first ten modes of vibration of the 

Lögdeälv Bridge 

In figure 5.15 the maximum absolute acceleration is depicted when the HSLM-A10 train is 

running across the bridge model and the bridge model stiffness is modified. Four 

characteristic values of the modulus of elasticity from table 5.4 are selected in order to build 

figure 5.15, and these selected values are shown in the legend. Observing figure 5.15, 

increasing the stiffness of the bridge model, the first resonant speed is also increased and the 

maximum absolute accelerations associated to these resonant speeds keep almost constant.  

 

Figure 5.15: Max. abs. acceleration for HSLM-A10 with bridge stiffness modification 
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5.3.3 Damping ratio 

The damping coefficient adopted to create the model in Abaqus is 0.5% according to the 

instructions given in Eurocode [29] for bridges with L>20 m and make up by composite 

sections. In this part of the section, different damping ratios were checked, specifically the 

following values; 0%, 1% and 2%. No differences in the frequencies of the first ten bending 

and longitudinal modes of vibration were found. Consequently, it can be concluded that the 

adoption of different damping ratios do not affect to the frequency values of the first ten 

bending and longitudinal modes of vibration. 

On the contrary, and as it was expected, the maximum absolute accelerations decreased as 

damping ratio increased as depicted in figure 5.16. Selecting a damping ratio of 2%, the 

maximum absolute acceleration keeps lower than Eurocode limit (5 m/s
2
 for unballasted 

tracks) for the entire range speeds selected. On the other hand, choosing a damping ratio of 

0%, there is a resonant speed located at 200 km/h that has associated a maximum absolute 

acceleration of 10.82 m/s
2
. The interval of speeds close to 200 km/h has also associated 

accelerations higher than 5 m/s
2
.   

 

Figure 5.16: Max. abs. acceleration of HSLM-A10 with bridge damping modification 

5.3.4  Support stiffness 

In the FE-bridge model, three simple supports were defined in the nodes 1, 44 and 87 

respectively as is explained in section 4.2, i.e. the supports are defined in the extremes and in 

the centre of the bridge model. In order to update the model, different tests were carried out, 

varying the choice of the degrees of freedom and also varying the support stiffness as is 

explained in the following. 

In the first part of this section, in order to simulate the foundation effects, three vertical 

springs replaced the initial boundary conditions that were constraining the vertical movement 

in the three supports (more information in section 4.2 ). Hence, only the degree of freedom 
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fixed in the structure was the horizontal displacement in the node 44 (centre of the bridge). 

The springs stiffness tested were 1E+08 N/m, 1E+09 N/m and 1E+10 N/m. The differences in 

the first ten eigenfrequencies due to bending and longitudinal modes are noticed in table 5.5 

and depicted in figure 5.17. As is observed, when support stiffness decreases, the 

eigenfrequencies values also decrease. The most important fact observed in the 

eigenfrequencies is that considering a vertical support stiffness of 1E+15 N/m is equivalent to 

consider the supports as infinite rigid in the vertical movement. The eigenfrequency values in 

the modes 7 and 8 taken the same value considering a support vertical stiffness of 1E+09 N/m 

and 1E+08N/m. In the three first modes of vibration, the vertical support stiffness 1E+09 N/m 

take almost the same frequency values than the infinite rigid vertical model, but after that, its 

value decreases until the mode 6 where both take again the same value. From mode 6 in 

advance, the frequencies associated with a stiffness equal to 1E+09 N/m decrease again 

respect the initial model. 

Consequently, it was not possible to update the model with this method, because adding 

vertical support stiffness only a decrease of the frequency values is achieved, what is in the 

opposite direction to what is intended. 

 

Table 5.5: Effect of the vertical support stiffness in the frequencies [Hz] of the first ten bending and 

longitudinal modes of vibration of the Lögdeälv Bridge 

 

Vert. Stiffness [N/m] Rigid 1E+15 1E+09 1E+08 

1
st
 frequency 2.11 2.11 2.08 1.8 

2
nd

 frequency 3.42 3.43 3.12 1.89 

3
rd

 frequency 8.16 8.16 7.76 4.04 

4
th

 frequency 10.44 10.44 7.81 5.45 

5
th

 frequency 15.47 15.47 13.44 8.14 

6
th

 frequency 15.56 15.56 15.47 11.26 

7
th

 frequency 17.72 17.71 15.56 15.47 

8
th

 frequency 20.57 20.57 16.02 15.56 

9
th

 frequency 30.14 30.14 21.5 16.06 

10
th

 frequency 33.28 33.28 25.49 21.12 
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Figure 5.17: Effect of the vertical support stiffness on the frequencies of the first ten modes of 

vibration of the Lögdeälv Bridge 

The maximum absolute accelerations registered when the HSLM-A10 train is passing along 

the bridge with the different vertical springs are depicted in figure 5.18. The same fact that 

occurs in the analysis of the frequencies occurs in the analysis of the accelerations, i.e. for a 

vertical support stiffness of 1E+15 N/m, the acceleration are the same that for the initial 

model. On the other hand, decreasing the vertical support stiffness, the maximum absolute 

acceleration increases, and as it is observed in figure 5.18, considering a stiffness of 

1E+09 N/m, maximum absolute acceleration peaks higher than 10 m/s
2
 at 270 km/h is 

observed. 

 

Figure 5.18: Max. abs. acceleration of HSLM-A10 with vertical support stiffness modification 
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In the second part of this section, two rotational springs were added to the initial bridge model 

in the nodes 1 and 87 i.e. in both extremes of the bridge model in order to simulate the 

rotational stiffness adding by the continuity of the ballast layer and the track to the model. 

Five different tests were carried out using the values of rotational spring stiffness noticed in 

table 5.6. On the contrary to the fact observed with the vertical springs, adding rotational 

springs the frequencies are always increased in the stiffness range that has been considered. 

Slight differences were found in the frequency values for the rotational stiffness range 

considered as it can be observed in the figure 5.19 where the maximum difference take place 

in the mode 7, with a difference of 1 Hz between the stiffness 1E+09 Nm/rad and 

1E+10 Nm/rad. 

Other remarkable fact occurs in the modes 5 and 6, where as is observed, the frequency values 

associated to these modes keep constant along the different stiffness tested and equal to the 

initial model. This fact is due to both modes are longitudinal modes of vibration (more 

information in 5.2.3), thus there is no influence of rotational stiffness in them.  

Comparing the frequency values obtained with a rotational stiffness of 5.5E+09 Nm/rad with 

the data extracted from the measurements, and focusing in the value of the first two 

frequencies due to the bending and longitudinal vibration modes as it was explained, it can be 

assert that this is the best updated model achieved.  

 

Table 5.6: Effect of the rotational support stiffness in the frequencies [Hz] of the first ten bending and 

longitudinal modes of vibration of the Lögdeälv Bridge 

Rot. Stiffness 

[Nm/rad] 0 1E+09 5E+09 5.5E+09 7.5E+09 1E+10 

1
st
 frequency 2.11 2.25 2.66 2.7 2.84 2.99 

2
nd

 frequency 3.42 3.53 3.82 3.85 3.95 4.04 

3
rd

 frequency 8.16 8.31 8.78 8.83 9.01 9.22 

4
th

 frequency 10.44 10.55 10.87 10.91 11.03 11.16 

5
th

 frequency 15.47 15.47 15.47 15.47 15.47 15.47 

6
th

 frequency 15.56 15.56 15.56 15.56 15.56 15.56 

7
th

 frequency 17.72 17.85 18.32 18.37 18.56 18.78 

8
th

 frequency 20.57 20.66 20.99 21.02 21.15 21.3 

9
th

 frequency 30.14 30.25 30.67 30.72 30.90 31.11 

10
th

 frequency 33.28 33.36 33.66 33.69 33.81 33.95 
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Figure 5.19: Effect of the rotational support stiffness on the frequencies of the first ten modes of 

vibration of the Lögdeälv Bridge 

 

The maximum absolute acceleration when the HSLM-A10 train is passing is depicted in 

figure 5.20. As is observed after the rotational stiffness is increased, the maximum absolute 

acceleration peak also increases although this peak appears at a higher train speed.  

Comparing the best updated model (rotational stiffness equal to 5.5E+09 Nm/rad) with the 

initial model, it can be observed that the maximum absolute acceleration peak is increased 

from 7.53 m/s
2
 in the initial model to 8.95 m/s

2
 in the updated model. Due to this acceleration 

peak translation, the maximum absolute accelerations of the updated model remain below the 

maximum absolute accelerations in the initial model until the train speed remains under 

222 km/h as it can be appreciated in figure 5.20. 
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Figure 5.20: Max. abs. acceleration of HSLM-A10 with rotational support stiffness modification 

5.3.5  Comparison 

Four different types of updating have been carried out in the previous section. In each type of 

updating (except in the damping section) one model was selected as the best updated model 

according to the first two frequencies measured in the Lögdeälv Bridge.  

In this section it will be decided which the best updated bridge model is comparing with real 

bridge. In order to do this selection, in the following table 5.7 a summary with the frequencies 

correspondent to the best updated model of each parameter variation is noticed. 

As it can be appreciated in table 5.7, in the first column is shown the values of the initial 

model, in the second column is found the values obtained adding two rotational springs with a 

stiffness equal to 5.5E+09 Nm/rad placed in the extremes of the bridge model. In the third 

column, the frequency values corresponding to a modification in the modulus of elasticity 

equal to 3.57E+11 N/m
2
 is found and finally in the last column the frequency values after a 

mass modification appear. 
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Table 5.7: Ten first frequency values [Hz] of the different updated models 

Frequency [Hz] Initial Model 

Rot. Stiffness 

5.5E+09 

Nm/rad 

Bridge Stiffness 

3.57E+11 N/m
2
 

Coefficient       
 

   
 

1
st
 frequency 2.11 2.7 2.73 2.74 

2
nd

 frequency 3.42 3.85 4.41 4.46 

3
rd

 frequency 8.16 8.83 10.48 10.64 

4
th

 frequency 10.44 10.91 13.24 13.61 

5
th

 frequency 15.47 15.47 20.16 20.16 

6
th

 frequency 15.56 15.56 20.29 20.29 

7
th

 frequency 17.72 18.37 22.37 23.1 

8
th

 frequency 20.57 21.02 25.63 26.82 

9
th

 frequency 30.14 30.72 37.35 39.29 

10
th

 frequency 33.28 33.69 40.69 43.4 

 

Observing the results of table 5.7 and focusing in the eingenfrequencies because of the two 

first bending modes of vibration of the Lögdeälv Bridge which were extracted from the real 

measurements (2.73 Hz and 3.8 Hz respectively), it can be asserted that adding two rotational 

springs with a stiffness equal to 5.5E+09 Nm/rad the best updated model is achieved.  

In the following figure 5.21 the maximum absolute acceleration (m/s
2
) in each of the nodes 

that make up the bridge model is depicted for the updated models of the table 5.7. The speed 

selected for the Green Train is 220 km/h. The place where the real vertical sensors were 

located is also indicated in the figure, in order to compare updated model and real bridge. As 

it was concluded from the first analysis carry out in the initial model, and was observed in the 

analysis of the measurements, no resonance phenomenon was found, and it is for this reason 

that the train speed have been chosen at random. 

It can be appreciated for the Green Train speed selected, that the initial model provides the 

minimum value of the maximum absolute acceleration along the entire bridge model with a 

maximum value of 0.47 m/s
2
. On the other hand, the updated model carry out by the 

modification of the mass using a coefficient equal to 1/1.7 provides the maximum absolute 

acceleration, with a maximum value of 1.11 m/s
2
. Finally, the best updated model (rotational 

spring stiffness equal to 5.5E+09 Nm/rad) is found between the initial model and the modified 

mass model, giving a maximum absolute acceleration value of 0.87 m/s
2
. 

As it was expected, the maximum absolute acceleration values are located in the middle of the 

two spans of the bridge model, and all the updated models show similar acceleration shapes as 

is observed in figure 5.21.  
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Figure 5.21: Max. abs. acceleration in each node for the different updated models 

In order to carry out an analysis of the accelerations over the updated model selected above, 

figure 5.22 depict the maximum absolute acceleration obtained for a train speed range going 

from 150 km/h to 300 km/h. The bridge models selected are the initial model, make up with 

the data of table 4.2, and the updated model chosen from the rest of the models presented in 

table 5.7, i.e. the model which two rotational springs were added in the extremes of the 

bridge, with a stiffness equal to 5.5E+09 Nm/rad. For this last model, the maximum absolute 

accelerations have been selected from all the bridge and from the node 15 in order to compare 

with the real measurements, because the accelerometers in the Lögdeälv Bridge were situated 

in this position as was explained in section 4.3.1. The Green Train is the train used to carry 

out the analysis because this is the train whose real data are available for the Lögdeälv Bridge. 

The time step selected is 0.003 s (more information in section 5.2.1), and a cut-off frequency 

at 30 Hz (involving only the 8 first modes of vibration) as the Eurocode [29] requires. The 

speed increment used is 5 km/h, because there is not resonant speed, thus this increment 

selected provides enough accuracy.  

As it can be observed in figure 5.22, the real data provide accelerations higher than the 

accelerations extracted from the initial and updated model. This fact can be caused because 

both are two-dimensional models, thus it is not possible to take into account the acceleration 

caused by the torsion. Different filters were used unsatisfactorily to separate the acceleration 

caused by torsion and bending modes but it was not possible because it was very close and 

mixed and any filter that was tried distorted the reality. 

Comparing the values between the initial and the updated models, it can be observed that both 

models have the same shape, however, the shape in the updated model is moved 25-30 km/h 

to the right, and the maximum absolute accelerations are slightly lower. 
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Figure 5.22: Comparison of the max. abs. acceleration between the real measurements and the 

models  
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Conclusions and Suggestions for Further 

Research 

6.1  Conclusions 

In the present work a two dimension FE-model of the two span composite Lögdeälv bridge 

has been developed. The purpose of this work was design a model which was able to 

represent successfully the dynamic behavior of the real bridge. Measurements of the bridge´s 

frequencies due to bending modes of vibration were used in order to upload the model and 

then, accelerations were used to compare and validate the different 2D updated models. From 

the study and analysis carried out in this master thesis, and taking into account the limitations 

and the shortage with the real data, the following conclusions can be drawn: 

- A 2D updated model is good enough to predict the eigenfrequencies due to bending 

vibration modes in this type of composite bridges. 

- A 2D updated model can predict the eigenmodes due to bending, with no important 

torsional component as is the case of simpler single-track bridge. 

- The accelerations are greatly underestimated for the initial model and also for the 

updating models, for all the speeds where real acceleration data were measured. 

- The design of the trains as moving point loads give accuracy enough for unballasted, 

long-span bridges, with the limitation that a 2D-model involves. 

- Filtering at a cut-off frequency of 30 Hz, identify the critical behaviors successfully, 

comparing with the other filters carried out at a cut-off frequencies of 70 and 200 Hz. 

- Time step of 0.003 s provides enough accuracy in order to carry out the dynamic 

analysis using an increment speed of 5 km/h.  

-  Updating the model adding a rotational spring in the extremes of the bridge model 

improve the accuracy of the predicted eigenfrequencies further than the updating 

carried out modifying the mass, the stiffness, the damping and the adding of vertical 

springs in the supports of the bridge model respectively. 

- The rotational stiffness of the supports is an important factor and must be considered 

when updating the model, especially for the low-frequency eigenmodes. 

Chapter 6 
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- The mass in another important factor. Increasing the bridge mass value, provides 

higher eigenfrequencies values. The resonant speeds take place at higher speeds and 

the acceleration peaks increase its value. 

- The stiffness of the railway bridge has also great influence on the dynamic response. 

Higher stiffness of the bridge structure gives peak resonance values at higher speeds 

and also the eigenfrequencies due to bending modes increase the value. 

- The damping of the railway bridge has great influence in the dynamic response. 

Higher damping coefficient gives lower response values. However, the acceleration 

peaks appear at the same speed, independent of the damping coefficient adopted. If no 

damping is introduced, the decay of motion will be unrealistic low.  

- A vertical support stiffness of more than 1E+15 N/m
2
 gives the same results as an 

infinitely stiff support model, for the 10 first modes of vibration. 

- The principal Lögdeälv Bridge´s eigenfrequencies occur between 2 and 4 Hz, and the 

modes associated to these eigenfrequencies are bending and torsional modes. 

Consequently, bending and torsional modes are very close and mixed. 

- The Lögdeälv bridge is safe from resonance risk, due to using a cut-off frequency of 

30 Hz, no resonant train speeds were found neither from the measurements nor the 

analysis carried out in the bridge model when the Green Train is passing at a speeds 

range going from 150 km/h to 300 km/h. 

-  The highest vertical deck acceleration obtain in the simulation is 7.5 m/s
2
 for the 

HSLM-A10 train crossing at 205 km/h. The second highest acceleration is about 

6.17 m/s
2
 for the HSLM-A9 train at a speed of 195 km/h. These accelerations are 

higher than the Eurocode limit of 5 m/s
2
 for unballasted track. Also, HSLM-A7 train 

has a resonant speed at 295 km/h with an acceleration peak of 6 m/s
2
. The rest of the 

HSLM-A trains fulfill the Eurocode limit. 

6.2  Suggestions for further research 

The most natural next step for this master thesis would be to create in Abaqus a 3D-model of 

the Lögdeälv Bridge, because although the most important bending behavior is successfully 

represented, the torsional and bending modes are very close and mixed in the Lögdeälv 

Bridge, thus to be able to analyze the real dynamic behavior it would be necessary to design a 

3D-model. 

The different trains were modeled as moving point loads, as for long span bridges the train-

structure interaction does not affect to the results importantly. However, the next step in this 

field it would be to model the trains as a set of damping, masses and springs, where the first 

and the second suspensions of the vehicles were taking into account. 

The influence of the bridge foundation would be interesting to investigate in further research. 

For this purpose, the foundation could be model as beam elements links to the ground, where 

varying the different beam stiffness, the influence of the foundation could be analyzed. In this 

thesis, the foundation only have been taking into account adding vertical and rotational 

springs and a good accuracy has been obtained.  
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Another important factor to take into account in further research is the model of the ballast, 

taking into account its own mass and stiffness. Furthermore, a future ballast model should 

have a stiffness that depends on whether the ballast is loaded or not. This should also apply 

for the connection between the ballast and rail. 

Finally, the track is another factor worth studying in the future that was not considered in this 

work. The track stiffness and the track irregularities should be taken into account. The 

influence of the set of ballast, track and sleepers in the dynamic analysis and the load 

distribution through all of them would be very interesting.  
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Measurements (Up to 30 Hz) 

 

Figure A.1: Acceleration vs time PK 45 (180 Km/h) 

 

Figure A.2: Acceleration vs time PK 34 (192 Km/h) 
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Figure A.3: Acceleration vs time PK 41 (200 Km/h) 

 

Figure A.4: Acceleration vs time PK 42 (223 Km/h) 

 

Figure A.5: Acceleration vs time PK 23 (230 Km/h) 
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Figure A.6 Acceleration vs time PK 31 (240 Km/h) 
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Data from measurements to build 

Figure 5.6 

 

Table B.1: PK 36 (180 km/h) 

Acceleration (m/s
2
) Period (s) Frequency (Hz) 

0.59 0.33 3 

0.14 0.32 3.125 

0.05 0.29 3.45 

0.04 0.27 3.7 

 

 

Table B.2: PK 41 (200 km/h) 

Acceleration (m/s
2
) Period (s) Frequency (Hz) 

0.31 0.315 3.17 

0.25 0.321 3.12 

0.1 0.3 3.34 

0.07 0.29 3.45 
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Table B.3: PK 35 (220 km/h) 

Acceleration (m/s
2
) Period (s) Frequency (Hz) 

0.96 0.387 2.58 

0.55 0.371 2.7 

0.1 0.35 2.86 

0.07 0.34 2.94 

 

 

Table B.4: PK 31 (240 km/h) 

Acceleration (m/s
2
) Period (s) Frequency (Hz) 

0.9 0.36 2.75 

0.45 0.331 3.02 

0.15 0.32 3.15 

0.1 0.31 3.23 
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Mode Shapes  

            Mode 11: 44.88 Hz             Mode 12: 46.28 Hz 

 

          Mode 13: 46.49 Hz                  Mode 14: 48.04 Hz 

 

                    Mode 15: 61.20 Hz                             Mode 16: 64.29 Hz 
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 Mode 17: 76.16 Hz                       Mode 18: 76.30 Hz 

 

                 Mode 19: 78.41 Hz                          Mode 20: 81.33 Hz 

 

 





 

 

 


