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Abstract 

More and more pressure is exerted on railway infrastructure due to an increasing 

transportation demand and population density. Instead of expanding the net, a possible 

solution could lie in the enlargement of the capacity by operating longer trains rather than 

more short ones. However, close attention has to be paid to the behaviour and the lifetime of 

the infrastructure under these changed loads. In special bridges are delicate aspects in this 

matter. 

In the current thesis the simply supported Banafjäl bridge located on the Bothnia Line in the 

North of Sweden is studied more in detail with regards to this aspect. It is a high-speed 

composite railway bridge with a span of 42 m. A detailed 3D finite element (FE) model is 

made available. However in order to make reliable predictions about the behaviour under 

increasing train length loads, it had to be further improved. 

Different methods of calibrating measured response data to an existing FE model, finite 

element model updating (FEMU), are available and a detailed overview is given at the 

beginning of this thesis. Next a sensitivity analysis was performed to select the material 

parameters which are most influential for the result and will be updated. In the following, 

FEMU is carried out by means of two iterative updating methods, genetic and gradient-based 

optimization, after which also a combination of these two is implemented. Two objective 

functions are chosen and it is shown that all methods converge to a global optimal solution. 

After adjusting the initial model with the updated parameter values, a fatigue analysis on this 

updated model is carried out for high-speed trains of multiple lengths by means of the 

Palmgren-Miner rule. The fatigue is found to increase with increasing train length and in 

particular when the speed approaches resonance speed. By extension an operating chart is 

created to indicate the maximum amount of train passages per day in function of speed and 

train length for a type 4 fatigue train. Furthermore, damping has been shown to have a 

positive effect on the fatigue, the larger this effect for shorter trains. The static behaviour has 

been proven not to be a problem and so will solely the weight of trains induce little to no 

fatigue problems in this particular bridge. 

Keywords: Finite element model updating, sensitivity analysis, objective function, 

dynamic analysis, Banafjäl bridge, fatigue lifetime, high-speed bridge
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Introduction 

1.1 Increasing pressure on existing infrastructure  

Due to the growth in passenger train traffic and the constraints set to infrastructure, the 

possibility to extend the freight train network is put under serious pressure. Furthermore, 

more and more container ships are being developed to have a carrying capacity of more than 

14 000 Twenty-foot Equivalent Units (TEU) where a TEU stands for a standard container size 

of 20 feet in length (Shen and Khoong, 1995). This means more pressure on the roads and 

railways lying in the hinterland to cope with this increasing capacity which has to be 

distributed. On top of that only few harbours are capable of handling these large container 

ships and thus, especially in the neighbourhood of them, the transport network will be highly 

pressurized. 

One possible solution would be to increase the length of these freight trains. In this context 

for example the European Marathon project (Barrow, 2015 and NewOpera, n.d.) tried to 

investigate the technological and economical feasibility of freight trains extended to a length 

of 1500 m, running with a speed of up to 120 km/h. The concept is to at one point couple two 

standard-length trains coming from different places. Then the coupled train rides along a 

heavily used freight corridor after which it is uncoupled and the different trains ride to their 

destinations. In this way the coupled train induces less infrastructure usage compared to the 

two separate ones. The tests in the Marathon project were performed by coupling two 750 m 

long trains to each other. The second locomotive was placed in the middle and radio-

controlled by the driver in the first one. 

The coupling of the trains would sufficiently increase the capacity and reduce the cost due to 

a lower demand for train paths and drivers, only one is needed now instead of two. Note that 

there are additional costs like adapting the signalling but these would be relatively small. On 

top of that the infrastructure will not have to be adapted radically.  

The Marathon project is just one example of an investigation to come up with a solution to 

tackle the more and more pertinent problem of rising pressure on capacity. Continuously 
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increasing the infrastructure is in the long term not possible and also not desirable. After all it 

is, especially in densely populated areas, a though and sometimes even impossible task to 

enlarge the infrastructure. On top of that other factors like the environment and preservation 

of nature have to be taken into account too.  

It is for this reason it is worth investigating these projects and trying to achieve an inventive 

and state-of-the-art solution for this problem. However, there are several aspects which need 

special attention, like will be discussed in the following. 

1.2 Issues related to the dynamics and the fatigue 

lifetime of bridges 

When increasing the train length certain aspects have to be studied more closely because 

despite all the possible advantages, like described in the Marathon project, there are some 

points which cannot be forgotten. The infrastructure might not have to be changed thoroughly 

but it still has to be able to bear this change in loads. Along railway lines a number of critical 

points are being passed. Especially the bridges should not be forgotten. They represent a 

crucial part in the connection between two points and often are designed for certain load 

combinations. Changing the loads that will pass these bridges will call for a new investigation 

on its bearing capacity including its fatigue lifetime. 

In general when a train passes a bridge, vibrations occur. If these vibrations happen to have a 

frequency close to or at resonance frequency of the bridge, large deflections can occur and the 

bridge will be put more to its limits. The longer the train, the longer the vibrations last in time 

with every passage and thus the faster the bridge is expected to reach its fatigue lifetime. 

It is this change in fatigue lifetime which will be of interest in this master thesis. Since these 

types of coupled long-length trains are not yet operational of course no data is available to 

asses this phenomenon. So in order to be able to express a profound statement on how the 

fatigue lifetime of a certain bridge structure is changing, first a detailed and reliable analytical 

model should be constructed. In this thesis this model will be a finite element model of which 

the properties will be discussed in Chapter 3. 

An initial detailed 3D finite element model of the bridge is already available. However, this 

model does not match with measured data in a desirable way and thus has to be updated. 

Instead of increasing the level of detail even further, which will only increase the calculation 

time without significantly contributing to a higher degree of accuracy, certain parameter 

values are updated. This means that by using measurements performed on the existing bridge 

structure, new values are searched for a certain range of parameters in such a way that the 

behaviour of the model lies closer to the behaviour in real life. Because only the parameters 

are updated the calculation time thus stays the same. This process is called finite element 

model updating (FEMU) and will be further discussed in Chapter 2. In order to choose the 

relevant parameters a simple sensitivity analysis will be performed. Different iterative and 
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direct methods can be used to perform the updating. A concise overview of them will be 

given in Chapter 2 as well. Often an objective function is needed which then has to be 

minimized. The choice of this function is an important aspect of the updating process and has 

to be treated with the necessary attention. The measurements provided for this thesis are 

accelerations of the real bridge structure both when a train is passing by as when solely wind 

is acting on the structure. A more detailed description is given in Chapter 4. 

1.3 Case study: The Banafjäl Railway Bridge 

In this master thesis the focus will lie on a case study of a simply supported railway bridge. 

The bridge being considered is the Banafjäl railway bridge positioned in the rural Banafjäl 

locality which is a part of the municipality of Örnsköldsviks, around 100 km south-west of 

Umeå. It lies a few kilometres from the Baltic Sea, upstream the Banafjäl estuary and is one 

of the 140 bridges which are part of the Bothnia Line. This is a 190 km long high-speed 

railway line which connects the Höga Kusten Airport with Umeå. It was completed in 2010 

and trains travel with speeds of up to 200 km/h although it is designed for speeds of up to 250 

km/h. 

The bridge itself is a simply supported steel-concrete composite bridge carrying one ballasted 

rail track. It is 57.7 m long and spans around 42 m. The steel part comprises two parallel 

longitudinal beams connected at various points along the length by cross bracings. These 

support a concrete slab on top of which the ballast and the track are placed. Figure 1 gives an 

impression of the bridge. 

 

Figure 1: A view on the Banafjäl railway bridge (Beygi, 2015). 

As will be seen, this particular type of bridge has a relatively high first eigenfrequency of 

around 3.3 Hz which results in a high resonance speed. This can be calculated as in equation 

1.1 where 𝑓1  is the first eigenfrequency and 𝜆 is the axle distance of the train type being 

considered. 
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𝑣𝑐 = 𝑓1 ∗ 𝜆 (1.1) 

The axle distance of freight trains lies around 20 meters which gives resonance speeds of up 

to 235 km/h. Since freight trains are not able to reach such high speeds, the study of the 

change in fatigue lifetime when doubling the train length will not give any insights for this 

particular bridge when using the slower freight trains. After all, the study of fatigue will be 

especially of interest when the trains run at a speed of around the resonance speed since then 

vibrations will be highest. If this is not the case, doubling of the train will induce larger 

stresses but not significantly enough to be of a concern for the matter of fatigue. 

For this reason, this thesis will not focus on the effect of the doubling of freight trains but 

instead on the effect on the fatigue lifetime when high-speed trains with more or less the same 

axle distance are doubled. These types of trains are in fact capable of running at the high 

speeds corresponding to the high resonance speed and thus will induce more severe vibrations 

and yield a bigger change in the fatigue lifecycle. A comparison will then be made between 

the estimated lifetime for single high-speed trains and the estimated lifetime when these type 

of trains are doubled in length. Also the patterns in lifetime of these trains will be studied for 

different train lengths when they are operating in the vicinity of the resonance speed. 

Note that when another bridge would be considered for which the first eigenfrequency is 

reasonably lower, the resonance speed will be lower as well. In that case it might be of 

interest to study the effect of the usage of freight trains since then their operating speed might 

approach the resonance speed. The same study as being carried out in this thesis could then be 

done for that other bridge. 

1.4 Aim and scope 

In this thesis an estimation will be made of the fatigue lifetime of the Banafjäl railway bridge 

when coupled high-speed trains are running over it. For this a detailed finite element model is 

needed which will be obtained by updating the parameters of an already existing model. The 

main focus will lie on this updating process. In general, the aims can thus be stated as follows: 

 Provide an overview of the different available updating methods and test both a direct 

and an iterative method on a simple model in order to determine which techniques will 

be used on the detailed model of the Banafjäl railway bridge. 

 Determine the set of parameters to be updated by means of a sensitivity analysis. 

 Develop a detailed and efficient finite element model updating algorithm in Matlab 

using Python and Abaqus in order to get an as reliable model of the Banafjäl railway 

bridge as possible. 

 Simulate passages of both single and coupled trains over the bridge at operating and at 

resonance speed for determining the occurred stress ranges in order to calculate and 

compare the fatigue lifetime. 
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 Assessment of the fatigue lifetime of the bridge for different lengths of high-speed 

trains running at speeds close to the resonance speed. 

Different updating methods can be used but in the scope of this thesis only a few will be 

tested. Also the available measurements do not allow for determining the higher frequencies. 

Because of this only the lower ones are being considered and compared during the updating 

process. More detailed measurements could allow for determining the higher frequencies as 

well but this lies outside of the scope of this thesis. Consequently the limitations can be 

summarized as follows: 

 The measurements do not allow for determining high frequencies. Consequently only 

the lower ones are being compared in the updating process. Since more parameters 

will be updated than there are eigenfrequencies, the risk for convergence problems 

increases. However, since nor the time or the means are available to perform more 

detailed measurements, this thesis will not focus on this problem. 

 Many different updating methods can be used to perform the updating process but in 

this thesis only a small number of them is being considered. The updating can be 

performed using other methods too but it is not guaranteed that they will give better 

results. 

 The updating is done using modal data. However also time domain or FRF data can be 

used but this lies outside of the scope of this thesis. 

 In the fatigue assessment, track irregularities are not considered. In other words, a 

‘perfect track’ is assumed. 
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General theory 

2.1 Theory of finite elements 

Since the end of the previous century, computers have become more and more powerful 

allowing us to solve more and more complex problems. In this way, detailed models can be 

made of existing or conceptual structures in order to test for example their feasibility, 

reliability or serviceability by simulating their behaviour. A popular mean for doing this, the 

modelling, is the finite element modelling approach. It consists of dividing a structure in a 

finite amount of elements by which it is possible to calculate its response via a finite amount 

of calculations. This is in contrast with a continuous model in which an infinite amount of 

points has to be evaluated. This finite element approach thus makes it possible to calculate a 

structure’s response in a reasonable amount of time depending on the desired accuracy. To 

express the coordinates (x, y, z) and the displacements of a point (denoted by u, v, w) in the 

model, the finite element method uses shape functions as described in equations 2.1 and 2.2: 

𝑥 =∑𝑁𝑖 𝑥𝑖

𝑛

𝑖=1

 (2.1) 

and 

𝑢 =∑𝑁𝑖 𝑢𝑖

𝑛

𝑖=1

 (2.2) 

where 𝑥𝑖 is the coordinate of the i-th node in the direction of x and 𝑢𝑖 is the displacement of 

the i-th node in this direction. In the same way these formulas can be used for y and v and for 

z and w. The shape function 𝑁𝑖 interpolates the solution for a certain point between the nodes 

of an element. Usually, these shape functions are expressed according to their local coordinate 

system (ξ1, ξ2 and ξ3) of the element. The element mass and stiffness matrices in the global 

coordinate system are described respectively by equations 2.3 and 2.4. Here 𝜌 and 𝐷 represent 

respectively the density and the elasticity matrix of an element. J is the Jacobian matrix 

Chapter 



 

 7 

giving the relation between the local and global coordinate system, the matrix N contains the 

shape functions and B is composed with the derivatives of N.  

𝑚 = ∫ ∫ ∫𝐍𝐓 𝛒  𝐍  det(𝐉)  𝑑𝜉1 𝑑𝜉2 𝑑𝜉3

1

−1

1

−1

1

−1

 (2.3) 

 

𝑘 = ∫ ∫ ∫𝐁𝐓 𝐃  𝐁  det(𝐉)  𝑑𝜉1 𝑑𝜉2 𝑑𝜉3

1

−1

1

−1

1

−1

 (2.4) 

In this project the dynamic properties of a system will be considered. In order to do that, the 

equation of motion (eq. 2.5) will be used where M, C, K and q are respectively the mass, 

damping, stiffness and loading matrices of the system. The displacements are described by the 

vector u. 

𝐌 �̈�(𝑡) +  𝐂 �̇�(𝑡) + 𝐊 𝐮(𝑡) = 𝐪(𝑡) (2.5) 

When only the homogeneous part of equation 2.5 is solved, the eigenvalues and eigenvectors 

can be found. 

2.2 Finite element model updating 

The most obvious way of obtaining information about a structure´s properties or behaviour is 

to carry out measurements on that structure. However often this is an expensive and time 

consuming activity which in some cases can even be impossible to do due to practical issues, 

e.g. when one wants to know the behaviour of a bridge due to extreme axle-load vehicle 

passages which are not yet operational, or sometimes due to ethical aspects, e.g. one cannot 

excite a structure in reality in a destructive way just to know how far one can go. 

Therefore analytical computer models of these structures are developed. They form clear and 

relatively easy to use tools that provide us with a detailed 3D overview of the modelled 

structure and its behaviour. Tests can be carried out by means of simulations and thus in 

principle there would be no need to apply the loads in real life. 

However, simply relying on analytical models only would be a too risky activity. It goes 

without saying that these models are subjected to a certain degree of error. This inaccuracy 

between real life behaviour and model behaviour grows the more unusual the applied loads 

are and can cause some serious mistakes in the design process. That´s why before doing 

predictions of structural behaviour under loads outside of the boundaries of which the 

behaviour is known, first of all the errors between analytical and experimental data under 

loads inside the boundaries of which the behaviour is known, have to be eliminated as good as 
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possible. After all to be able to draw qualitative correct conclusions on the change in fatigue 

lifetime of the bridge due to longer trains than usual, the model should have sufficient 

correspondence with the reality as we know it. A more detailed model design would reduce 

these errors to a certain degree but the more detailed the model the more the calculation time 

increases without a significant contribution to the accuracy. On top of that even though the 

model would be extremely detailed, errors can never be fully eliminated. 

For this reason, it is important to use both experimental as analytical data in structural design. 

A way of doing this is by updating the modelled 3D structure by means of its parameters so 

that the updated model yields the same results as the experiments as close as possible. With 

this way of working no unnecessary increase in calculation time is induced. The updating can 

be done for example by using modal experimental data (natural frequencies, mode shapes) 

which have to match with the analytical results of an existing finite element model of the 

structure. By doing this the similarity between the model and reality increases and the 

possible error in predictions using this improved model will reduce. Once this similarity under 

loads, inside the boundaries of which the behaviour is known, is high enough, now also 

relatively plausible predictions can be made of the structural behaviour under unusual loads. 

Note however that caution and a critical eye will nevertheless remain of vital importance. This 

process of improving an existing finite element model is called finite element model updating 

(FEMU) and can be applied to create a reliable simulation model.  

An important step in this updating process is the choice of parameters which have to be 

updated. In general, in civil engineering structures, simulation models are defined by a huge 

amount of parameters of which some of them are more determining than others. Because 

updating for all of them would comprise a too detailed procedure, the relevant ones have to be 

selected. This can be done by checking the sensitivity of the desired result to these different 

parameters so that the most important ones can be chosen and studied. Improving their 

accuracy will then result in an updated model which will describe the structure’s response 

more accurately without the need of refining the element size or modelling more details and 

thus without increasing the calculation time. 

Like already said there are different ways to perform a finite element model updating. In 

general the methods can be categorized under two categories, the direct and the iterative 

methods. Their advantages and disadvantages together with a brief overview of how these 

methods work will be further discussed in the next section. 
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2.3 Methods for finite element method updating 

A wide range of methods already exists and new ones are still being developed but basically 

two broad categories can be distinguished in the field of finite element model updating: 

 Direct methods 

 Iterative methods 

There is also a third category, the hybrid methods. These attempt to combine the advantages 

of two different methods and at the same time eliminate their disadvantages in order to obtain 

a new better method. Examples can be found in Feng, Kim and Yang (2006) who test a hybrid 

method created by combining a genetic algorithm with a simulated annealing method and in 

Jung and Kim (2013) who combine a genetic algorithm with the modified Nelder-Mead’s 

simplex method into a hybrid method to improve the FE-model of bridges. 

To compare measured with numerical data different domains can be addressed. They can be 

compared in the time domain, in the frequency domain, in a combination of both and also in 

the modal domain. However, most of the time modal domain data, in the form of natural 

frequencies, mode shapes and damping coefficients, and frequency domain data, in the form 

of frequency response functions, are used. Frequency response functions represent the 

response a structure has to a certain excitation in the form of a range of frequencies. The 

advantage of using these is that no modal analysis is required as opposed to using modal data 

and thus no mistakes can be made in identifying the right modal parameters which need to be 

compared to each other (Imregun et al., 1995). In the scope of this thesis however only modal 

domain data will be used to perform the updating process. 

An overview of the most common methods is given in Figure 2: 
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Figure 2: Overview of the most common FEMU methods (extracted from Beygi (2015) and 

expanded). 

2.3.1 General properties of direct and iterative updating 

methods 

In the following a brief overview will be given of the advantages and disadvantages of direct 

and iterative methods (Friswell and Mottershead, 1995), (Rad, 1997), (Badalló, 2013), 

(Wallin, 2015). 

Direct methods 

The direct methods form a relatively fast way of updating a numerical model. They provide a 

one-step procedure for updating the mass and stiffness matrices of the finite element model. 

This means that no iterations are needed and thus no divergence or excessive computation 

will occur. 

Another property is that the measured data is reproduced exactly. Such models are called 

representational models. However, this exact representation imposes some serious drawbacks. 
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The first one holds that this exact reproduction of measured data means that also noise and 

inaccuracies in this data is reproduced. Of course, this should not be included in the updating 

since it can cause further analysis to be erroneous. Because of this sensitivity for inaccurate 

measurements, direct methods demand for high quality measurements and accurate 

modelling. 

A second problem arises due to the fact that the number of measured degrees of freedom 

(DOF) is much smaller than the number of DOFs in the finite element model. The data is 

incomplete. This makes that the mode shape vectors have to be expanded to the size of the 

number of DOFs in the FE model, causing errors in the data given by the model. 

A third drawback due to the exact representation is that the mass and stiffness matrices have 

little physical meaning after updating and cannot be related to physical changes in the original 

FE model.  

As last in representational models the connectivity of nodes is not guaranteed, nor are the 

updated mass and stiffness matrices guaranteed to be positive definite. Moreover, in 

comparison to the initial matrices which are mostly sparse, the updated matrices are often 

fully populated. 

Iterative methods 

In contradiction to the one-step updating procedure in the direct methods, the iterative 

methods use an iterative updating process of the relevant parameters. This step-by-step 

procedure aims at improving the correlation between the experimental data and the data 

generated by the finite element model, which is to be updated, to a certain degree. 

Mostly modal data or frequency response functions (FRFs) are used to compare the 

experimental with the analytical data but also comparison of static measurements from 

different kinds of loads and comparison of the response in the time domain belong to the 

possibilities (Wallin, 2015). The last requires including the damping and also a high signal to 

noise ratio (SNR). The comparison of static measurements on the other hand requires that the 

load is known and can be used complementary to comparing modal data. But like already 

said, mostly modal data are used to improve the model and thus in the following the focus 

will be put on this. 

The mode shapes and the natural frequencies are the modal parameters that are used to 

compare model data with experimental data. The damping can be introduced in the model 

after the updating but this is not necessary. To quantify this comparison an objective function 

is created which has to be optimised iteratively. This optimization has to be seen in the form 

of a minimization of that objective function. For example in the coupled local minimizers 

(CLM) method (Teughels, De Roeck and Suykens, 2003) the objective function is stated by 

the least square error between the modal data of the measurements and the FE model, 

calculated in a number of points and averaged. Also Ren and Chen (2010) and Wallin (2015) 

use the least square error between the measured and simulated modal data as the objective 
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function, the first with the same weighting factors for all natural frequencies and the latter 

with different ones. 

A couple of advantages are connected with the use of iterative methods. The first is that a 

wide pallet of parameters can be updated simultaneously. Here one has to note that it is a 

delicate process though to choose the right parameters. Secondly, the initial analytical 

parameter estimates and the measured data can be weighted giving this method its versatility 

and usefulness. Note that the weighting does require engineering judgement and thus is 

susceptible to subjective opinions. Furthermore, contrary to the direct methods, iterative 

methods ensure that the updated mass and stiffness matrices are physically meaningful and 

that there is connectivity of the nodes. 

Of course, just like with the direct methods, also disadvantages go along with the iterative 

ones. Mostly the objective function is non-linear and thus danger exists that convergence will 

not be reached. Also due to the iterative nature the model has to be evaluated at each iteration 

which gives them less computation efficiency.  

Another major disadvantage is that the measured modal data cannot be compared directly to 

the modal data of the model. This is due to two reasons. Firstly it can be possible that, due for 

example to frequencies that lie closely together or because not every experimental mode is 

measured, frequencies of experimental and modal data are coupled while their corresponding 

mode shapes do not belong to the same mode. In other words the coupling has to be done 

correctly. Solely arranging the natural frequencies and corresponding mode shapes in 

ascending order is not sufficient. An additional technique like the modal assurance criteria 

(MAC) can prevent this issue to a certain degree.  

A second reason lies in the fact that analytical and measured mode shapes usually are mass 

normalized. Because the mass distribution of the structure and that of the model may be 

different, this causes the mode shapes not to be scaled in a consistent way, what makes that 

they cannot be compared. A solution could lie in the use of a modal scale factor (MSF) which 

is multiplied with the measured mode shape so that comparison now is possible. 

An overview of the advantages and disadvantages of the direct and iterative methods is given 

in Table 1. 
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Table 1: Overview of advantages and disadvantages of the direct and iterative methods. 

 Advantages 

+ 

Disadvantages 

- 

Direct methods 

one-step procedure sensitive for inaccurate 

measurements 

no divergence mode shape vectors have to be 

expanded 

no excessive computation little physical meaning of mass 

and stiffness matrices after 

updating 

exact representation of measured 

data 

connectivity of nodes is not 

guaranteed 

 no guarantee on positive definite 

updated matrices 

updated matrices often fully 

populated 

Iterative methods 

simultaneously updating of 

multiple parameters 

evaluation of model at every 

iteration 

weighting of experimental and 

analytical data 

possibly convergence problems 

mass and stiffness matrices have 

physical meaning after updating 

less computation efficiency than 

direct methods 

connectivity of nodes is 

guaranteed 

risk of faulty coupling of modes 

 risk of inconsistent scaling of 

measured and model mode shapes 

2.3.2 Brief description of direct updating methods  

2.3.2.1  Error matrix method 

The error in the mass and stiffness matrices is estimated directly by assuming that it is very 

small (Rad, 1997). This method was first explained by Sidhu & Ewins (1984) who 

approximated the error matrix as in equation 2.6 and afterwards it was further developed by 

Gysin (1986) who used modal data to rewrite the pseudo-flexibility matrices 𝐾𝑋
−1 and 𝐾𝐴

−1 in 

equation 2.6 as in equation 2.7. 

Δ𝐾 =̃ 𝐾𝐴(𝐾𝐴
−1 − 𝐾𝑋

−1)𝐾𝐴 (2.6) 

{
Δ𝐾 =̃ 𝐾𝐴 (Φ𝐴

1

𝜔𝐴
2ΦA

T −Φ𝑋
1

𝜔𝑋
2ΦX

T)𝐾𝐴

ΔM =̃ 𝑀𝐴 ∗ (Φ𝐴ΦA
T −Φ𝑋ΦX

T)𝑀𝐴

 

 

(2.7) 
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2.3.2.2  Lagrange multiplier methods or reference basis methods  

One of the first to use this method were Baruch & Itzhack (1978). Three parameter groups are 

being considered: the mass and stiffness matrix of the finite element model and the modal 

parameters of the measurements. One of these is considered as being correct and serves as the 

reference, while the others are updated. This updating of the other two parameter groups can 

be done separately like was shown by Baruch (1982) and by Berman & Nagy (1983) who 

considered the measured modes as a reference or it can be done simultaneously like shown by 

Wei (1989) who also considered the modal data as correct. Note that it does not necessarily 

have to be the measured data which are taken as reference.  

The updating of the other two parameter groups is done by minimizing an objective function 

which is subjected to a certain amount of constraints, established by Lagrange multipliers. 

Such constraints could for example be mass orthogonality, symmetry of the updated matrices 

or moments of inertia. 

2.3.2.3  Matrix mixing approach  

When doing measurements, the number of measured modes is mostly a lot less than the 

number of degrees of freedom. Furthermore, measurements are only taken at a distinct 

amount of positions causing the mode shapes to be not of full size. This makes that the 

construction of the mass and stiffness matrices cannot be done directly. 

At first, Ross (1971) tried to solve this by adding linearly independent vectors to the modal 

matrix so it would be of the same size as the number of degrees of freedom. However it was 

only later that the matrix mixing method got its current form when Link et al. (1987) and 

Caesar (1987) used the corresponding finite element model to expand the measured mode 

shapes, until they were of the same size as the degrees of freedom, and to fill in for the mode 

shapes that weren’t measured. Now the gaps in the measured date were filled and the mass 

and stiffness matrices could be constructed directly. 

Note however, that due to this filling in the physical connectivity between the structure’s 

nodes gets lost. 

2.3.2.4  Eigenstructure assignment method  

This method with its origin in the control theory provides an updated model which reproduces 

the measured eigenvalues and eigenvectors. In concrete terms this means the following 

(Friswell and Mottershead, 1995). A certain system has a number of input variables U, that 

cause excitation to the system and a range of, measured, output variables Y, which indicate 

that excitation and can be described as a linear combination of displacement and velocities. 

These input and output variables are not given but their number and form can be chosen as 

desired. The eigenstructure assignment method now searches for a feedback matrix G that 

creates a linear combination with the output Y so that this combination forms the output signal 

giving the excitation caused by the input U. This can be expressed as in equation 2.8: 
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𝑈 = 𝑮 ∗ 𝑌 (2.8) 

Doing this, the updated stiffness and damping matrices are obtained which provide an updated 

system that has the measured eigenvalues and eigenvectors. Note that the analytical mass 

matrix is not changed (Badalló, 2013).  

The updated matrices are not necessarily symmetric. Several solutions have been developed 

for this problem. Zimmerman and Widengren (1990) solved a matrix Riccate equation to 

obtain symmetric updated damping and stiffness matrices and Minas and Inman (1990) 

suggested an iterative scheme to obtain this.  

Furthermore, the eigenstructure assignment methods lack a certain degree of physical insight 

to what is minimized in order to obtain the updated matrices and the computation time can be 

high. On the other hand they calculate an updated damping matrix which not every method 

does and the measured eigenvalues and eigenmodes are reproduces exactly. 

2.3.2.5  Inverse eigenvalue method  

These methods try to find structural modification that can be used to obtain a closer match in 

terms of eigenmodes and eigenfrequencies. To do this, expertise on experimental data is used 

to construct the mass and stiffness matrices which means that both analytical and measured 

data are mixed together to get to an updated model. 

2.3.3 Brief description of iterative updating methods 

2.3.3.1  Bayesian or Monte Carlo approach  

In a Bayesian approach experimental data is used to, by means of the theorem of Bayes, draw 

statistical conclusions in order to update the probability that a certain hypothesis is true. This 

theorem of Bayes can be written as in equation 2.9 (Yudkowsky, n.d.), (Agostini, 1995): 

P(Ai|B) =
P(B|Ai) ∗ P(Ai)

∑ P(B|Aj) ∗ P(Aj)j
=
P(B|Ai) ∗ P(Ai)

P(B)
 (2.9) 

A first example of the usage can be found in Zang et al. (2011) who performs structural 

updating with the Bayesian approach to account for errors like measurement noise, nonlinear 

distortions resulting from linearization of the model and modelling errors due to the 

unpredictable behaviour of the distortions. Another example can be found in Mthembu et al. 

(2011a) where the approach is applied to choose between a number of competing finite 

element models. 
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2.3.3.2  Sensitivity-based methods 

In the sensitivity-based methods, structural adaptations are being carried out in order to better 

fit the experimental results with the analytical model. For this, sensitivity coefficients are 

needed. These are defined as the partial derivatives of the model response with respect to the 

model parameters and thus indicate the effect on the result when the corresponding parameter 

is changed. Both the derivatives of the response of the modal parameters as of the frequency 

response functions can be used. Note that these method search for a solution with updated 

parameters that lies in the surroundings of their starting value. It thus will only work if the 

difference between experimental and analytical data is small resulting in small adaptations per 

iteration. 

This method has been used in multiple applications. For example, Greenspan (1982) used it to 

assess the reliability of predictions of the behaviour of a reactor with some uncertain 

parameters by calculating the response to a change in these parameters. Another application 

can be found in Bakir, Reynders and De Roeck (2007) who used the method to detect, 

localize and quantify the damage due to an earthquake in a reinforced concrete frame of a 

building. 

Different ways to calculate the derivatives and perform the updating have been developed 

throughout the years but also other adapted forms of the method came forward out of the 

sensitivity-based method. One of them is the selective sensitivity analysis developed by Ben-

Haim and Prells (1993) which considers only a few parameters at a time depending on their 

sensitivity coefficient. Another example is the development of an improved inverse 

eigensensitivity method (IEM) by Lin et al. (1995) which uses both experimental and 

analytical modal data to calculate the eigensensitivity coefficients instead of only the 

analytical data as is been done in the classical IEM. In this way problems of the classical 

IEM, such as slow convergence, are avoided. 

2.3.3.3  Optimization methods 

Here the objective function represents the difference between the measured data and the data 

predicted by the finite element model. Thus in these category of methods it is this objective 

function which needs to be optimized in order to find the set of parameter values which gives 

the lowest difference between measurements and the model’s behaviour.  

The parameters to be updated are parameters that have a degree of uncertainty. Their value in 

reality can differ to a certain degree of what is assumed at the beginning of the updating 

process and thus for this reason iteration is needed to determine the values which give the 

optimum for the objective function. To determine which set of parameters out of a possibly 

high number of uncertain parameters is most needed to be included in the optimization, a 

sensitivity analysis can be used. Note that the difference with the sensitivity methods is that 

here the difference between experimental and analytical data is quantified in an objective 

function which serves as a tool used by different algorithms to see how the parameters have to 
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be adapted in order to come to the best fitting parameter set. Here the difference between 

experimental and analytical data does thus not necessarily have to be small. 

These methods are flexible and applicable in a multitude of numerical problems but on the 

other hand, they can sometimes be sensitive for local optima which could lead to wrong 

conclusions. The gradient-based methods are an example of such methods in which the results 

can easily be misinterpreted because of the conversion to a local minimum. 

2.3.3.3.1 Response surface methods 

The response surface method (RSM) is an optimization method in which a field of surrogate 

solutions is constructed in order for the objective function to be minimized in this field, a 

process that significantly decreases the calculation time. In concrete terms this means the 

following. First a number of parameters is selected for which the method will search the set 

that gives the closest fit between experimental and analytical data. Next, the response of the 

system is calculated for a number of parameter values within a predetermined range. Using 

these sample results then a response surface is constructed that will serve as the surrogate for 

the actual response. Now an objective function can be created and minimized by using the 

responses generated on this surface. For the minimization other optimization techniques can 

be used such as nature-inspired or gradient-based methods (which will be discussed below). 

This results in a set of updated parameters which after transfer to the original model results in 

an updated FE model. Ren and Chen (2010) summarized these steps as follows: 

 Selection of the structural parameters. 

 Calculation of a number of response samples by finite element analysis. 

 Creation of the response surface model of the structure. 

 Development of an objective function. 

 FEMU on the response surface after which the obtained parameters are transferred to 

the original FE model. 

In structural dynamics, the response surface often is chosen as a polynomial, for example a 

quadratic polynomial, because of among others its simple calculations. Note that in case of a 

polynomial response surface the amount of sampling points has to be equal or bigger than the 

amount of terms in that polynomial. If not, the surface in many times does not correspond to 

the exact response in every point. The RSM thanks his use to its fast convergence.  

2.3.3.3.2 Nature-inspired methods 

These types of methods are inspired by biological evolution processes occurring in nature. A 

number of individuals is generated and by means of these processes, which indicate the 

updating process, the ‘strongest’ will survive resulting in the most optimal solution. Despite 

the advantage of not converging to local minima that easily, they are characterised by a very 

long computation time to obtain the same accuracy as compared to other algorithms. Nature-

inspired methods are recommended when response surface or gradient-based methods are not 

able to give the desired results, in case of a high amount of variables and/or constraints or 

when discrete variables dominate the response (Badalló, 2013). 
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By careful observation of the behaviour and processes occurring in the nature and translating 

this into a mathematical model that is able to predict these processes, a whole range of 

algorithms have been made during the past. Some of them will be explained in more detail 

below but also others exist, e.g. firefly algorithms, optimization based on ant colony 

behaviour, bee-based optimization algorithms. 

Simulated annealing (SA) 

Annealing is the process in which a physical system is heated to a certain point and then 

allowed to cool gradually such that the lowest possible energy level is reached at each 

temperature during the cooling. This thermodynamic cooling process is what the SA updating 

method, introduced by Levin and Lieven (1998a), tries to imitate. 

More in detail when the system is cooled, molecules tend to a state of minimal energy by 

aligning themselves in a crystalline structure. Important here is that the cooling is done 

gradually in order for the system not to end up in an amorphous state with local, and thus not 

global, minimal energy state (Badalló, 2013). In SA this energy level is represented by the 

objective function for which a minimum is searched by gradually proceeding with evaluating 

randomly chosen configurations in the neighbourhood of the previous evaluated state. This 

gradually proceeding represents the slow cooling down. If the objective function has a smaller 

value in the newly evaluated point, this point will replace the previous one. But if the value is 

higher it will not necessarily be rejected. This property makes that this method will not be 

stuck in a local optimum but eventually will reach a global optimum. In the beginning, when a 

clear path has not yet been formed and local optima are still possible, the chance a point with 

higher values will be accepted is still relatively high. But the more the optimization reaches its 

end, when a path towards the global optimum is clearly defined, the more unlikely it is for 

such points to be accepted, allowing the algorithm to converge (Teughels, De Roeck and 

Suykens, 2003). 

The SA methods thank their frequent use to their ability of bypassing local minima by the 

random choice of new evaluation points and by, from time to time, allowing higher objective 

function values. This results in the assurance of reaching the global optimum. One of the 

downsides is that when there are no local minima, it can unnecessarily prolong the process by 

moving away from the optimum through the acceptance of higher objective function values. 

Genetic algorithms (GA) 

This iterative approach creates a first generation population of randomly chosen solutions of 

whom only a selected number of individuals is used in the next generation. By iteratively 

performing this process an optimal global solution is found. In more detail the process can be 

described with the following steps (Teughels, De Roeck and Suykens, 2003): 

 Initialization. Between predetermined boundaries for the different parameters, random 

solution sets are generated. This population of solutions forms the first generation and 

covers the whole solution space. 
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 Crossover. Each solution carries information, as if they were chromosomes. A number 

of solutions are chosen. The better their objective function value, the higher chance 

they get chosen. Then they are paired up and within each pair information is being 

exchanged. In this way good solutions can potentially turn each other in even better, 

fitter ones. 

 Mutation. Information within a solution is randomly flipped with the purpose of 

reintroduce lost genetic information. 

 Selection: Now a number of solutions is chosen out of the generation as it is at this 

point. The probability of getting chosen gets higher the closer the solution is to an 

optimum of the objective function. From these chosen solutions, from this information 

a new generation will be generated. 

 Termination: The three randomized operaters that mimic the process of natural 

evolution, crossover, mutation and selection, are repeated in every new generation 

until a stopping criterion is reached. This can be convergence but also for example 

reaching a maximum calculation time. 

The GA finds its strength in the fact that the whole population in every generation tries to find 

the optimal solution at the same time by using randomized operators. This makes that a wide 

range of the solution space is examined and that convergence to the global minimum instead 

of to a local one is easier attained. On the other hand, the major downside is that, like already 

mentioned in the introduction to this paragraph, they require many iterations and thus have a 

high computation time. 

Evolutionary strategies (ES) 

The evolutionary strategies have a strong similarity with the genetic algorithms. However, in 

these methods besides their genetic identity the individuals also have some strategy 

parameters which determine how they behave. When speaking about evolution this thus mean 

that both the genes as the parameters get changed. Other differences lie in the fact that during 

the cross-over information can be exchanged coming from more than two solutions and that 

changes made in the mutation phase are only accepted if they change the solution for the 

better (Badalló, 2013). An example of an application of this method can be found in 

Jafarkhani and Masri (2011) who apply it to detect the damage patterns in a quarter-scale two-

span reinforced concrete bridge. 

Neural network methods 

In general, iterative updating techniques have a high computation time and are sensitive to 

noise. Neural networks (NN) however are much faster, once trained, and are robust in the 

presence of noise. They consist of a structure of interconnected neurons. These neurons each 

represent processing units that transform several different inputs into one single output. The 

way the output is created depends of the type of neutron, the way it processes the inputs. 

Furthermore, the neurons can be connected to each other and to the outside world in many 

different ways. This is called the architecture. It also determines the number and the type of 

the neurons present in the NN. (Levin and Lieven, 1998b). A common architecture is the 
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layered form. Here the different neurons are structured into layers with the output of one layer 

serving as the input for the other An example of this structure is the multi-layer perceptron 

(MLP) architecture. 

The strength of NNs lies in the fact that they can generalize. This means that they can make 

links between situations they know the result of in order to come up with a realistic solution 

for new situations. However, before being able to do that the network has to be trained. This 

is done by use of training data and a training algorithm. 

To obtain the training data, in FEMU the current model is simulated a number of times, each 

time with a slightly different set of parameters. The input vectors then consist of the modal 

parameters obtained in each of those altered FE models and the output vectors consist of the 

changes made to the model in order to obtain those modal parameters. The training data thus 

indicates how the modal data change when the model is altered. Now this training data is used 

to train a neural network so that when the experimental modal data, measured on the real 

structure, is given as input to the network, the network will predict a series of changes that it 

believes to generate these data. The predicted changes are applied to the initial model giving 

an updated model that can be updated in its turn by means of the same method. In this way 

when convergence is reached, a final updated FE model is obtained. 

Different training algorithms exist. One example is the back-propagation algorithm used on 

multilayer neural networks (Lu and Tu, 2004). Also in general, different types of neural 

networks exist like for example the radial basis function (RBF) neural network, used by Levin 

and Lieven (1998b) to test the robustness of neural networks to noisy experimental data.  

Particle swarm optimization (PSO) 

PSO is a stochastic search algorithm based on the behaviour of a population of animals acting 

in a swarm in order to search for resources (Mthembu et al., 2011b). All individuals can act 

on their own but aside of their own determination they are also influenced by the group. This 

exchange of knowledge allows them to interact and tune their behaviour in order to all reach 

the best search strategy. 

At first a number of particle positions, resembling the animals, is created, randomly 

distributed over the search space, the environment. These particles form the population, 

resembling the swarm, who all try to find the optimum solution to the problem, the resource. 

In all these initial positions, the objective function is evaluated. Every particle now 

remembers this value and shares it with his neighbours. By iterating new positions are 

explored and every time the particles memorize the optimal position they have encountered 

but also the optimum position their neighbours have found so far. This guides them in 

choosing new directions for the next iterations. When no further improvement is found in the 

whole population, the global optimum is found. 

There are some similarities with the genetic algorithm but the main difference lies in the fact 

that in the genetic algorithm combinations and mutations occur over time but in the PSO no 
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such mutation occurs but instead particles communicate (Mthembu et al., 2011b). The 

algorithm is robust, efficient, easy to implement and no differentiations of the objective 

function are needed (Perez and Behdinan, 2007). 

2.3.3.3.3 Gradient-based methods 

In gradient-based optimization methods gradients of functions are calculated in order to 

determine in what direction to converge to iteratively attain a minimum for the objective 

function. In general, the procedure consists out of three different steps summarized as follows 

in which f(x) stands for the value of the objective function in point x (Badalló, 2013): 

 Checking of the convergence criterion for f(xi) 

 Calculation of the direction di in which to proceed and of the step size li 

 Evaluation of the objective function in the point  xi+1 = xi +di ∙ li 

The computation of the direction can be done in several different ways. An example can be 

found in the non-linear programming by quadratic Lagrangian approximations (NLPQL) 

which is a sequential quadratic programming (SQP) method for solving non-linear 

optimization problems with differentiable objective and constraint functions. (Schittkowski, 

1986). Here the search direction is found in each iteration as the solution of a quadratic 

subproblem. 

Gradient-based methods can have a fast convergence but realistic danger exists of ending up 

in a local optimum. To avoid this, the coupled local minimizers method can be used 

(Teughels, De Roeck and Suykens, 2003), (Bakir, Reynders and De Roeck, 2008). Here the 

objective function is evaluated in a number of points along the search space. These points 

form gradient-based local optimizers that try to find the minimum. But instead of trying to 

find the minimum by separate searches out of the different points, like is done in the 

multistart local optimization method, the objective function value calculated in the different 

points is averaged after which all the local minimizers search for the minimum of this 

average. Via synchronisation constraints, the minimizers thus are coupled and share 

information in order to end up in the same global minimum. 
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2.4 Theory of fatigue lifetime assessment 

When a structure is subjected to a spectrum of loads time and time again in a cyclic way, 

cracks can start to develop and grow, eventually resulting in fracture of the structure’s 

material. This final fracture determines the end of the usability of the structure if no measures 

are taken. It thus determines a structure’s lifetime and since it is determined by its resistance 

to fatigue it is called more precisely its fatigue lifetime. 

Three stages can be distinguished in the process of fatigue. First crack initiation occurs. 

Afterwards the crack experiences a stable growth followed by the third step in which unstable 

crack growth causes a total fracture (Norlin, B., personal communication, AF2203 Advanced 

Bridge Design, November 2015). Figure 3 illustrates this process. 

 

Figure 3: Typical crack growth as a function of time or load cycles (Norlin, B., personal 

communication, AF2203 Advanced Bridge Design, November, 2015). 

More precisely the crack initiation occurs in regions having stress concentrations like section 

changes or welds. Most of the time the crack is initiated there in the vicinity of microscopic 

defects but even on perfectly flat surfaces cracks can start to grow due to dislocation 

movements in the crystal grains causing a plastic deformation. Right after initiation, it grows 

in the direction of the largest shear stress. Crack initiation can thus occur under all conditions, 

even seemingly perfect ones, on the condition that the amount of cycles and the stress level 

are high enough. 

Note that in reality usually more than one crack initiates. After a while, they can merge 

together and grow into bigger macroscopic cracks that mostly propagate perpendicularly to 

the tensile principal stress. From this point on the second step, the stable growth, starts. The 

sharp crack tip induces extremely high stress concentrations around it causing the crack to 

propagate. 



 

 23 

At last, after a certain amount of load cycles, the crack reaches a critical size and becomes 

unstable resulting in fracture. For steel this can be assessed by using linear fracture 

mechanics. This means that this process occurs if the stress intensity factor KI surpasses the 

fracture toughness KIC. 

The fatigue lifetime is thus determined by the stress range spectrum induced by the load range 

of the passing load. Specifically for the case discussed in this thesis, once the finite element 

model has reached the desired accuracy, simulations of train passages can be done for high-

speed trains with different lengths and speeds. Using the results of these simulations 

consequently a stress range spectrum, which is valid for the passage of the train, can be 

defined in these points of the structure which are most critical to fatigue. Out of this spectrum 

a manageable spectrum histogram, which divides the stress ranges in the spectrum over 

several intervals with corresponding number of cycles, can be composed. In order to do this 

both the rain flow method or the reservoir method can be used conform the Eurocode (EN 

1993-1-9). The obtained spectrum histogram will then be used to calculate the fatigue lifetime 

of the bridge by using the Palmgren-Miner rule. This states that the total damage in one event 

can be calculated as the sum of the damages caused by the individual stress ranges in that 

event. This cumulative damage rule can be stated as (Hashin, 1979 and Dowling, 1988): 

𝐷𝑒𝑣𝑒𝑛𝑡 = ∑
𝑛𝐸𝐼
𝑁𝑅𝑖

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑟𝑒𝑠𝑠 𝑟𝑎𝑛𝑔𝑒𝑠

𝑖=1

 (2.10) 

where 𝑛𝐸𝐼 is the amount of load cycles in the i-th interval of stress ranges in the spectrum 

histogram and 𝑁𝑅𝑖 is the number of cycles for the i-th stress range interval that would give 

fracture if a constant stress range would act during the entire lifetime. The in this way 

calculated damage for one event is a fraction of the total damage possible. The Palmgren-

Miner rule also says that the sum of the damage during all events equals to one, 

corresponding with the point of failure. The amount of events before failure is thus that 

amount until which the total damage equals to one. This means the total possible amount of 

events is calculated as: 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠 ∗ 𝐷𝑒𝑣𝑒𝑛𝑡 = 1  ⇔  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠 =
1

𝐷𝑒𝑣𝑒𝑛𝑡
 (2.11) 

The assessed lifetime of the structure, for when normal rail traffic passes by, can thus be 

evaluated with respect to the case when the length is doubled. This allows to state a finding 

about the change in fatigue lifetime for this particular bridge, with this particular model, train 

length and speed. 

So doing the updating of the finite element model allows calculating a relatively good 

approximation of the fatigue lifetime. This proves that the calculation of the change in fatigue 

lifetime by using a finite element model can be of great use. It gives an indication of how the 

structure his behaviour and properties will change without having to test this in real life. In 

this way possible dangers are avoided and the costs will be reduced significantly. 
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3  

 

The bridge and the FE model 

3.1 The bridge 

Like already in explained in section 1.3, the Banafjäl railway bridge is a steel-concrete 

composite simply supported bridge of 57.7 m in length and with a span of 42 m. It consists of 

a concrete slab supported by two parallel steel I-shaped girders which are connected by 

special bracings at different point along the length. On top of this slab the ballast is placed 

which keeps the sleepers and the rails in position. 

More in detail, every longitudinal I-girder is constructed out of three separate beams, two of 

them form the flanges and the third one forms the web to end up with a girder with a total 

height of 2.5 m. The steel quality of the flanges is S460M while that of the web is S420M. 

The two girders are placed 2.5 m apart and are connected by steel bracings at seven positions 

along their length. Above the supports, these are made in the form of a Z-shape and in the 

other positions they have the shape of a triangular. Figure 4 shows the bracings in more detail. 

 

Figure 4: Z-shaped and triangular shaped bracings used to connect the steel girders 

(Skanska, 2002). 
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The concrete slab is 7.7 m wide and changes in thickness gradually from the middle, 350 mm, 

to the sides, 250 mm. The concrete quality used is K40 (C32/40).  

Because the bridge has a horizontal curvature with a radius of 4000 m the ballast is inclined 

inwards, it is lower on the inside of the curve, in order to counteract centrifugal forces acting 

on the train when making this curve. Figure 5 shows the concrete slab and illustrates the 

inclination of the ballast. 

 

Figure 5: Concrete slab with inclined ballast on top (Skanska, 2002). 

A general overview of all the complete cross sections is given in Figure 6. 

 

Figure 6: Cross section of the bridge with an overview of all of its components (Skanska, 

2002). 
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3.2 The FE model 

The 3D finite element model of the Banafjäl railway bridge used in this thesis is obtained 

from Beygi (2015) who tested the vibration control of this bridge when using multiple tuned 

mass dampers. In general the model is completely regenerated in the same way with the 

exception of a few cases which are discussed in Appendix A. Only the span of the bridge is 

modelled. 

The model is a linear elastic model with the elements already described in the previous 

paragraph, namely two longitudinal girders connected with stiffening elements, a concrete 

slab, ballast and the rails and the concrete sleepers. The software package used to perform this 

modelling is Abaqus.  

Note that for reasons of simplicity and negligible difference the horizontal curvature is 

neglected and consequently also the transversal inclination of the ballast. 

3.2.1 The girders 

The bridge spans a length of 42 m and since only this is modelled, also the girders are 42 m in 

length. They are composed out of three continuous homogeneous 3D shell elements 

representing the flanges and the web, and their dimensions differ along the length of the 

girder. In this way each girder can be divided into three smaller longitudinal parts. This is 

illustrated in Figure 7. The thicknesses of the top flange differs from the one of the bottom 

flange, this is 45 mm for the top and 40 mm for the bottom on the outer parts of the girder 

(numbered 1 and 3) and 55 mm for the top and 50 mm for the bottom on the mid part of the 

girder (numbered 2). The web is 21 mm and 17 mm thick in respectively the outer parts and 

the middle part. 

 

Figure 7: Illustration of how the steel girders are composed of three shell elements and how 

they are longitudinally divided into three parts. 
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The material used for the girders is steel with a density of 7850 kg/m
3
. More properties are 

listed below in Table 2 in section 3.2.7. 

3.2.2 The bracings 

The two girder elements are connected by the Z- and triangular shaped stiffening elements, 

shown in Figure 4. Both are modelled as beam elements, made of steel with the same 

properties as those used for the girders. The Z-shaped elements have a KKR 150x150x6 box-

profile and steel quality S355J2H while for the triangular shaped ones this is respectively an 

UPE 160 U-profile and S355N. Figure 8 shows how these last ones look like in the real 

structure. 

 

Figure 8: Triangular shaped stiffening elements connecting the two girders via the 

attachment plates. 

The plates, connected to the web and flanges of the girders, to which the stiffening elements 

are attached, are modelled at the same time as the stiffeners. They are thus also continuous 

homogeneous 3D steel shell elements and the thickness varies between 15 mm and 25 mm 

depending on which element that is considered. The steel quality used for these parts is 

S355J2G3. In Figure 8 also some of these attachment plates can be viewed. The steel fences, 

which prevent unauthorized people from walking on the girder sides, are not modelled since 

they are of little structural importance. 

3.2.3 The concrete slab 

The concrete slab, which serves like a tub for the ballast, is modelled as a 3D solid 

homogeneous element. The dimensions are the ones shown in Figure 6. Note that the small 

inclination on top of the sides is neglected and instead it is just modelled as being horizontal. 

The concrete quality is is K40 (C32/40) and the density is 2300 kg/m
3
. Other parameters are 
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shown in Table 2. It shows that the E-modulus equals to 37 GPa. The value corresponding to 

C32/40 concrete however is 33.3 GPa (EN 1992-1-1) but it was manually updated by Beygi 

(2015) to 37 GPa in order for the model to fit the reality closer. 

3.2.4 The ballast 

The ballast is also modelled as a 3D solid homogeneous element. The height at the centreline 

equals to 600 mm and decreases when reaching the edges due to the inclination of the 

underlying concrete slab. Like already said, the transversal inclination of the ballast will be 

neglected resulting in a perfect horizontal top surface. The cross section of the ballast as it is 

modelled is given in Figure 9.  

The density used is 1900 kg/m
3
 but again this is the manually updated value. The initial value 

was determined as 2000 kg/m
3
. The stiffness is set to 0.2 GPa. Note that this is the stiffness of 

the ballast under warm temperatures. Under cold temperatures, it can increase significantly to 

values of up to 1.4 GPa which will have an impact on the dynamic properties of the structure 

(Gonzales et al. 2013). The other material properties are again listed in Table 2. 

 

Figure 9: Dimensions of the cross section of the modelled ballast. 

3.2.5 The rails and the sleepers 

On top of the ballast the sleepers and the rails are placed. The sleepers are modelled as beam 

elements with a rectangular cross section with a width of 0.3 m and a height of 0.2 m. Their 

length equals to 2.6 m and they are made of concrete with a density of 2300 kg/m
3
. 

The rails are modelled in a simplified version. In reality they are continuously welded and 

have a cross section of the type UIC 60 which means they would look like illustrated in 

Figure 10 following De Song Technology Co., Ltd, (n.d.). But in this model they are 

considered as simple I-beams with a width of the upper and lower flange of respectively 72 

mm and 150 mm and a height of respectively 45 mm and 20 mm. The web´s width is set at 

16.5 mm and the height at 107 mm. Steel with the same properties as for the girders is used 

which means again a density of 7850 kg/m
3
. Also for both the materials of the sleepers and of 

the rails more properties are listed in Table 2. 
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Figure 10: Dimensions of the UIC 60 rail type (De Song Technology Co.,Ltd, n.d.). 

The sleepers are placed 0,65 m apart and act as the support for the rails which in their turn are 

placed 1.585 m apart. Figure 11 shows how the rails and sleepers are modelled together with 

the ballast and the concrete slab. 

 

Figure 11: Detailed view on the rails and sleepers together with the ballast and concrete slab. 

3.2.6 Connections and boundary conditions  

In order to take into account the effect of the continuity of the ballast, ten metres of ballast is 

added at both beginning and end in longitudinal direction. This extra ballast is pinned in the 
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ends and in its other points it is restricted to move only in longitudinal direction. Figure 12 

shows the extra ballast for one end of the bridge. The same goes for the other end. 

 

Figure 12: Illustration of the extra ballast modelled at the beginning of the bridge. The same 

is done at the other side, at the end. 

The bridge is simply supported. Furthermore, the model assumes tie constraints between the 

rails, sleepers, ballast and the bridge. This means that the damping effect of these connections 

and their elastic behaviour are not taken into consideration. 

One end of the bridge has pinned supports and the other end has a roller support in order to 

allow horizontal translations in the longitudinal direction of the bridge. Because in reality the 

roller support will not be totally free to move in the longitudinal direction, (linear elastic) 

springs are added to add some resistance to the horizontal movement of the support. The 

stiffness of the springs is described by the horizontal stiffness parameter kh. In the original 

model, this effect was tried to be taken into account by adding springs with a spring stiffness 

of 57430 N/mm but those were connected to the rigid system of rails, sleepers and ballast. In 

a first attempt, the same value of the spring stiffness was used for this model. Using this value 

yields rather high eigenfrequencies (compared to the measurements) which probably indicates 

the stiffness in the system is overestimated. According to previous reasoning, it was better to 

assume a value of 45000 N/mm for kh. Both supports and the springs on the side with the 

roller supports are shown in Figure 13. 
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Figure 13: Left: pinned supports on the beginning of the bridge, indicated by the orange dots 

at the beams. Right: roller supports and springs on the end of the bridge, indicated 

respectively by the orange dots and the purple lines at the beams. 

As an indication, in Figure 14 below, an overall picture is given of the model of the Banafjäl 

Bridge as it is described in the above and modelled in Abaqus and as it will be used in the 

further course of this thesis. In total, there are 47585 nodes, 10016 elements and 155316 

degrees of freedom. 

 

Figure 14: Overview of the bridge in general as it is modelled in Abaqus. 

3.2.7 Materials 

An overview of the material properties is given in Table 2. Note that these are the properties 

after the manual updating. Before that, like already said, the E-modulus of the concrete slab 

was equal to 33.8 GPa and the density of the ballast was 2000 kg/m
3
. All materials are 

assumed to be linear elastic. Note that the damping for each material is considered to be 

Rayleigh damping and thus is conform the following formula (Chopra, 2013): 

𝐂 =  𝑎0𝐌 + 𝑎1𝐊 (3.1) 
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where C, M and K are the damping, mass and stiffness matrices respectively and a0 and a1 

are damping coefficients. In Abaqus these damping coefficients a0 and a1 are denoted as α and 

β respectively. In order to calculate them, a system of equations, described in equation 3.2 and 

3.3 has to be solved. Here a damping ratio 𝜉 of 0.5% is taken (Table 6.6 in EN 1991-2) and ω1 

and ω2 are respectively the first and second eigenfrequency, obtained from the results of the 

measurements as they will be described in Chapter 4 and summarized in Table 3. With values 

of 20.7307 rad/s and 21.4144 rad/s for respectively ω1 and ω2, values of 0.1053 and 

0.0002373 are found for respectively α and β. 

𝜉 =
1

2
(
𝛼

𝜔1
+ 𝛽𝜔1) (3.2) 

𝜉 =
1

2
(
𝛼

𝜔2
+ 𝛽𝜔2) (3.3) 

Table 2: Overview of the different material properties used in the model. 

Material 
Density ρ 

[kg/m
3
] 

Young´s 

Modulus E 

[GPa] 

Poisson ratio 

ν [-] 

Damping α 

[-] 

Damping β 

[-] 

Steel 7850 210 0.3 0.1053 0.0002373 

Concrete slab 

(K40 (C32/40) ) 
2300 37 0.2 0.1053 0.0002373 

Ballast 1900 0.2 0.2 0.1053 0.0002373 

Concrete sleeper 2300 32 0.2 0.1053 0.0002373 

 

3.2.8 Verification of the FE model  

Before using the model for further analysis it should be verified in order to know that no 

mistakes were made during the modelling. This can be done in several different ways. Among 

others there is the verification of the mass, checking the behaviour under different loads such 

as the self-weight, checking the reaction forces in the bearing points or performing a 

convergence analysis. Here first a convergence analysis will be done by altering the mesh size 

and looking at the subsequent change in natural frequency values. After that will be checked 

how close the measured eigengfrequencies correspond to the analytical ones and next the 

deformation under self-weight will be assessed as well as the first, second and third mode 

shape. As last the mode shape of the first vertical bending mode will be discussed. 

3.2.8.1  Convergence Analysis  

The mesh size is systematically reduced in order to see if the natural frequencies converge to 

distinct values. This is done for the first natural frequency and the result can be seen in Figure 

15. To confirm the findings also the second natural frequency has been considered. As can be 
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seen the values are not changing significantly anymore when the mesh size gets smaller than 

2000 mm. The eventual mesh that will be used in this master thesis is 500 mm. Thus also the 

frequencies that will be calculated in the model during the updating process are the ones 

corresponding to this mesh size. Note that a lower mesh size might induce an even more 

accurate calculation of the frequencies but the gain in precision is little compared to the large 

increase in calculation time. 

 

Figure 15: Convergence pattern of the first and second natural frequency upon a decreasing 

mesh size. 

3.2.8.2  Comparison of measured and analytical natural frequencies  

In order to be sure updating of a model is going to have a chance of success, a certain degree 

of similarity has to exist between the properties from the real bridge, examined by a test 

procedure, and the properties of the analytical model. This comparison can be done in several 

different ways. However here, this process will be carried out by means of modal parameters 

and in specific with the natural frequencies. Only the first three measured natural frequencies 

will be considered. Their values will be described more in depth in Chapter 4. The first three 

analytical natural frequencies are found by performing a modal analysis on the manually 

updated analytical model of the Banafjäl in Abaqus. Note that in this model also the springs, 

introduced in section 3.2.6, are already included. By plotting a graph with the experimental 

values on the x-axis and the analytical ones on the y-axis, the frequencies of the first three 

modes can be compared. This is shown in Figure 16. The closer the plotted points lay to a 

straight line with a slope of 1, the higher their similarity. As can be seen in this figure, the 

similarity is almost perfect for the first frequency and also for the second and third one 
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satisfactory results are found. This thus indicates that an updating process starting with the 

current model has a chance on a feasible result. 

 

 

 

 

Important is to makes sure frequencies of the same mode are being compared. For this 

purpose different mode pairing criteria can be used like for example the Mode Assurance 

Criterion (MAC). However, since it is only three modes which have to be compared in this 

case, the mode pairing is done manually here. 

3.2.8.3  Assessment of the eigenmodes and of the deformation due to self -

weight and evaluation of the first vertical bending mode  

Figure 17 shows the deformation of the bridge model due to the self-weight. As was expected 

the maximum is found in the middle of the span and equals to 29 mm. Since it concerns a 

railway bridge, which generally are relatively stiff, the maximum under this condition is 

rather small. 

 

Figure 17: Deformation of the bridge structure under self-weight. 
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Figure 16: Comparison of experimental and analytical natural frequencies 



 

 35 

Also the first three mode shapes of the analytical model behave like expected. In this case it 

concerns respectively the first vertical bending, torsional and lateral bending mode shown in 

respectively Figure 18, Figure 19 and Figure 20. Note that the values of the natural 

frequencies are thus the values of the manually updated model before it is being updated 

thoroughly with the techniques considered in this thesis. 

 

Figure 18: Mode 1, first vertical bending mode with a fundamental frequency of 3.3121 Hz. 

 

Figure 19: Mode 2, First torsional bending mode with a fundamental frequency of 3.6915 Hz. 
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Figure 20: Mode 3, First transversal bending mode with a fundamental frequency of      

4.7323 Hz. 

As a last check, the first vertical bending mode will be compared to the analytical solution. 

For a simply supported beam, the analytical solution for the shape of the first eigenmode for a 

42 m long bridge is a sine wave with a period of π/84. In Figure 21 the numerical solution, in 

the sense of the displacements in Abaqus during this first eigenmode, is compared to the 

analytical solution by scaling both maxima of each graph to the same value. As can be seen, 

both graphs match almost perfectly. This good verification confirms the correctness of this 

model.  

 

Figure 21: Comparison numerical and analytical solution for the displacements of the first 

vertical bending mode. 
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4  

 

Measurements 

Test results were made available of measurements performed on the Banafjäl railway bridge 

in June 2010. By means of these measurement results, the real behaviour of the bridge will be 

examined. 

4.1 Measuring device 

The sample frequency of the accelerometer is 800 samples per second. The measurement is 

unidirectional.  

4.2 Positioning of the sensors 

Four different setups of the sensors were considered, as shown in Figure 22. The measuring 

points are denoted using the following logic: 

 The index ‘K’ or ‘I’ refers to a point respectively on the edge of the concrete slab or 

on the flange of the main beam.  

 The index ‘N’ or ‘S’ refers to a point located respectively on the northern of southern 

part when considering a cross section of the bridge. 

 The index ‘T’ refers to a measurement in transverse direction. 

  

Chapter 
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Figure 22: Location of the sensors for the different set-ups. 
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4.3 Results of the measurements 

This section describes the results of the measurements for the different measurement sets 

given in Figure 22. For every set, except the third one, the ambient vibrations were measured. 

For set three, a train passed on the bridge and induced a forced vibration of the structure. 

After the forced vibration, there is a free vibration. Only this last case is considered because 

the eigenfrequencies extracted from the measurements will be more distinguishable here and 

can thus be determined more accurately.  

4.3.1 Time domain 

The raw data of the accelerations in the time domain for the points KS2, IN2 and IS2 are 

graphically presented in Figure 24. As can be seen, the train passes between 2380 and 2402 

seconds after the start of the measurements. The period of free vibration used for the analysis 

of the eigenfrequencies last from 2402 seconds until 2500 seconds. First, the signal is filtered 

with a bandpass-filter to get the contributions of the first two frequencies. The second order 

Butterworth filter has a lower bound of 2.8 Hz and an upper bound of 3.7 Hz. After doing 

this, the resulting filtered signal during the first twenty seconds of the free vibration is shown 

in Figure 23.  

 

Figure 23: Filtered accelerations during the first 20 seconds of the free vibration. 
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Figure 24: Measured accelerations of KS2, IN2 and IS2 in time domain. 
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4.3.2 Frequency domain 

Secondly, the signal is converted into the frequency domain. To prevent any form of leakage, 

the signal is windowed with a Hamming window. The peaks in the power spectral density 

(PSD) are used to identify the eigenfrequencies and eigenmodes. 

Thus, first the signal is transformed into the frequency domain using a Fast Fourier 

Transformation (FFT) algorithm. To compute the PSD, the absolute value of the signal is 

squared and divided by the number of samples. For the first vertical bending mode, the 

expectation is that the amplitude measured by all accelerometers, KS2, IN2 and IS2, should 

be approximately the same. According to Figure 25, two of the three measuring points have a 

peak of 3.2960 Hz and the third goes to 3.3062. Taking the average results in a value for the 

first natural frequency of 3.2994 Hz. This frequency corresponds to the first vertical bending 

mode. 

 

Figure 25: Frequency spectrum of KS2, IN2 and IS2 to identify the first natural frequency. 

Since for the second eigenmode the values of the sensor located at the edge of the bridge are 

larger than the sensors located in the middle of the bridge, this mode corresponds to a 

torsional eigenmode. As can be seen in Figure 26, this peak is at a frequency of 3.408 Hz. 

Note that the first and second eigenfrequencies lie close to each other. 
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Figure 26: Frequency spectra, of the signals measured in sensors KS2, IN2 and IS2, to 

identify the second eigenfrequency. 

The third mode corresponds to a lateral movement of the bridge and thus different sensors 

should be consulted. Sensors IS2T and IS4T, the sensors placed in transversal direction, can 

register those lateral movements. The measured signal in the time domain is added in 

Appendix B. Here too a filtering and windowing is applied on the measurements. According 

to the corresponding PSD given in Figure 27, a clear peak is distinguished at a frequency of 

4.5056 Hz. 

 

Figure 27: Frequency spectrum, of the signal measured in sensor IS4T, to identify the third 

eigenfrequency. 
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Summarizing, the measured eigenfrequencies used in the continuation of this thesis are tabled 

in Table 3. More eigenfrequencies could be deduced in the same way. However, due to 

increasing uncertainties in the measurements when going to higher frequencies, it is chosen to 

only perform the FEMU process by the use of these first three eigenfrequencies. 

Table 3: Summary of the measured eigenfrequencies. 

Frequency Measured eigenfrequency value[Hz] 

f1 3.2994 

f2 3.4082 

f3 4.5056 
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5  

 

Methodology 

5.1 General principle 

The model of the Banafjäl bridge in its current form gives a representation of the real 

behaviour of the bridge to a certain extend. However, passages of high-speed trains with a 

length double of what is normal today are not so common. It is thus hard to compare reality 

with the behaviour of the model when these trains pass by since there are thus simply little to 

no measurements to compare with. This implies that before making any predictions of the 

bridge behaviour under such loads, first the bridge model has to be improved. After all, before 

being able to make precise, reliable and realistic predictions of a structure its behaviour under 

such loads, or in extent under any unknown load for which no measurements are yet 

available, the model first has to fit the known behaviour as close as possible. 

To do this, the already explained technique of finite element model updating will be used. 

Both iterative as direct methods first will be tested on a simple 2D model in order to evaluate 

their feasibility. The best applicable method will then be used to perform the updating process 

on the detailed 3D model of the Banafjäl bridge.  

For the iterative updating of the 3D model the most relevant parameters are determined by a 

sensitivity analysis. This points out the parameters that are most influential on the result and 

at the same time carry a certain degree of uncertainty with them. These set of parameters will 

be updated in order to obtain a better fitting model. Furthermore, the updating methods try to 

find the best fit of the modal parameters generated by the model with the ones resulting out of 

the measurements. Like already said, others like time domain or FRF data can also be used 

but this will not be done in this thesis. In order to check if the selected updated parameters 

create a better model, of course first the eigenfrequencies given by the measurements have to 

be determined. This is done by means of the proper filters, manipulation tools and logical 

reasoning as was explained in Chapter 4. 

Once a sufficiently reliable updated model is obtained, train passages can be simulated. This 

will be done for both single as for doubled high-speed trains and will allow for a comparison 

Chapter 
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in the behaviour of the bridge under these loads. The type of these trains and the reason why 

they are chosen will be discussed. Furthermore, the stress ranges occurring during these 

passages allow to calculate and compare the fatigue lifetime of the bridge when subjected to 

these different loading cases. 

At last, an operating chart is created for a particular high-speed train type and a fixed bridge 

lifetime so that the safe frequency of passages can be read when a certain length and speed are 

chosen for that train. To obtain this, the fatigue lifetime of this high-speed train is assessed 

when having different lengths and operating over a range of speeds near the resonance speed.  

5.2 Implementation of the FE updating methods 

In order to perform the different FE updating methods, different implementations are 

necessary. However, in this thesis a specific selection is chosen in order to carry out the 

nature-inspired, genetic and gradient-based, optimization algorithms for the iterative methods 

and the Reference Basis method for the direct methods. The exact implementation will be 

discussed in the following. 

5.2.1 Iterative methods 

5.2.1.1  Coupling of Matlab with Abaqus 

The optimization is of an iterative kind. This means that the parameters will be changed in 

every iteration in order to eventually end up with an optimal parameter set. To determine 

whether or not this set is optimal, the difference, quantified in an objective function and 

discussed below, is calculated between the modal data, generated by the model, and the modal 

data resulting from the measurements.  

The change in parameter values thus means that the FE model has to be evaluated every time 

again in order to determine its current modal properties and to determine the objective 

function value. Since Matlab is performing the optimization functions and Abaqus the FE 

model evaluation, some sort of coupling has to be set up to allow them to interact with each 

other. This is realized by the use of the software Python. 

In general, the process can be stated in the following way. The optimization of the objective 

function is performed using the stated optimization algorithms. This is done in Matlab by use 

of the toolbox corresponding to the optimization algorithm being used. Those algorithms then 

generate a set of parameter values that serve as the input for the model in Abaqus. The 

process of transmitting and implementing these input parameters from Matlab into the Abaqus 

model is performed by the use of Python, the software that serves as the medium that 

connects Matlab with Abaqus. Python drives Abaqus then into evaluating the created FE 

model after which it also asks for the results. Once these are obtained, it transfers these results 
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back to Matlab which allows Matlab to finish the optimization iteration step. Now the process 

just described can start over again until the stopping criterion is reached. Figure 28 

schematically shows the interaction between Matlab, Abaqus and Python. 

 

Figure 28: Schematic overview of the implementation of the FEMU. 

In more detail, the updating procedure can be described step by step in the following 

enumeration: 

1. Choose the set of parameters that have to be updated, the boundaries in between which 

these parameter values have to lie and an objective function. Now run the optimization 

algorithm by using the appropriate toolbox in Matlab.  

2. The optimization algorithm produces a set of parameter values in every iteration after 

which they are stored in a Python file. 

3. Matlab starts the Abaqus CAE and uses a Python script to consecutively load the 

model of the bridge in Abaqus, change the values of the parameters according to the 

Python file containing the set of parameter values generated in this iteration and to 

perform the desired evaluations in Abaqus. Note that the Abaqus CAE is started 

without graphical user interface (GUI) in order to save CPU-time. 

4. Once Abaqus has evaluated the natural frequencies, these are extracted by the Python 

script described in point 3 and collected in a text file which then can be read by 

Matlab. 

5. Matlab now uses the obtained analytical frequencies together with the measured 

frequencies to calculate the objective function value. 

6. The results are stored in an Excel-file after every iteration. 

7. Step 2 to 6 are repeated until one of the stopping criteria is reached. The kind of this 

criterion depends on the updating algorithm used. 

8. Once the stopping criterion is reached, the mode shapes are plotted. This is, for every 

mode of the analytical model, done by using the displacements along a longitudinal 

path over the updated bridge model. For every mode of the measured case, it is done 

by using sine functions with the maximum equal to the maximum displacement 

measured for that specific mode. 
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5.2.1.2  Correlation methods 

Like already mentioned several times before, in this thesis the comparison between the 

behaviour of the real structure and that of the model will be done by use of modal data. The 

results of the verification of the initial model, performed in section 3.2.8, already showed that 

the initial degree of similarity was rather high and thus updating of the model would have 

realistic chances of success. 

It is in this updating process that after every iteration the similarity between the modal data 

again has to be determined. This allows to see if the updating method proceeds in a 

satisfactory manner. Here the modal data that will be used for this comparison will be the 

natural frequencies. Just like in section 3.2.8.2, a plot can be made of the experimentally 

determined natural frequencies against the analytical ones determined with the updated 

model. However, during the updating process this comparison will be done numerically by 

means of the least-square error (LSE) method. This method tries to find a set of parameters so 

that the corresponding natural frequencies fit the natural frequencies of the measurements as 

close as possible. The assessment of the fitting is determined by the sum of the squared 

distance between the natural frequencies corresponding to the same mode. The lower this 

summed square, the least square error, the closer thus the similarity is between measured and 

analytically determined natural frequencies. Equation 5.1 shows the calculation of the least 

square error: 

LSE =∑(𝑓𝑎,𝑖 − 𝑓𝑚,𝑖)
2

𝑘

𝑖=1

 (5.1) 

where k is the amount of modes, 𝑓𝑎,𝑖 is the analytical natural frequency of mode i and 𝑓𝑚,𝑖 is 

the measured natural frequency of mode i.  

Aside from this general formula, a small adaptation can be done so that the sum of the relative 

squared distance between the measured and analytical frequencies is calculated. This results 

in the following adapted LSE: 

LSE =∑(
𝑓𝑎,𝑖 − 𝑓𝑚,𝑖
𝑓𝑚,𝑖

)

2𝑘

𝑖=1

 (5.2) 

5.2.1.3  Weighing factor 

The decreasing reliability for higher measured natural frequencies due to a certain degree of 

uncertainty in the measurements can call for a measure that gives a higher importance to the 

lower eigenfrequencies. Applying a weighing factor on these frequencies in the LSE-

calculation, results in a lower contribution from the uncertain higher frequencies to the LSE. 

Different weighing factors ci can be used.  
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Figure 29 shows the value of three options in function of the mode number i together with a 

factor of one, or in other words applying no factor. As can be seen converges 1/(2+1/i) to a 

value of 0.5. This would mean that even the very high frequencies, which exert a very high 

amount of uncertainty, would be taken into account to a significant degree. This is not 

desirable so this factor will not be used. The other two factors show more satisfying results. 

Since in this thesis only the first three natural frequencies will be used to calculate the LSE, 

the factor  
1

√(𝑖)
 is chosen so that the difference between the first and second frequency is 

relatively limited. Note that even for high frequencies this factor still results in a significant 

contribution. In case higher frequencies are also included in the calculation, thus the factor 1/i 

would be recommended. 

 

Figure 29: Weighing factor values at mode i. 

5.2.1.4  Objective function  

The objective function can now be composed as a combination of one of the previously 

explained correlation functions and a weighing factor. This function will then be used to 

calculate the difference between the measured and analytical natural frequencies during the 

iterative updating process. It will serve as an important value guiding the direction in which 

the updating criterion proceeds and indicating when convergence will have been reached. The 

two objective functions can be stated as in equation 5.3 and 5.4 in which the second formula 

in each equation gives the function as it is used in this thesis. Both objective functions will be 

used to perform the iterative updating procedure. 

fobj =∑𝑐𝑖 ∗ (𝑓𝑎,𝑖 − 𝑓𝑚,𝑖)
2
=∑

1

√𝑖
∗ (𝑓𝑎,𝑖 − 𝑓𝑚,𝑖)

2
𝑘

𝑖=1

𝑘

𝑖=1

 (5.3) 
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fobj =∑ci ∗ (
𝑓𝑎,𝑖 − 𝑓𝑚,𝑖
𝑓𝑚,𝑖

)

2𝑘

𝑖=1

=∑
1

√𝑖
∗ (
𝑓𝑎,𝑖 − 𝑓𝑚,𝑖
𝑓𝑚,𝑖

)

2𝑘

𝑖=1

 (5.4) 

5.2.2 Direct methods 

For complex structures, direct methods are not easy to implement. Especially because both 

mass and stiffness matrix need to be extracted. It will always be a trade-off between 

complexity of the model and the desired accuracy of the calculated mass and stiffness 

matrices of the considered structure. 

5.3 Testing of a simple model 

5.3.1 Scope 

A simply supported beam is used to compare the model updating with an iterative and direct 

method. The procedure to update the model is very different for both methods from different 

point of views. The aim of this test is to determine which method is the most suitable to use 

for the case of the updating of the Banafjäl bridge. First, the iterative method will be 

elaborated. After that, an updating of a simple beam model will be performed with a direct 

method and compared with the iterative method.  

5.3.2 Iterative method 

5.3.2.1  Description of the model  

In fact, this is only a conceptual exercise and the dimensions of the model are not important. 

But for this case, the beam has a square cross section with a side of 1.25 m and the length of 

the beam is 10 m. Furthermore, the beam is made of steel and is simply supported. The 

density of the steel is 7850 kg/m³ and the E-modulus is 210 GPa. 

5.3.2.2  Analytical solution  

For this simple case an analytical solution for the eigenfrequencies of this structure can be 

calculated as follows (Karoumi, R., personal communication, AF 2011, Structural Dynamics): 

𝜔1 = 𝜆1
2 ∗ √

𝐸 ∗ 𝐼

𝑚 ∗ 𝐿4
= (1 𝜋)2 ∗ √

210 𝐺𝑃𝑎 ∗ 0.203 𝑚4

12265.625
𝑘𝑔
𝑚  ∗ (10 𝑚)4

= 184.2 𝑠 (5.5) 
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𝑓1 =
𝜔1
2𝜋

= 29.32 𝐻𝑧 (5.6) 

with: 

 𝜆1 = 1 ∗ 𝜋  for the first eigenfrequency 

 𝐸 =  210 𝐺𝑃𝑎 

 𝐼 =
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠∗ℎ𝑒𝑖𝑔ℎ𝑡3

12
=

1.25 𝑚 ∗(1.25 𝑚)3

12
= 0.203 𝑚4 

 𝑚 = 𝜌𝑠𝑡𝑒𝑒𝑙 ∗ ℎ𝑒𝑖𝑔ℎ𝑡 ∗ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 7850 
𝑘𝑔

𝑚3 ∗ 1.25 𝑚 ∗ 1.25 𝑚 = 12265.625
𝑘𝑔

𝑚
 

 𝐿 = 10 𝑚 

5.3.2.3  Numerical solution (Abaqus) 

The beam is modelled in Abaqus with the same dimensions and materials as mentioned 

earlier. Figure 30 shows the model in Abaqus. 

 

Figure 30: Simple model in Abaqus. 

The first two eigenfrequencies calculated by Abaqus are 26.37 Hz and 29.17 Hz. The first 

value corresponds to a transversal mode and the second value is related to the first vertical 

bending mode. The value of the first vertical mode is close to the analytically calculated one 

in the previous section. A smaller mesh size can improve the accuracy of this value. In order 

to illustrate the updating process, fictional measurements are chosen and tabled in Table 4.  

Table 4: Analytical, numerical and fictional measurement values of the first and second 

eigenfrequency of the simple model. 

 
Analytical 

value [Hz] 

Numerical value in Abaqus 

with initial parameters [Hz] 
Fictive measurements [Hz] 

1
st
 mode / 26.37 27 

2
nd

 mode 29.37 29.17 30 
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The model updating will be performed according to the objective function, stated in equation 

5.3, which takes the least square error between the measured and numerically calculated 

frequencies without any weighing factor. The procedure was explained in section 5.2.1. To 

keep this problem simple, only the stiffness (E-modulus) and the density of the steel are taken 

as updating parameters. The results are shown in Table 5 and Table 6. The convergence of the 

updating process is shown in Figure 31. 

Table 5: Results of the iterative updating of the simple ABAQUS model. 

 
Initial value 

frequencies [Hz] 

Fictive measurements 

[Hz] 

Updated values of the 

frequencies [Hz] 

1
st
 mode 26.37 27 27.03 

2
nd

 mode 29.17 30 29.97 

Table 6: Change in parameters of the steel. 

Steel parameter Initial value  Updated value 

E-modulus [GPa] 210 222.9 

Density [kg/m³] 7850 7826.6 

 

Note that for this case an infinite amount of solutions will be found for the updating 

parameter. As can be seen in equation 5.5, the ratio E/ρ or in words, the stiffness divided by 

the density will define the eigenfrequencies of the structure. This means that the updating 

procedure will not really update the parameters E and ρ but the ratio of both will be optimized 

in order to better fit the measurement data.  



CHAPTER 5: METHODOLOGY 

 52 

 

Figure 31: Convergence of the updating process. 

5.3.3 Direct method 

5.3.3.1  Description of the model  

Implementing a direct method is more difficult when the complexity of the model increases. 

Because of this, only a two dimensional beam will be considered. The dimensions of this 

beam are 30 cm in length and 10 cm in height. The beam will be modelled in Matlab by using 

the STABIL-toolbox. The first three eigenfrequencies of the system are tabled in Table 7 

together with again some fictional measurements. Figure 32 shows the model and the first 

eigenmode. 

Table 7: Numerical and 'fictive measurements' of the first three eigenfrequencies. 

 
Frequency from numerical 

model (Matlab) [Hz] 

Frequency of fictive 

measurement [Hz] 

1
st
 mode 13.34 14 

2
nd

 mode 23.98 24 

3
rd

 mode 39.54 40 
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Figure 32: First eigenmode of the simple model in Matlab. 

5.3.3.2  Updating procedure and results  

In this case, the chosen direct method is one of the class of the Lagrange multiplier methods 

(reference base methods). The aim is to update the mass and stiffness matrix, assuming the 

measurements are in reality the exact values. According to Wei (1989), the mass and stiffness 

matrices can be updated using equations 5.7 and 5.8 respectively. 

𝑀 = 𝑀𝐴 −𝑀0 + (𝐼 − 𝑃 ∗ 𝜙
𝑇) ∗ 𝑆 ∗ 𝑌 + 𝑌𝑇 ∗ 𝑆𝑇(𝐼 − 𝜙 ∗ 𝑃𝑇) (5.7) 

𝐾 = 𝐾0 + 𝑃 ∗ (𝜙
𝑇 ∗ 𝐾𝐴 ∗ 𝜙 + 𝛺

2) ∗ 𝑃𝑇 − 𝑈 ∗ 𝜙 ∗ 𝑃𝑇 − 𝑃 ∗ 𝜙𝑇 ∗ 𝑈𝑇 (5.8) 

with: 

 𝑀𝐴/𝐾𝐴, the initial mass/stiffness matrix obtained with Stabil-toolbox in Matlab 

 𝜙/𝜙𝑇, the (transposed) matrix with all the eigenvectors 

 𝛺2, diagonal matrix with the ‘measured’ natural frequencies squared 

 𝑄 = 𝜙𝑇 ∗ 𝑀𝐴 ∗ 𝜙, mass matrix in modal domain 

 𝑃 = 𝑀𝐴 ∗ 𝜙 ∗ 𝑄
−1 

 𝐸 = 𝑄 + 𝛺2 ∗ 𝑄 ∗ 𝛺2 

 𝑆 = 𝐾𝐴 ∗ 𝜙 ∗ 𝐸
−1 

 𝑌 = 𝛺2 ∗ 𝜙𝑇 ∗ 𝑀𝐴 

 𝑈 = 𝑃 ∗ 𝛺2 ∗ 𝑄 ∗ 𝛺2 ∗ 𝑆𝑇 

 𝐾0 = 𝐾𝐴 −𝐾𝐴 ∗ 𝜙 ∗ 𝑃
𝑇 − 𝑃 ∗ 𝜙𝑇 ∗ 𝐾𝐴 + 𝑈

𝑇 +𝑈 

 𝑀0 = 𝑀𝐴 ∗ 𝜙 ∗ 𝑄
−1 ∗ (𝑄 − 𝐼) ∗ 𝑄−1 ∗ 𝜙𝑇 ∗ 𝑀𝐴 

One of the main drawbacks of direct updating is that there is almost no physical interpretation 

possible. This structure has 3838 degrees of freedom which means that the mass and stiffness 

matrix have a size of 3838 x 3838. Because of this, only the results for the first six rows and 

columns of both matrices will be illustrated as is done in Table 8, Table 9, Table 10 and Table 

11. 
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Table 8: Initial mass matrix for first 6 DOF. 

1.090E+02 5.451E+01 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

5.451E+01 2.181E+02 0.000E+00 0.000E+00 5.451E+01 0.000E+00 

0.000E+00 0.000E+00 2.181E+02 0.000E+00 0.000E+00 5.451E+01 

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

0.000E+00 5.451E+01 0.000E+00 0.000E+00 2.181E+02 0.000E+00 

0.000E+00 0.000E+00 5.451E+01 0.000E+00 0.000E+00 2.181E+02 

 

Table 9: Updated mass matrix for first 6 DOF. 

1.090E+02 5.451E+01 1.652E-10 0.000E+00 -1.425E-09 2.070E-10 

5.451E+01 2.181E+02 1.546E-10 0.000E+00 5.451E+01 1.342E-10 

1.652E-10 1.546E-10 2.181E+02 0.000E+00 3.537E-10 5.451E+01 

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

-1.425E-09 5.451E+01 3.537E-10 0.000E+00 2.181E+02 4.474E-10 

2.070E-10 1.342E-10 5.451E+01 0.000E+00 4.474E-10 2.181E+02 

 

Table 10: Initial stiffness matrix for first 6 DOF. 

4.769E+10 -2.750E+10 1.442E+09 0.000E+00 0.000E+00 0.000E+00 

-2.750E+10 9.538E+10 -7.820E-05 0.000E+00 -2.750E+10 1.442E+09 

1.442E+09 -7.820E-05 9.538E+10 0.000E+00 -1.442E+09 1.000E+10 

0.000E+00 0.000E+00 0.000E+00 9.577E+06 0.000E+00 0.000E+00 

0.000E+00 -2.750E+10 -1.442E+09 0.000E+00 9.538E+10 -3.815E-05 

0.000E+00 1.442E+09 1.000E+10 0.000E+00 -3.815E-05 9.538E+10 
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Table 11: Updated stiffness matrix for first 6 DOF. 

4.769E+10 -2.750E+10 1.442E+09 0.000E+00 9.733E+01 -7.369E+01 

-2.750E+10 9.538E+10 -9.095E+01 0.000E+00 -2.750E+10 1.442E+09 

1.442E+09 -9.095E+01 9.538E+10 0.000E+00 -1.442E+09 1.000E+10 

0.000E+00 0.000E+00 0.000E+00 9.577E+06 0.000E+00 0.000E+00 

9.733E+01 -2.750E+10 -1.442E+09 0.000E+00 9.538E+10 -9.343E+01 

-7.369E+01 1.442E+09 1.000E+10 0.000E+00 -9.343E+01 9.538E+10 

 

As can be seen when comparing the different mass or stiffness matrices, they are not differing 

a lot from each other. Note that this might not be the case for other parts of the stiffness and 

mass matrices. Nevertheless, using this updating procedure is time-consuming and the need 

for memory space goes up drastically when the complexity of the problem increases. 

5.3.4 Conclusion 

After updating the simple model with an iterative and a direct method, it is clear that the 

iterative procedure would be more suitable to use in the continuation of this thesis. After all, 

the model of the Banafjäl bridge is far more complex (more DOF’s) than the simple beam 

model which implies that using the direct method would take far too much time and difficult 

calculations. Furthermore, the simple beam on which the direct method is applied is only a 2D 

structure. This already asked for a relatively devious evaluation process. The Banafjäl 

however is a 3D structure which would result in an even more devious calculation process. 

Therefore the choice has been made to continue with the iterative methods. Also, the iterative 

methods provide more physical insight in the updating process. 

5.4 Selection of updating parameters 

5.4.1 General 

An important issue in performing FEMU with an iterative method is the selection of the 

updating parameters. There are two choices to be made. The first choice is to choose how 

many parameters will be taken into account. The more parameters included in the analysis, 

the more complex the updating procedure will be and the more uncertainty will be introduced 

in the system. A more complex procedure will be more time-consuming and costly. 
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Furthermore, the more parameters are considered, the more the chance of including 

parameters which show a relation between each other. This connection would make it harder 

to indicate the uncertainty of a single parameter. Secondly, a careful choice should be made of 

which parameters should be updated. A good way to tackle both issues is to carry out a 

sensitivity analysis. This allows determining the parameters with the largest influence which 

subsequently will be used in the updating process. Then the uncertainty of each parameter 

will be discussed in order to define a range in between which each parameter can vary during 

this process. 

5.4.2 Sensitivity analysis 

There are several ways to perform a sensitivity analysis. A first mathematical way was 

suggested by Mottershead et al. (2000) who is using the eigenvalue sensitivities determined 

according to: 

𝜕𝜆𝑖
𝜕𝜃𝑗

= 𝜑𝑖
𝑇 (
𝜕𝑲

𝜕𝜃𝑗
− 𝜆𝑖

𝜕𝑴

𝜕𝜃𝑗
)𝜑𝑖 (5.9) 

where λi and φi represent respectively the i-th eigenvalue and eigenvector, 𝜃j is an updating 

parameter and K and M are respectively the stiffness and mass matrices. In this case, it can be 

a devious job to get an expression for the derivatives of the stiffness and mass matrix in 

function of the different parameters. Another way to perform a sensitivity analysis is to 

calculate the rate of change (slope) in the eigenvalues when one parameter is slightly differed 

from its original value. This results in sensitivities calculated by the following equation: 

𝑠𝑗,𝑖 =
𝑓𝑖(𝑎 + ∆𝑗) − 𝑓𝑖(𝑎)

∆𝑗
 (5.10) 

where sj,i is the sensitivity of the i-th eigenfrequency fi to a change ∆𝑗 in the j-th parameter and 

a is the set of initial parameter values. Thus, the numerator states the difference between the   

i-th eigenfrequency when one parameter is slightly changed compared to this eigenfrequency 

with the parameters in the initial situation. The denominator represents the change in value of 

the parameter being assessed. In the model of the Banafjäl bridge 15 parameters will be 

assessed. It concerns the ones listed in the following: 

 E-moduli of the steel, concrete (slab/sleeper), ballast 

 Poisson moduli of the steel, concrete (slab/sleeper), ballast 

 The density of the steel, concrete (slab/sleeper), ballast 

 The horizontal spring stiffness in the supports 

 The damping coefficients α and β 

Now for every of these parameters, their initial value, discussed in section 3.2.7, will be 

increased and decreased by 5 %. For every of these cases subsequently the sensitivity is 

calculated according to equation 5.10 resulting in the percentage of change in the considered 
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natural frequency compared to its value when the parameter is not altered. This results for the 

first three natural frequencies in the sensitivities listed in Table 12 below. 

Table 12: Change in percentage of the fundamental frequency values when one parameter is 

altered. 

 
Sensitivity [%] 

 
f1 (bending) f2 (torsion) f3 (lateral) 

parameter -5% +5% -5% +5% -5% +5% 

Esteel -1.59 1.54 -1.36 1.32 -0.63 0.62 

νsteel 0.06 -0.06 0.09 -0.09 0.02 -0.02 

ρsteel 0.36 -0.36 0.42 -0.42 0.36 -0.35 

Eballast -0.07 0.07 -0.13 0.13 -0.55 0.55 

νballast 0.00 0.00 0.02 -0.02 0.08 -0.08 

ρballast 1.03 -0.99 0.76 -0.74 1.04 -1.00 

Econcrete. slab -0.46 0.43 -0.98 0.95 -1.35 1.31 

νconcrete. slab 0.01 -0.01 0.12 -0.12 0.02 -0.02 

ρconcrete. slab 1.07 -1.03 1.33 -1.28 1.06 -1.02 

Econcrete. sleeper 0.00 0.00 -0.01 0.01 0.00 0.00 

νconcrete. sleeper 0.00 0.00 0.00 0.00 0.00 0.00 

ρconcrete. sleeper 0.08 -0.08 0.02 -0.02 0.09 -0.09 

kh -0.43 0.42 -0.06 0.06 -0.01 0.01 

α, β 0.00 0.00 0.00 0.00 0.00 0.00 

 

According to Table 12, the parameters with the largest influence on the first eigenfrequency 

are in decreasing order of importance: 

1. E-modulus of the steel 

2. density of the concrete slab 

3. density of the ballast 

4. E-modulus of the concrete slab 

5. spring stiffness in the support 

6. density of the steel 

Almost the same stands for the second and third eigengfrequencies. These six parameters will 

thus be taken into account in the model updating. Note that the objective function is only 

calculated with three eigenfrequencies, as was explained in Chapter 4, while six parameters 

are being updated. Ideally there thus should be at least six eigenfrequencies when updating. In 

order to cover as good as possible for this limitation, the parameter ranges are defined wisely. 

5.4.3 Parameter ranges 

Every updating parameter has a certain range of uncertainty depending on the nature of the 

parameter. It is this property which gives the opportunity of updating the model. After all the 
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initial parameter values do not necessarily completely correspond to the reality due to this 

uncertainty and can thus be changed to a certain extend in order for the model to fit the reality 

more closely. 

It goes without saying that the updating of a parameter can only happen within these 

boundaries of uncertainty. Choosing a wise range for each parameter is thus an important 

aspect in the updating process. After all, often different updating of parameters can lead to the 

same outcome. For example, when more stiffness in longitudinal direction is required, either 

the E-modulus of the steel or the spring stiffness in the support can be increased. However, 

the E-modulus of steel is very well known and thus does not have a wide range into which it 

can be changed. As a result it is more likely that the spring stiffness should be changed since 

this parameters is far more uncertain. This shows the importance of choosing the ranges 

because they help ruling out unrealistic updating. 

Thus like already pointed out, the E-modulus of steel will have a fairly restricted range. The 

E-modulus and density of the concrete slab on the other hand are given a more wide range 

since they will be more subjected to uncertainty due to a more uncertain production process. 

For the spring stiffness, a large range of values is chosen to in order to deal with the high 

uncertainty related to that parameter. Table 13 shows the ranges of all six parameters that will 

be used to update the model. The initial values for the updating process are the manually 

updated values as they were described in Chapter 3. 

Table 13: Range of the updating parameters.  

Parameter Initial value 
Lower 

boundary 

Upper 

boundary 

E-modulus of the steel [GPa] 210 208 212 

density if the concrete slab [kg/m³] 2300 2100 2500 

density of the ballast [kg/m³] 1900 1500 2300 

E-modulus of the concrete slab [GPa] 37 34 40 

spring stiffness in the support [kN/mm] 45 15 75 

density of the steel [kg/m³] 7850 7600 8100 

5.5 Updating of the detailed 3D bridge model 

As was pointed out in section 5.3 the detailed 3D model of the Banafjäl railway bridge will be 

updated by means of the iterative updating methods rather than by the direct method. This last 

one demands far too much complicated calculations making the updating process a tedious 
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and time-consuming process with a high probability for errors during the implementation. Out 

of the wide range of available iterative FE updating methods two distinct choices will be 

applied to the detailed model. These are the genetic and the gradient-based updating methods 

of which a description has been made in section 2.3. On top of these also a third method will 

be applied which combines the accuracy of finding the global optimum by the sensitivity 

method with the speed of the gradient-based method. 

The measurements of the free vibration of the bridge after a train passed by provided three 

well distinguishable natural frequencies. Obviously, it thus will be only the first three 

eigenfrequencies that will be used to calculate the objective function. The values of these 

measured eigenfrequencies were listed in Table 3. Higher frequencies are, due to the 

uncertainty in the measurements, less accurate. Comparing them would thus rather cause the 

introduction of more errors instead of contributing to a more accurate fitting of the model 

with the reality. 

As explained in section 5.4, six parameters will be updated: the E-modulus of the steel and of 

the concrete slab, the density of this concrete slab, the ballast and the steel and the spring 

stiffness in the support. Once they reach a value for which the behaviour of the model is close 

enough to the reality, measured by means of the objective function, so that the stopping 

criterion is reached, the final updated parameters are found. Their initial values and 

boundaries are given in Table 13 in the above section. This indicates the starting values for 

the parameters before updating is carried out and their range outside which they cannot be 

changed in order to get a closer fit to the reality. Note again that the more uncertain a 

parameter is, the larger its range. It is for this reason for example that the E-modulus is given 

a very narrow range since it is a parameter of which the value is rather fixed. In this way it 

could still be taken into the evaluation, rather than leaving it out and simply considering it 

fixed, since it has been pointed out to be a parameter with a large influence towards the result. 

Two types of objective functions will be tested. These are the ones stated in equations 5.3 and 

5.4 in section 5.2.1.4. This implicates thus also that in both cases the weighting factor 1/√𝑖 

will be used. 

5.5.1 Genetic updating method 

The first FE updating method that is going to be used is the genetic type. This optimization 

technique is carried out in the way as was explained in section 5.2. Two different simulations 

are being performed corresponding to the two different objective functions. The first run is 

the one in which the objective function stated in equation 5.3 is applied and similarly the 

second run is the one in which the other objective function, stated in equation 5.4, is applied. 

In what follows, they will be named respectively Gen1 and Gen2. 

A few constraints are imposed in both simulations in order for the process not to run 

unnecessarily long. In principle, the algorithm can stop when convergence to the global 

optimum is reached. Out of experience with previously executed runs an idea could have been 
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formed of when this would happen allowing to state a few stopping criteria far enough 

beyond this point so that convergence is certainly reached and at the same time so that the 

runs are not unnecessarily long. As first, the population size is restricted to 20 in each 

generation. Furthermore, the amount of generations until which the process is allowed to run 

is limited to 50. 

The measured natural frequencies, used for the calculation of the objective function, are as 

given in Table 3, described in Chapter 4 and the upper and lower boundaries for the different 

parameters are as shown in Table 13. Note that for the genetic updating algorithm no initial 

values are needed. The method generates a population of randomly chosen parameter sets 

with values between the given ranges and then works its way towards the optimum. 

5.5.2 Gradient-based updating method 

To verify the results of the genetic updating method and to compare the calculation time, the 

optimal parameter set will now also be searched for by means of the gradient-based method. 

Again two simulations are done corresponding to the objective functions stated in equations 

5.3 and 5.4. They will, from now on, be referred to as respectively Grad1 and Grad2.  

Again, the same measured eigenfrequencies are used as well as the upper and lower 

boundaries. Note that, in contrary to the genetic method, for the gradient-based method initial 

values need to be determined. These are set to the ones given in Table 13.  

The stopping criteria are defined as a maximum of 100 iterations and 750 objective function 

evaluations. On top of that the change in the values of the variables has to be bigger than 0.02 

when constructing the gradient, otherwise it stops.  

5.5.3 Combination of genetic and gradient-based method 

To reduce both the long calculation time experienced by using the genetic algorithm and the 

uncertainty of having a global optimum when using the gradient-based algorithm, a 

combination of these two methods is tested. This means, first the genetic algorithm will be 

performed in order to converge towards the global optimum. However, instead of iterating all 

the way until this global optimum is found, the updating is changed to the gradient-based 

algorithm from the moment the track towards the global optimum is found. In this way a 

rather slow but safe procedure, the genetic one, is used to get track of the global optimum and 

once this is done, the faster gradient-based algorithm ensures the convergence to the final 

solution. 

Just as for the other updating methods, this combination will be tested for both types of 

objective functions. They will from here on be referred to as Comb1 and Comb2 

corresponding to respectively the tests that use equation 5.3 and equation 5.4. 
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The genetic algorithm is performed in the same way as described before. The boundaries are 

again the ones of Table 13 and also the measured eigenfrequencies are the same. The stopping 

criteria however differ. The population size is still set to 20 and the generation limit to 50 but 

since the method has to run only until it has found the track to the optimum and not all the 

way until the end, an extra criterion is imposed. A function tolerance is set which means that 

the procedure will stop when the average relative change in the best objective function value 

over a certain amount of generations has become smaller than this value. The amount of 

generations over which this average relative change is considered is set to 25 generations. The 

function tolerance is fixed as 0.001 for Comb1 and 0.00005 for Comb2. These values differ 

since in Comb2 relative objective function values are calculated and thus the values are 

smaller. Once one of the stopping criteria is reached, the genetic part of the algorithm will 

stop and the process will be continued by means of the gradient-based method. 

The gradient-based method is executed in the same way as described before and again uses 

the same measured eigenfrequencies but the boundaries and initial parameter values are now 

not the ones listed in Table 13. Since the method continues on the genetic updating process 

performed before, the results of this process will function as the boundaries. This means that 

for each parameter the highest and lowest value, that were found during the last generation, 

are taken as respectively the upper and lower boundaries and that the initial value is set as the 

average of these two. Also here the stopping criteria differ slightly. The maximum number of 

iterations and the maximum number of objective function evaluations are still set as 

respectively 100 and 750. The minimum change in variables when constructing the gradient 

however is set to 0.0005. In case it is lower the algorithm stops. This value is significantly 

smaller than the one when only performing the gradient-based method. But since the genetic 

part already secured convergence, and thus the values already are rather close together, and 

since the gradient-based method proceeds relatively quickly, this value can be taken a bit 

smaller than before. 

5.5.4 Overview of the performed updating processes  

As to remain an overview on the performed FE updating procedures, Table 14 gives a 

summary of all of them together. 

Table 14: Overview of all performed FE updating tests. 

 Genetic method 
Gradient-based 

method 

Combination of genetic and 

gradient-based method 

Name Gen1 Gen2 Grad1 Grad2 Comb1 Comb2 

Objective function 

(equation 5.3 or 5.4) 
5.3 5.4 5.3 5.4 5.3 5.4 
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5.6 Simulation of train passages 

Now the finite element model is updated, simulations can be done with different load cases in 

order to determine the stress range patterns which will be used to calculate the fatigue lifetime 

of the bridge under those loads. Note that in order to actually continue with the updated model 

from this point on thus the updated parameter values need to be used. 

5.6.1 Type of train loads 

In the Eurocode, EN 1991-2, several train types are stated when considering bridge structures. 

In order not to overestimate the fatigue problems caused by passing trains, the Eurocode 

added more realistic trains that can be found in Annex D of that Eurocode. For the Banafjäl 

bridge, high-speed train types 3 and 4 are the most likely to use. Both train setups are shown 

in Figure 33 and Figure 34. 

 

Figure 33: Type 3 High-speed passenger train. (EN 1991-2, Annex D) 

 

Figure 34: Type 4 High-speed passenger train. (EN 1991-2, Annex D) 

As can be seen the big difference between both train types is the axle distance of one bogie 

and the length of the train. Train type 3 has a main axle distance of 26.4 m and operates at 250 

km/h. For train type 4, this is respectively 18.7 m and 250 km/h. 
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5.6.2 Important aspects of railway structures: resonance  

Every railway structure has multiple natural ways of moving, known as eigenmodes. These 

eigenmodes can be excited when a load has a loading frequency that is approximately at the 

eigenfrequency corresponding to a certain eigenmode. This phenomenon is called resonance 

and is an adverse situation which should be avoided. Due to resonance, more stress cycles 

will be generated and the damage to the structure will increase. This phenomenon can be 

reduced by increasing the damping in the structure.  

For railway bridges, the axle repetition of a passing train will induce a loading with a 

frequency equal to the speed of the train divided by the bogie distance: 

𝑓𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =
𝑣𝑡𝑟𝑎𝑖𝑛
𝑑𝑏𝑜𝑔𝑖𝑒

 (5.11) 

The phenomenon of resonance will occur when the loading frequency is close to an 

eigenfrequency of the railway structure. In this case, the first eigenfrequency will be excited. 

Knowing this, the train speed which will induce resonance can be approximated as follows: 

𝑓𝑙𝑜𝑎𝑑𝑖𝑛𝑔 ≈ 𝑓1  

↔ 𝑣𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 ≈ 𝑓1 ∗ 𝑑𝑏𝑜𝑔𝑖𝑒 (5.12) 

In this case, the first eigenfrequency is around 3.3 Hz. In general, for the vertical bending 

eigenmodes of a simply supported bridge, the eigenfrequencies will be lower when the length 

of the bridge increases. This would thus result in a lower resonance speed, if the bogie 

distance is kept the same. Similarly, according to equation 5.12, the smaller the bogie 

distance, the lower the train speed should be to reach resonance. The same reasoning applies 

for the reverse. 

The length and the axle loads of the train will also influence the fatigue development. The 

longer the train, by increasing the amount of intermediate coaches for example, the longer the 

loading frequency will last and the more the structure will be subjected to resonance, 

potentially resulting in more damage. However, the effect of these phenomena remains 

relatively small compared to the effect of a speed close to resonance speed. The main reason 

of fatigue will thus still be a speed close to resonance speed. 

5.6.3 Choice of train type 

According to equation 5.12 and the different train setups, the only train that could induce 

resonance when driving at its operating speed will be a type 4 train. This is summarized in 

Table 15. For this reason, it will be this train type that will be considered in what follows. 

Note that a first eigenfrequency of 3.2994 Hz is used in compliance with the measurements. 
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Table 15: Choice of train type. 

 Train speed [m/s] 
Axle distance 

[m] 

Needed train speed for 

resonance [m/s] (Eq. 5.12) 
Enough? 

Train type 3 69.44 (250 km/h) 26.4 87.10 (314 km/h) No 

Train type 4 69.44 (250 km/h) 18.7 61.70 (222 km/h) Yes 

5.7 Fatigue lifetime assessment 

5.7.1 Calculation process 

First of all the passage of the train has to be modelled. Such a train passage is modelled as a 

sequence of point loads passing at a discrete number of locations on the bridge. The more 

locations are considered, the more precise the calculation but of course the longer the 

calculation time. In order to make sure that at every time step all the loads are acting in one of 

the locations, a minimal amount of locations along the bridge should be considered. This 

amount is equal to the length of the bridge divided by the least common multiple of the 

different distances of a train type. As a manner to make this model extendible to most of the 

trains mentioned in the Eurocode, a distance of 50 mm is chosen as ‘modelling distance’. This 

means 841 points along the bridge will be considered. 

To perform a dynamic analysis a loading ‘profile’ is generated (modelled as ‘Amplitudes’ in 

Abaqus) for every specific location in function of time. This means that these location not 

only will experience the load when it is at that exact location, as it would be in a static 

analysis, but also right before and after the load has passed, making the analysis dynamic. The 

loading profile will depend on the length and speed of the train. Generating this loading 

profile was implemented in Matlab. Once again, a python-script is developed to do the 

following: 

 change the time step, defined as 50 mm divided by the train speed, of the modal 

analysis 

 optionally change the damping coefficients 

 create the different sets of nodes corresponding to the 841 locations 

 connect the point loads to these sets 

 couple the loading profiles (‘Amplitudes’) to the loads  

 generate a stress curve in function of time for a critical point for the fatigue issue 

Different points along the bridge can be critical for fatigue when the dynamic load 

systematically crosses. However, some points should be considered with extra attention. The 
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stresses are considered to be highest in the middle at the downside of the bridge. Two 

connections in particular can be examined. As first, the connection of the web shell plate with 

the flange shell plate of the steel girders can be checked. Conform table 8.2 in the Eurocode 

(EN 1993-1-9) this connection corresponds to a detail category of 100 (case 6). The second 

point of interest comprises the connection of the stiffener with the steel girder. For this table 

8.4 in the same Eurocode indicates a detail category of 80 (case 7 with l ≤ 50mm). Since the 

stresses in both points appear to be more or less equal, the second point will be more critical 

because of the lower detail category. 

Note that the tables with the detail categories provided by the Eurocode are valid for nominal 

stresses. Since the stresses in the point that marks the exact connection of the stiffener with 

the girder are not nominal, a point will be taken at a small distance. In this way it is still the 

same situation and now in fact nominal stresses are being measured. For this reason from here 

on the fatigue will be evaluated by means of the stresses occurring in this connection. Figure 

35 indicates the specific point in the model. The point in the exact connection could however 

be used but then the hotspot method and table B.1 of the Eurocode (EN 1993-1-9) should be 

applied. Since then the obtained stresses will be a bit higher but also the detail category will 

be higher, this procedure would yield more or less the same effect and is thus not being 

considered. 

 

Figure 35: Indication of the point in which fatigue will be considered in general (left) and in 

detail (right). 

The fatigue analysis will be performed by using the WAFO-toolbox in Matlab (WAFO-group, 

2000). First, the stress spectrum due to the train passage will be defined in the critical point 

stated above. Then this toolbox provides a rain flow counting method for ordering the stress 
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ranges over the chosen stress intervals into a stress range spectrum. The considered stress 

intervals go from 0 to 60 MPa with a magnitude of 2 MPa for every interval.  

Now the stress range spectrum is constructed and thus the amount of peak occurrences 𝑛𝐸,𝑖 is 

known for every i-th stress interval, the Palmgren-Miner rule can be applied. However, first 

of all, aside Δ𝜎𝑐, the constant amplitude fatigue limit Δ𝜎𝐷 and the cut-off limit Δ𝜎𝐿 need to be 

determined. 

Δ𝜎𝐶 = 80 𝑀𝑃𝑎 (𝑑𝑒𝑡𝑎𝑖𝑙 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 80) (5.13) 

Δ𝜎𝐷 = 0,737 ∗ Δ𝜎𝑐 = 58.96 𝑀𝑃𝑎 (5.14) 

Δ𝜎𝐿 = 0,549 ∗ Δ𝜎𝑐 = 32.37 𝑀𝑃𝑎 (5.15) 

As last, before calculating the maximum possible number of events in each stress interval, 

also the partial safety factors have to be defined. This is done as follows with regard to the 

Eurocodes: 

γ = 𝛾𝑀0 ∗ 𝛾𝐹𝑓 ∗ 𝛾𝑀𝑓 ∗ 𝛾𝑑 = 1.0 ∗ 1.0 ∗ 1.35 ∗ 1.00 = 1.35 (5.16) 

with: 

 𝛾𝑀0 used to include the safety for static strength and equal to 1.0 (EN 1993-2) 

 𝛾𝐹𝑓 used on fatigue loads and mostly taken 1.0 in Sweden (load is known with great 

accuracy) 

 𝛾𝑀𝑓 used for the fatigue resistance and equal to 1.35 (safe life, high consequence of 

failure, EN 1993-1-9 Table 3.1) 

 𝛾𝑑 accounting for the safety class and equal to 1.0 (safety class 3 conform a very sever 

consequence of failure) 

 

The Palmgren-Miner rule can now be applied to determine, for each stress interval of the 

stress range spectrum, the maximum number of cycles 𝑁𝑅,𝑖  for which fracture would be 

reached if the constant stress range corresponding to that interval would be acting during the 

entire life of the structure.  

{
 
 

 
 𝑁𝑅,𝑖 = (

ΔσC
Δσi ∗ γ

)
3

∗ 2 ∗ 106                   𝑖𝑓 Δσi ∗ 𝛾 ≥ ΔσD

𝑁𝑅,𝑖 = (
ΔσD
Δσi ∗ γ

)
5

∗ 5 ∗ 106      𝑖𝑓 ΔσD ≥ Δσi ∗ 𝛾 ≥ ΔσL

𝑁𝑅,𝑖 = 0                                                       𝑖𝑓 Δσi ∗ 𝛾 ≤ ΔσC

 (5.17) 

Note that the last case of the system in equation 5.17 means that the magnitude of the peak 

stress occurrences in that stress interval are too small to cause any effect of fatigue and thus 

will not be considered. 
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The damage contribution from each band of the stress range spectrum can now be determined 

and summed in the following way resulting in the damage corresponding to one single event. 

𝐷𝑑 = ∑
𝑛𝐸,𝑖
𝑁𝑅,𝑖

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠

𝑖=1

    ≤ 1.0 (5.18) 

Finally, the total amount of events n can then be calculated as in equation 5.19: 

n =
1

Dd
  (5.19) 

This number of events is the total times the bridge structure can be loaded with this 

particularly considered stress spectrum before failure will occur. By choosing a fixed 

frequency in meaning of passages per day, the total lifetime with regards to fatigue can be 

determined. Similarly, by choosing a fixed lifetime the maximum frequency of passages per 

day can be assessed to which this lifetime would be attained. The process to assess the fatigue 

is implemented in Matlab. 

5.7.2 Comparison between single and double type 4 train types  

Two trains both of type 4, like described in section 5.6.1, will be simulated to ride over the 

updated model. The first one is a single train with the length conform type 4, being 237.6 m. 

The second one is a coupled train comprising of two single type 4 trains coupled behind each 

other resulting in a total length of 475.2 m. 

5.7.2.1  Influence of the speed  

First, a closer look is taken at the influence of the speed to the fatigue lifetime. To do this both 

the single as doubled trains, as described above, are simulated to pass the bridge model at 

different speeds. This results in the graph given in Figure 36 where the maximum occurring 

stress difference is shown on the y-axis in function of the speed. 

As can be seen is the effect particularly significant in the vicinity of the resonance speed, both 

for the single as for the doubled train. Because of this phenomenon, it will be worth the effort 

of studying the area around resonance speed a bit more in detail. 
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Figure 36: Maximum stress range for a single and coupled train type 4 in function of speed. 

5.7.2.2  Comparison 

A comparison is made between the fatigue lifetime for the single and coupled trains when 

running at their operating speed of 250 km/h. Since, from the previous, it is expected that the 

fatigue will be significantly worse when the speed would approach resonance speed, also the 

passing of both trains at this speed, equal to 222 km/h is simulated and subsequently again the 

fatigue is calculated. 

5.7.3 Detailed study of the speeds close to the resonance speed  

It was shown before that a closer study of the speeds around resonance speed imposes itself. 

And like already mentioned, beside the axle distance, the axle load and of course the speed, 

also the length of the train is of importance with regards to the fatigue lifetime. Therefore the 

fatigue will now be examined in function of both the speed as the train length. Again a type 4 

high-speed train will be used. By choosing the total lifetime, the found fatigue results can be 

converted to frequencies in the sense of maximum allowed passages per day. This results in a 

3D operating graph for that train type which allows the user to determine the maximum 

allowed passages per day over the Banafjäl bridge when using trains of a certain length 

running at a certain speed.  

Note that the increase in train length is realised by increasing the amount of carriages. This 

means that it is assumed that the power carriages are strong enough to realise the desired 

speed for that particular train length. In this way the coupling of two single trains would 

correspond to one single train with 20 bogies. The major difference however lies in the fact 

that the coupled train has four power carriages in the middle, two at the end of the first and 
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two at the beginning of the second, where this in the case of the single train with more bogies 

thus are four bogies. Figure 37 shows that the approximation with increasing the amount of 

bogies is on the safe side. The occurring stress ranges are higher compared to when two single 

trains are coupled. This can be understood since the power carriages have a slightly different 

length with a different resonance speed compared to the bogies. When the middle power 

trains pass the bridge, resonance is interrupted and only partly regained afterwards. On the 

other hand, with the single extended train only bogies with the same axle distance, and thus 

resonance speed, pass by resulting in a constant increase of stress ranges upon resonance. 

 

Figure 37: Comparison between the stress spectra of a coupled train with that of a single 20-

bogie train, both driving at vresonance = 222 km/h. 

5.7.4 Influence of damping 

Damping will reduce the amplitude of the movement of a system in resonance. Reducing the 

movement will result in less fatigue cycles and smaller stress ranges. In other words, this 

equals to potentially a greater amount of allowed train passages per day for a certain bridge 

lifetime. The influence of damping will be tested by increasing the damping ratio from 0.1% 

to 0.5% for an 8-bogie train and a 20-bogie train. Both trains will drive at a speed which 

excites the bridge into resonance. As mentioned in section 3.2.7, the damping is modelled as 

Rayleigh damping. The damping coefficients, depending on the damping ratio, are calculated 

by using equations 3.2 and 3.3.  
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5.7.5 Static case 

To get an idea what the static case would look like, a dynamic analysis with a standard 8-

bogie type 4 train at very low speed (5 km/h) was performed. The point in which the fatigue is 

considered is the same as for the dynamic case. The expectation is that the displacements and 

stresses will be smaller than in the dynamic case where the train is driving for example at 

resonance speed. 

There might also be a case where the fatigue limit will be reached because of the weight of a 

train itself rather than due to dynamic effects. This could be the case for heavy freight trains. 

In order to study this effect, the type 5 fatigue train was implemented for speeds ranging from 

20 km/h to 80 km/h (operating speed of this train type). This train type is the heaviest fatigue 

train and the setup is shown in Figure 38.  

 

Figure 38: Setup of fatigue train type 5. 
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6  

 

Results 

6.1 Updating processes 

6.1.1 Genetic algorithm 

The updated parameter values for both Gen1 and Gen2 are shown in Table 16 as are the final 

objective function values for both these runs. The results show that for both runs the updated 

values are to a certain extend more or less the same. This indicates that both optimizations go 

to the same solution and thus coincidence of finding that particular result can be ruled out. 

Note that the difference for the horizontal spring stiffness is a bit bigger but since this is 

shown to be, out of the considered parameters, one of the least influential parameters for the 

behaviour of the model, the effect will be negligible. Also note that the final objective 

function value differs between both runs since in Gen1 the absolute error is used while in 

Gen2 this is the relative error. 

Table 16: Updated results for Gen1 and Gen2 and the final objective function values. 

 
Lower 

boundaries 

Upper 

boundaries 

Updated values 

Gen1 

Updated values 

Gen2 

Esteel [GPa] 208 212 208.07 208.24 

ρsteel [kg/m³] 7600 8100 8086.4 8082.7 

ρballast [kg/m³] 1500 2300 2171.3 2158.4 

Econcrete slab [GPa] 34 40 35.090 34.179 

ρconcrete slab [kg/m³] 2100 2500 2498.8 2499.0 

kh [kN/mm] 15 75 73.734 74.859 

final objective function value 0.0093 0.00068955 

Chapter 
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Figure 39 and Figure 40 give a visual view of the updated parameter values (the bars on the 

right) together with the boundaries in which they were imposed to lie. Also the values of the 

model before the iterative updating, corresponding to the manually updated parameters done 

by Beygi (2015), are shown (bars on the left). Note that sometimes the values of the optimal 

parameter set are found to lie closely to the boundaries. This indicates that if these boundaries 

would be taken larger a solution might be found in this new range. However, it is not 

reasonable to enlarge the boundaries to much. After all the parameters have a certain extend 

of uncertainty but this does not mean that their real values can be altered infinitely far from 

the assumed starting values. The parameter value still has to remain realistic. 

 

Figure 39: Updated parameter values (right bars) together with the allowed range (black 

square) and the manually updated values (left bars) for Gen1. 

 

Figure 40: Updated parameter values (right bars) together with the allowed range (black 

square) and the manually updated values (left bars) for Gen2. 
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Both runs are stopped because the maximum number of generations, set to 50, has been 

reached. This pins their total iterations to 1020 and the calculation time to respectiely 36 

hours and 22 minutes and 36 hours and 41 minutes which for both means that the time needed 

per iteration step is around 1290 seconds. Figure 41 and Figure 42 show that in both cases 

convergence is already reached after around 25 iterations. The following iterations thus 

confirm this and specify the solution to a more degree of detail. Note again that for Gen1 the 

absolute error is used in the objective function while for Gen2 this is the relative error. This 

explains the difference in the order of magnitude of the values displayed in the graphs. Other 

convergence plots are given in appendix C. 

 

Figure 41: Convergence of the objective function value for Gen1. 

 

Figure 42: Convergence of the objective function value for Gen2. 
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To conclude the iterative genetic updating method, Table 17 presents the natural 

eigenfrequencies corresponding to the updated model for both Gen1 and Gen2. As can be 

seen, the first value in both runs is more or less the same as the measured frequency. The 

second and third frequencies differ slightly but for both updating runs, they go to more or less 

the same values. 

Table 17: First three natural frequencies for the updated model after Gen1 and Gen2 

compared to the measured eigenfrequencies. 

 
Measured 

eigenfrequencies [Hz] 

Updated eigenfrequencies 

for Gen1 [Hz] 

Updated eigenfrequencies 

for Gen2 [Hz] 

f1 3.2994 3.2831 3.2842 

f2 3.4082 3.5112 3.4984 

f3 4.5056 4.4535 4.4287 

6.1.2 Gradient-based algorithm 

Table 18 shows an overview of the updated parameters for both gradient-based updating runs 

Grad1 and Grad2 together with their final objective function values. As for the genetic 

updating method, here too the updated values show to be in the same range thus indicating 

convergence to the same solution. Again, the difference is somewhat larger for the horizontal 

spring stiffness but like already explained, since this is one of the least influential parameters 

of the ones considered, the influence of this difference on the fitting will be little to none. 

Table 18: Updated results for Grad1 and Grad2 and the final objective function values. 

 
Lower 

boundaries 

Upper 

boundaries 

Initial 

values 

Updated 

values Grad1 

Updated 

values Grad2 

Esteel [GPa] 208 212 210 208.08 208.21 

ρsteel [kg/m³] 7600 8100 7850 8085.9 8064.8 

ρballast [kg/m³] 1500 2300 1900 2077.5 2132.5 

Econcrete slab [GPa] 34 40 37 34.038 34.089 

ρconcrete slab [kg/m³] 2100 2500 2300 2498.8 2497.0 

kh [kN/mm] 15 75 45 69.836 72.685 

final objective function value 0.00901348 0.00069885 
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A visual view of the updated parameters together with their boundaries and initial values, 

used for the gradient-based updating algorithm, is given in Figure 43 and Figure 44. Note that 

these initial values are the values manually updated by Beygi (2015) and that they each time 

lie right in the middle of the range. In this way, the algorithm can change them with equal 

freedom to both higher as lower values. 

 

Figure 43: Updated parameter values (right bars) together with the allowed range (black 

square) and the initial values (left bars) for Grad1. 

 

Figure 44: Updated parameter values (right bars) together with the allowed range (black 

square) and the initial values (left bars) for Grad2. 
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The first gradient-based optimization, Grad1, converges slightly faster than the second one, 

Grad2. The convergence patterns are shown in Figure 45 and Figure 46. Eventually in both 

cases the optimization stops because the difference with the previous values becomes too 

little, smaller than the set value of 0.02. Calculating the gradient is still possible but however 

not useful anymore since the little increase in accuracy is not worth the increase in calculation 

time. This results in a total calculation time of 13 hours and 30 minutes for Grad1 and 17 

hours and 48 minutes for Grad2. Since respectively 41 and 55 iterations have been carried 

out, this implies for both of them an iteration step time of around 19 minutes and 30 seconds.  

 

Figure 45: Convergence of the objective function value for Grad1. 

 

Figure 46: Convergence of the objective function value for Grad2. 
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As for the results of the genetic optimization also here the natural eigenfrequencies 

corresponding to the updated model as for Grad1 and as for Grad2 are given. This is done in 

Table 19. Again, the first eigenfrequency is almost the same as the one found in the 

measurements and the second and third differ slightly. These results comply with the ones 

found by means of the genetic updating method, which were shown in Table 17. 

Table 19: First three natural frequencies after updating of the model conform Grad1 and 

Grad2 together with the measured eigenfrequencies. 

 
Measured 

eigenfrequencies [Hz] 

Updated eigenfrequencies 

for Grad1 [Hz] 

Updated eigenfrequencies 

for Grad2 [Hz] 

f1 3.2994 3.2857 3.2829 

f2 3.4082 3.5112 3.5026 

f3 4.5056 4.4576 4.4376 

6.1.3 Algorithm which combines both genetic and gradient 

methods 

The results of the updating performed by the first part of the algorithm, the genetic process, 

are given in the first part of Table 20 for both Comb1 and Comb2. So is the objective function 

value obtained after this step. The table shows that for both runs the updated values lie in the 

same range. Both runs are stopped after around 25 generations since the average relative 

change in the best objective function value became less or equal than the set function 

tolerance values of 0.001 and 0.00005 for respectively Comb1 and Comb2. Since they thus 

both are stopped at more or less the same moment, the similarity in the found results is a 

plausible finding. 

The bottom part of Table 20 shows the second part of the algorithm, the gradient-based 

process. Like already explained in section 5.5.3, the lower and upper boundaries are 

respectively the minimum and maximum of the parameter values obtained in the population 

of the last generation that was calculated before the genetic part was stopped. This explains 

why the updated parameter values after the genetic part might be close to one of the 

boundaries used for the gradient-based part. It is after all possible that most iterations give an 

updated value close to a boundary, resulting in an updated parameter close to that boundary, 

while there might be still some iterations that give other updated values, what explains the 

other boundary. The initial value is the average of the lower and upper boundary. The final 

updated results again lie in the same range indicating convergence to the same solution. Of 

course, the important aspect in order to converge to the same solution lies in the genetic part 

of the algorithm. If there the trace to the global optimum is found, the gradient-based part just 

accelerates the convergence. 
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Table 20: Intermediate and final updated results after respectively the genetic and gradient-

based updating processes for Comb1 and Comb2. 

Genetic updating 

 
Lower 

boundaries 

Upper 

boundaries 

Updated values 

Comb1 

Updated values 

Comb2 

Esteel [GPa] 208 212 208.58 209.27 

ρsteel [kg/m³] 7600 8100 8024.5 8050.8 

ρballast [kg/m³] 1500 2300 2157.6 2213.7 

Econcrete slab [GPa] 34 40 34.339 34.171 

ρconcrete slab [kg/m³] 2100 2500 2473.3 2486.2 

kh [kN/mm] 15 75 74.348 71.482 

objective function value after genetic updating 0.011441025 0.000965439 

Gradient-based updating 

 
Lower 

boundaries 

Upper 

boundaries 

Initial 

values 

Final updated 

values Comb1 

Final updated 

values Comb2 

Esteel [GPa] 208.28 211.40 209.84 208.68 209.30 

ρsteel [kg/m³] 7990.1 8068.2 8029.1 8038.1 7944.0 

ρballast [kg/m³] 2129.1 2171.1 2150.1 2152.6 2252.8 

Econcrete slab [GPa] 34.152 36.144 35.148 34.459 34.187 

ρconcrete slab [kg/m³] 2271.1 2490.8 2381.0 2483.1 2423.7 

kh [kN/mm] 73.172 74.793 73.983 73.977 71.653 

Final objective function value 0.009790993 0.000901502 

 

The gradient-based updating has, like already mentioned, in both cases stopped due to the 

reaching of the function tolerance. This pins the total iterations to 560 and 580 for 

respectively Comb1 and Comb2 with a calculation time of respectively 20 hours and 32 

minutes and 21 hours and 32 minutes. The time needed for each iteration is thus around 132 

seconds. Figure 47 and Figure 48 show the convergence of the genetic parts of the algorithm. 

More convergence plots again are shown in Appendix C. Like already said the trace to total 

convergence is reached after around 25 generations. Then the algorithm transfers to the 

gradient-based part. This part stops because the minimum change in variables undershoots the 

set values resulting in a calculation time of 3 hours and 30 minutes for Comb1 and 6 hours 
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and 2 minutes for Comb2. With 12 and 21 iterations respectively, this means a calculation 

time of around 17 minutes and 30 seconds per iteration. The convergence of this part of the 

updating algorithm is shown in Figure 49 and Figure 50. The figures show that already after a 

few iterations convergence to a very precise value of the objective function is found, 

indicating the speed of the gradient-based method. The total calculation time of the combined 

algorithms is now found as 24 hours and 2 minutes for Comb1 and 27 hours and 34 minutes 

for Comb2. This is more or less the same. The gradient part takes a bit longer but since the 

results converge to more or less the same values, this means these results are no coincidence. 

 

Figure 47: Convergence of the objective function value for the genetic part of Comb1. 

 

Figure 48: Convergence of the objective function value for the genetic part of Comb2. 
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Figure 49: Convergence of the objective function value for the gradient-based part of Comb1. 

 

Figure 50: Convergence of the objective function value for the gradient-based part of Comb2. 

Finally, the eigenfrequencies of the updated models are shown in Table 21. As for the 

individual genetic and gradient-based updating algorithms, again the first eigenfrequency 

matches the measured one closely while for the second and the third the difference is a bit 

bigger, all be it still small. 
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Table 21: First three natural frequencies after updating of the model conform Comb1 and 

Comb2 together with the measured eigenfrequencies. 

 
Measured 

eigenfrequencies [Hz] 

Updated eigenfrequencies 

for Comb1 [Hz] 

Updated eigenfrequencies 

for Comb2 [Hz] 

f1 3.2994 3.2924 3.2694 

f2 3.4082 3.5139 3.5093 

f3 4.5056 4.4492 4.4224 

6.1.4 Comparison of the results  

Table 22 gives an overview of the three first natural frequencies corresponding to the updated 

models after the different updating processes described in the previous. First of all, it shows 

that the updated values of the runs of the same type but with different objective functions are 

more or less the same. In this case, the type of objective function thus has no significant 

influence on the final result. 

Furthermore, Table 22 shows that the frequency values for all updating processes more in 

general lie very close to each other. For this reason, it is not possible to designate one as better 

than the other. On the other hand, as will be shown in Table 24 below, it can be seen clearly 

that there is a difference with the eigenfrequencies of the model before updating. For these 

reasons, a choice has to be made of which set of updated parameters will be used when 

performing the fatigue analysis. Here the parameters corresponding to the updating process 

Gen2 will be used. Its values were given in Table 16 and are repeated in Table 25. Note that 

instead of the eigenfrequencies also the updated parameters could have been used to make the 

comparison of Table 22. However, since the eigenfrequencies are a consequence of the 

parameter value input, this would yield the same conclusions. 

Table 22: Overview of the first three natural frequencies of the updated models. 

 Measured Gen1 Gen2 Grad1 Grad2 Comb1 Comb2 

f1 3.2994 3.2831 3.2842 3.2857 3.2829 3.2924 3.2694 

f2 3.4082 3.5112 3.4984 3.5112 3.5026 3.5139 3.5093 

f3 4.5056 4.4535 4.4287 4.4576 4.4376 4.4492 4.4224 

 

Concerning the time needed for each updating process the following comparison can be 

drawn as is shown in Table 23. There exists a clear difference between the distinct updating 
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methods. The genetic updating method exceeds the calculation time of the others by far. The 

gradient-based method is the fastest and as was expected the calculation time of the 

combination algorithm lies in between the one of the two other methods. 

Note that the difference in time between Grad1 and Grad2 is due to the fact that Grad2 

continued for more iterations. The same reason goes for the difference between Comb1 and 

Comb2 where the gradient part of Comb2 took longer as the one of Comb1. 

Table 23: Comparison of the total calculation time for each performed updating process. 

 Gen1 Gen2 Grad1 Grad2 Comb1 Comb2 

Time 36h 22m 36h 41m 13h 30m 17h 48m 24h 02m 27h 34m 

 

Solely based on these results, one could be inclined to choose for the gradient-based method 

because of its speed. However, as was explained before, the use of this method always carries 

a risk of converging to a local optimum. The genetic updating method does not experience 

this problem but has a very large calculation time. Following this reasoning, it thus could be a 

good option to choose for the algorithm that combines both methods when calculation time 

becomes an important factor in the design or evaluation process. After all, it reduces the 

calculation time significantly compared to the genetic method. 

As last, the evolution can be studied of the eigenfrequencies corresponding to the updated 

model to the ones corresponding to the models with the initial and manually updated 

parameter values. On top of that, a comparison can be made with the eigenfrequencies 

corresponding to the real bridge structure obtained through the measurements. Note that the 

updated model thus has the parameter values corresponding to Gen2 as was chosen above. 

Table 24 shows this comparison. 

Table 24: Evolution of the natural eigenfrequencies after updating. 

 
Eigenfrequencies 

initial model [Hz] 

Eigenfrequencies 

manually updated 

model [Hz] 

Eigenfrequencies 

after iterative 

updating [Hz] 

Eigenfrequencies 

measurements [Hz] 

f1 2.8753 3.3121 3.2842 3.2994 

f2 3.5351 3.6915 3.4984 3.4082 

f3 4.5277 4.7323 4.4287 4.5056 

 

After the manual updating the frequencies all increase. Since here the springs, explained in 

section 3.2.6, are introduced this is plausible. After all, the springs make the structure stiffer, 

increasing the eigenfrequencies. Although, aside for the first frequency, this updating shifts 
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the frequency values further away from the measurements, it is a necessary change in the 

model. Subsequently the iterative updating process shifts the frequencies again significantly 

closer to the measurements and this in a way such that the best fitting values are become after 

this step. This indicates that the updating process proved to be useful. It contributed to a 

closer fitting of the analytical model with the reality, allowing for a more reliable prediction 

of the real behaviour. 

The same comparison can be made for the updated parameters. Table 25 shows this. Again, 

the values changed considerably after the iterative updating process allowing to conclude that 

the updating process proved to be worth the effort. Note that the horizontal spring stiffness 

has been implemented as an addition to the model created by Beygi (2015) and therefor has 

no initial or manually updated value with regards to this model. It has however, an initial 

value assigned in this thesis. This is the value given under manually updated values. 

Table 25: Evolution of the parameter values after updating. 

Parameter Initial values 
Manually updated 

values 

Iteratively 

updated values 

Esteel [GPa] 210 210 208.24 

ρsteel [kg/m³] 7850 7850 8082.7 

ρballast [kg/m³] 2000 1900 2158.4 

Econcrete slab [GPa] 33.3 37 34.179 

ρconcrete slab [kg/m³] 2300 2300 2499.0 

kh [kN/mm] / 45 74.859 

6.2 Fatigue lifetime assessment 

6.2.1 Comparison between single and double type 4 train types  

Figure 51 shows the stress spectrum for the passage of a type 4 high-speed passenger fatigue 

train with a length and speed as was specified by the Eurocode (EN 1993-1-9, annex D3). 

This means a length of 237.6 m (8 bogies) and a speed of 250 km/h. 
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Figure 51: Stress spectrum for the passage of a single type 4 fatigue train at 250 km/h. 

Using the WAFO toolbox the arrangement of the stress ranges over different intervals can be 

done resulting in a stress range spectrum giving a number of load cycles in each distinct 

interval. This spectrum is shown in Figure 52. 

 

Figure 52: Stress range histogram for a passage of a single type 4 fatigue train at 250 km/h. 
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The highest stress range for which a load cycle is found in Figure 52 is the one corresponding 

to 17 MPa. Note that no safety factor is yet applied and thus this value still has to be 

multiplied with γ equal to 1.35 (equation 5.16) before the comparison with the cut-off limit 

Δ𝜎𝐿 of 32.37 MPa can be made. However, even after this multiplication which results in a 

stress range of 22.95 MPa the cut-off limit still is not exceeded and thus fatigue will not be an 

issue. 

The same can now be done for the same train but for a speed of 222 km/h equal to the 

resonance speed. The stress spectrum and the resulting stress range histogram are shown in 

Figure 53 and Figure 54. As can be seen far higher stress levels are reached in this case. Note 

again that first of all the ranges have to be multiplied with the safety factor γ, defined in 

equation 5.16. This results in stress levels that exceed the cut-off limit Δ𝜎𝐿 which makes that 

fatigue will be of an issue and should be calculated. Following the defined calculations this 

results, for an assumed lifetime of 120 years, in a allowed frequency of 833 passages per day. 

To conclude again the fatigue is calculated for the operating and resonance speed but for two 

coupled trains of the former type. This brings the total length to 475.2 m. An overview of the 

results is shown in Table 26. Note that every time a lifetime of 120 years is assumed. 

 

Figure 53: Stress spectrum for the passage of a single type 4 fatigue train at 222 km/h. 
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Figure 54: Stress range histogram for the passage of a single type 4 fatigue train at 222 km/h. 

Table 26: Overview of the maximum stress ranges and corresponding allowed passages/day 

for single and two coupled type 4 high-speed fatigue trains. 

  max Δσi [𝑀𝑃𝑎] max Δσi ∗ 𝛾 [𝑀𝑃𝑎] passages/day 

Single train 

(237.6 m) 

voperating = 250 km/h 17 22.95 
infinite/no 

fatigue 

vresonance = 222 km/h 33 44.55 69 

Coupled 

train (475.2 

m) 

voperating = 250 km/h 23 31.05 
infinite/no 

fatigue 

vresonance = 222 km/h 41 55.35 17 

 

Table 26 shows that the stress ranges increase when increasing the train length. However, the 

most significant increase occurs when the speed changes to the speed that induces the bridge 

to vibrate at resonance. In that case, the stress range increases more than when doubling the 

train length thus causing a bigger change in fatigue. Of course, the combined effect of 

increasing the length and running the train at resonance speed induces the biggest change and 

results, as can be seen, in the smallest allowed amount of passages per day. 
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These results indicate the interesting character of the behaviour of the bridge when subjected 

to train loads with increasing length and a speed in the vicinity of the resonance speed. It is 

for this reason, these cases are investigated further in detail and the results will be described 

in the following. 

6.2.2 Fatigue based operation chart for real train type 4  when 

operating at a speed in the vicinity of resonance speed  

It has been proven in the previous section that it is worth to look closer to the behaviour of the 

bridge structure when subjected to train speeds close to the resonance speed, i.e. 222 km/h. 

Therefore, the fatigue of the bridge is calculated for a range of train speeds going from 215 

km/h to 230 km/h and for a train length of 8 bogies (single train) to 20 bogies (double train). 

Note that here instead of coupling the trains, for simplicity it is chosen to increase the amount 

of bogies. Again, assuming a lifetime of the bridge of 120 years, the calculated fatigue can be 

converted to a maximum number of passages per day in order not to experience failure before 

the age of 120 years. This results in an operating chart for the passage of a type 4 train as is 

shown in Figure 55 and Figure 56. An overview of the exact numbers per speed-length pair is 

included in Appendix D. 

 

Figure 55: Allowed number of train passages per day in function of the train length and train 

speed for a bridge lifetime of 120 years. 
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Figure 56: Contour plot of the number of allowed type 4 train passages as function of the 

train length and train speed for a bridge lifetime of 120 years. 

As can be seen in terms of speed, there is a clear minimum for train passages around the 

resonance speed of 222 km/h. On top of that, also the influence of the length is clearly visible. 

The longer the train length, the fewer passages are possible per day. Combined, this confirms 

the hypotheses that the fatigue increases, and thus the passages per day decrease, the longer 

the train and the closer its speed is to the resonance speed. The minimum for the range shown 

in Figure 55 is a passage of 3 trains per day of 20 bogies in length and with a speed of 222 

km/h. Note that this value is far lower compared to the allowed passages for two coupled 

single 8-bogie trains. As was given in Table 26, in the latter case 17 passages per day are 

allowed. These findings confirm the in section 5.7.3 already explained fact, that in the case of 

the coupled train, resonance is interrupted by the intermediate power trains while for the 20-

bogie train resonance can continue since these intermediate power trains are not present but 

instead there is a continuation of bogies. This phenomenon thus explains why more passages 

are possible in the case of the coupled train. 

Furthermore, the findings also show that when the speed is only nearly 10 km/h higher or 

lower than the one that induces resonance, the fatigue has decreased drastically and the 

number of passages goes to high values and in extension even to infinity, this is the fatigue 

should not be considered anymore. Note that the frequency on the z-axis is shown in a 

logarithmic scale. Also note that track irregularities (denoted as φ´´ in the Eurocode (EN 

1991-2, Annex D) are not taken into account. Due to these track irregularities, the stresses 
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(and thus stress ranges) generated by a train passage would be larger. Larger stress ranges 

would result in more severe damages shortening the lifespan of the structure. 

This particular study can be somewhat extended to a view on what the further exploitation 

possibilities are when the maximum number of trains is already passing the bridge as was 

determined above. After all, it does not mean that since the maximum number of fatigue 

inducing trains is passing the bridge, no other trains can pass. As long as they do not induce 

fatigue, there is no problem. In other words, as long as they don’t cause the occurrence of 

stress ranges above the fatigue limit Δ𝜎𝐿, their passage will not cause fatigue and thus is of no 

problem. Note that the vibrations caused by a train passage damp out sufficiently fast so that 

no vibration is still present when the next train passes. In this way, a superposition effect is 

not possible and thus only a train´s own induced vibrations occur when passing the bridge. 

In this context the possibility of the passage of different train types are studied when the 

maximum number per day of fatigue inducing trains is already passing the bridge. The case 

considered is the optimum for the range shown in Figure 55. As explained, this means that 

already 3 trains with a length of 20 bogies are passing at a speed of 222 km/h. Table 27 now 

shows a concise overview of the possibility of supplementary passages of some other train 

types. The types considered, are all fatigue trains as stated in the Eurocode (EN 1991-2). Type 

3 is a high-speed passenger train with an operating speed of 250 km/h. For type 5, a 

locomotive hauled freight train, this is 80 km/h and for type 7, also a locomotive-hauled 

freight train, it is 120 km/h. If coloured green in the table, the maximum induced stress range 

does not exceed the fatigue limit Δ𝜎𝐿  and the passage of these trains will be possible 

supplementary to the passage of the fatigue inducing trains. If coloured red, the opposite is 

valid. Note that the safety factor of 1.35 of equation 5.16 already is applied to the stress 

ranges. 

Table 27: The possibility of passages in function of the max stress ranges for different train 

types under different speeds when the maximum number per day of 20-bogie length type 4 

trains is already running. 

train type Δσmax [MPa] 

3 20.25 MPa 

5 44.55 MPa 

7 33.75 MPa 

 

This table thus indicates that type 3 trains can still be taken in use when they run at their 

operating speed of 250 km/h, even if the maximum fatigue is already reached by 3 passages 

per day from the 20-bogie length type 4 train. Caution is required however that the train does 

not pass the bridge just at the moment it is at resonance speed for in that case there will be 

higher stress ranges and a chance on undesired extra fatigue. 
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Note that this check can in fact be performed for all different combinations of train speeds and 

train lengths. Note also that in this case the possibility is checked when the maximum number 

of type 4 fatigue inducing trains is passing. This can also be done for when other train types 

run at their limiting frequency. However, these further studies lie outside of the scope of this 

thesis. 

6.2.3 Influence of damping 

When the bridge is in resonance, damping will reduce the amplitude of the movement and 

stresses. The effect of changing the damping on the passage frequency of an 8- and a 20- 

bogie train driving at the resonance speed of 222 km/h are presented in Figure 57 and Figure 

58. By calculating the effect for these two train lengths, all the intermediate cases can be 

assumed to have an outcome which lies in between. According to the results presented in 

Figure 57 and Figure 58, the conclusion is that there will be an increase in passage frequency 

possible when the damping ratio increases. This also means that if the frequency stays 

constant during the whole lifetime of the bridge, than adding damping will result in a longer 

bridge lifetime. Note that the relationship between damping ratio and frequency is slightly 

non-linear.  

 

Figure 57: Influence of the damping ratio for an 8- and 20-bogie train. T=120 years. 
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Figure 58: Detailed view on the influence of the damping ratio for a 20-bogie train. T=120 

years. 

6.2.4 Static case 

In Figure 59 the comparison between the dynamic effects of a train passing at a speed close to 

resonance speed and a train passing by at a low speed (as an approximation of the static case) 

is shown. Note that the time component of the train at low speed has been rescaled in order to 

be able to compare the peaks at the same time. The dynamic case shows two peaks 

corresponding to when the more heavy power carriages in the front and the back of the train 

are on the bridge just as it is the case for the static case. However, it is clear that the ‘static 

case’ will not give any fatigue problem because of the small stress ranges that are induced by 

the train passage. Even after scaling them with the safety factor, they still remain well below 

the fatigue limit Δ𝜎𝐿, equal to 32.37 MPa. 
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Figure 59: Static versus dynamic response for an 8-bogie train. 

Considering the possibility of heavy freight trains to induce fatigue because of their weight, 

the response of the fatigue freight train type 5 is evaluated. The most interesting results are 

presented in Figure 60. For a speed of both 20 km/h and 80 km/h no significant dynamic 

effects arise and this thus can approximately be considered as a static case. On the other hand, 

for a speed of 50 km/h a small dynamic effect can be observed which is due to the approach 

of resonance speed. Furthermore, it shows that for all speeds the stress ranges are high enough 

to induce fatigue. However, knowing that the fatigue limit is equal to 32.37 MPa, the damage 

caused by a passage of these trains is almost negligible. In concrete terms, if willing the 

bridge to last for 120 years, a frequency of 345 of such type 5 freight trains per day can be 

allowed at 50 km/h. Similarly, assuming a frequency of 10 trains per day, the bridge will have 

a lifetime of 4144 years under these specific loads. 
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Figure 60: Simulation of a passage of a fatigue freight train type 5. 
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7  

 

Conclusions and discussion 

7.1 General 

First, a sensitivity analysis was performed in order to identify the parameters with the largest 

influence. For the used model of the Banafjäl bridge, the most influential parameters are the 

E-modulus of the steel, the density of the concrete slab and the density of the ballast.  

The second part of this thesis focused on the fatigue assessment when the train length 

increases. For the Banafjäl bridge it was shown that the fatigue problem will mostly be 

decisive when a train is passing by at a speed that is exciting the bridge into resonance. For a 

fatigue train type 4 for example, the resonance speed is around 222 km/h. 

7.2 Updating process 

The updating of the model was done by using three different optimization algorithms: a 

genetic, a gradient-based and a combination of both. All of them converged to more or less 

the same final value of the objective function. Two different objective functions were tested 

and the results obtained with both of them gave values in the same range for the different 

updating parameters. The big difference between the algorithms lies in the calculation time 

each of them needed. The gradient algorithm needs less calculation time to converge 

compared to the genetic updating. As expected, the combination of both algorithms has a 

computational time in between. Concerning the reaching of the global minimum, the genetic 

method showed to be more reliable than the gradient-based method. This explains the other 

advantage of using the combination of both algorithms since it first uses the genetic algorithm 

so that the risk is less to optimize to a local minimum. 

Chapter 
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7.3 The fatigue lifetime assessment 

For a normal 8-bogie train, 69 passages per day are allowed in order to make sure that the 

bridge will last for 120 years. Increasing the amount of bogies, and so the length of the train, 

up to 20 bogies, reduced the allowed passage frequency significantly to 3 passages per day. 

When the train speed is not in the vicinity of the resonance speed, there is no effect on the 

fatigue when increasing the length of the train because the fatigue limit will not be reached. A 

detailed study of the effect of increasing the train length on the fatigue was carried out for 

speeds close to the resonance speed. This resulted in a convenient chart that allows 

determining the maximum allowed train passages per day in function of speed and train 

length. It was also shown that even though the maximum amount of fatigue inducing trains is 

already going over the bridge, it is still possible for other trains to pass, as long as they do not 

induce any stress ranges that would cause extra fatigue. 

One way to increase the frequency of passing trains per day is to improve the dynamic 

properties of the system by means of increasing the damping. In this case, the effect of more 

damping showed that an improvement of the allowed amount of train passages per day can be 

achieved or when the passages are kept constant, a higher lifetime is achievable. For example, 

for an 8-bogie type 4 train, an increase of the damping ratio from 0.3 up to 0.4 induces an 

increase of the amount of allowed train passages from 29 to 48. This is a significant 

improvement. From a design point of view this means that if the traffic mix for an existing 

bridge changes (with longer trains at resonance speed for instance), one possibility to make 

sure the design lifetime of the bridge will not be affected, is by improving its dynamic 

properties.   

Lastly, the effect of a heavy freight train passing on this bridge was studied. The outcome was 

that the fatigue limit would be exceeded because of the weight of the train itself. However, the 

maximum stress range that will occur is so close to the fatigue limit that it will only cause 

very small damages that will not affect the lifespan of the bridge.  

7.4 Further research 

Several things could be investigated in a more detailed way. In the following, only the most 

interesting ones are mentioned. 

 There are other and more accurate ways to perform a sensitivity analysis. In this case, 

in the case of the Banafjäl, it will not matter that much because the distinction of 

which parameters would have the most influence already was quite clear. 

Nevertheless, for other cases, it might be important.  

 The measurements performed on the Banafjäl were accelerations. Combining those 

measurements with other measurements (especially: strain measurements or shaker 
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tests) would improve the accuracy of the whole updating process because the updating 

is based on those measurements. 

 Continuing on this note, since these measurements allow investigating the free 

vibration for only a very short period, only a few eigenfrequencies could be 

determined accurately. Better measurements would allow for determining more 

eigenfrequencies which in turn would allow to evaluate the objective function with 

more eigenfrequencies. In this way possible convergence problems could be avoided 

more accurately since the updating is done for six parameters and thus at least six 

equations should be available. Since a toolbox has been created to perform the 

procedures explained in this thesis, only these extra eigenfrequencies have to be 

inserted after which the updating of the model can be easily carried out. 

 More research could be done about other possibilities for objective functions and the 

choice of it. For example, an objective function that goes to zero faster when the mode 

number increases while the first frequencies are still taken into account would be an 

improvement, knowing that the accuracy of the measurements decreases with 

increasing mode number. Another possibility could be to try to include the MAC-

value.  

 Other updating methods could be implemented. For example, using the methods using 

neural networks would be an interesting study.  

 This thesis provides a methodology to assess the bridge lifetime when the traffic mix 

changes. It would be interesting to do the same analysis for other bridges in order to 

be able to make more general conclusions. Those results and conclusions could then 

be used as a basis for the design of new bridges. 

 In this thesis only the effect of damping on the fatigue lifetime was investigated. 

However, other aspects could influence the fatigue too. For example, the stiffness of 

the structure can be changed. In this context, also the study of the influence of tuned 

mass dampers, to be installed on the bridge, could be an interesting study. 

 Furthermore, the outcome of this thesis could be used to set up a monitoring program 

in order to minimize fatigue problems by controlling accurately the speed, length, 

weight and the amount of passing trains. Minimizing fatigue problems will result in a 

longer bridge lifetime.  
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A  

 

Adaptations made to the initial model 

and possible future changes 

In the following a number of changes which were performed on the original model of Beygi 

(2015) are listed. It includes both small changes which are performed conform the drawings 

of the Banafjäl bridge as changes to improve the overview of the model and make it more 

easy to handle. 

 In each girder, on the inside there are two attachment plates to which nor a S-bracing 

nor a triangular bracing is attached. They are situated right before the girders’ ends. At 

each of those positions, but on the outside of the girder, there are little trapezoidal 

plates for one girder and triangular plates for the other. In the model obtained from 

Beygi (2015) however both girders are modelled with trapezoidal plates at those 

positions. This is thus adapted so the drawings are followed more carefully. Number 6 

in Figure 62 below shows the position and Figure 61 gives the shape of both plates 

with number 6 for the trapezoidal ones and 15 for the triangular ones. Note that this 

change also means that the section assignment has to be changed. Instead of having 

the section ST_6 (Shell, Homogeneous) it now has to be ST_15 (Shell Homogeneous). 

 The coefficients α and β which could be solved out of the system of equations 3.2 and 

3.3 in section 3.2.7 were changed from respectively 0.1586 and 0.00012057 to 0.1053 

and 0.0002373. In contrary to the methodology used for the original model, in this 

thesis the eigenfrequencies of the real measurements are used to solve this system of 

equations which therefore results in the different values as they are stated above.  

Appendix 
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Figure 61: Indication of the trapezoidal (6) and triangular (15) plates (Skanska, 2002). 

 Part ‘S_ST’ has sections assigned of both types of stiffeners, the z-shaped and the 

triangular shaped. This is the part for the triangular shaped stiffeners so obviously they 

only need to have this section assigned, named S_ST (Beam, Constant). 

 Like already said in section 3.2.6, at both sides of the bridge 10 m of extra ballast is 

added to ensure the continuity of the existing ballast. Boundary conditions are added 

to pin these extra parts at their outer sides and to ensure only horizontal translational 

movement is possible in its other point. Also springs are added in the roller supports at 

the end of the bridge to make sure no excessive horizontal movement of the bridge 

occurs as this would not happen in reality either. Also this was explained in section 

3.2.6. 

 A number of part elements were created in the original model but aren’t used anymore 

in the final assembly. These have been deleted. Also some parts are not applicable for 

this master thesis and thus are deleted as well. 

o TMD (Tuned Mass Damper) 

o ballast_solid  -> ballast_solid-copy and ballast-solid-end are used instead 

o girder_ends 

o girder_mid 

o rail  -> rail_sleeper_2 is used 

o sleeper  -> rail_sleeper_2 is used 

 Because the part TMD is not used anymore this obviously also means the material and 

section with the same name, TMD, are not needed anymore and thus these are deleted. 
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 In the assembly a number of instances were created but not used after all. These are all 

deleted to obtain a better overview. The instances who remain are subsequently 

changed from being dependent to independent if they weren’t already. 

Besides the changes made, some further improvements could be carried out to obtain a model 

that is more exactly conform the technical drawings and thus which approaches the actual 

bridge geometry even closer. These adaptations however induce only a very small change in 

the behaviour of the model and thus for the sake of simplicity they are not implemented. 

Nevertheless, to be complete they are listed and briefly explained in the following. 

 The bridge is modelled with a length equal to that of the span. This means only the 

part of the bridge between the supports is modelled. A small part on both ends is thus 

omitted and could be modelled to make the model more precise. Note that thus also 

the small plates, numbered as 8 in the drawings of balk 1 shown in Figure 62, 

positioned between the plates above the supports and the end of the girders, are 

neglected. The same goes for balk 3, balk 4 and balk 6 of which the numbering is as 

indicated in Figure 63 below. 

 

Figure 62: Illustration of where the neglected plate is positioned and how its shape looks like 

(Skanska, 2002). 

 The rails and the sleepers are implemented by creating a grid of beam elements. To 

make sure the rails lay on top of the sleepers they are given a rather big offset value 

which makes that the entire rail lays outside of the grid lines. This looks a bit unkempt 

and thus a better way of doing this would be by creating different parts for the rails 

and the sleepers, and connecting them with the necessary constraints in the assembly. 

 In the original model provided by Beygi (2015) the flanges of the girder change in 

width across the length. In order for this change in width to be smooth a transition is 

provided in which the width changes gradually. This is however not the case. They do 

change in thickness, which is modelled well, but they do not change in width. One can 

thus correct for this change by deleting this and model the correct flange widths. 

Concerning these flange widths, a distinction has to be made between both girders and 

between top and bottom flange. In the original model slightly different values than the 

real ones are used for the width and no distinction is made between the two girders. 
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Although this won’t cause any significant problem, since the change in model 

behaviour will be negligible, one could correct for this by using the widths shown in 

Figure 63. Note that the width is thus the same for the whole flange over all three parts 

of the girder. Also note that that the girder on the right is the one with the attached 

plates with trapezoidal shape and the one on the left the girder with the ones in 

triangular shape. 

 

Figure 63: Indication of the real flange widths of both left and right girder. 
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B  

 

Time domain signals measured in 

sensors IS2T and IS4T 

 

Figure 64: Measured accelerations in sensor IS2T and IS4T  in the time domain.
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C  

 

Convergence plots updating runs 

 

Figure 65: Average distance between the successive objective function values for Gen1. 
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Figure 66: Average distance between the successive objective function values for Gen2. 

 

 

Figure 67: Evolution of best, worst and mean objective function values per generation for 

Gen1. 
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Figure 68: Evolution of best, worst and mean objective function values per generation for 

Gen2. 

 

 

Figure 69: Average distance between the successive objective function values for the genetic 

part of Comb1. 
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Figure 70: Evolution of best, worst and mean objective function values per generation for the 

genetic part of Comb1. 

 

 

Figure 71: Average distance between the successive objective function values for the genetic 

part of Comb2. 
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Figure 72: Evolution of best, worst and mean objective function values per generation for the 

genetic part of Comb2. 
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D  

 

Passages per day of type 4 train in 

function of speed and train length. 

Table 28: Detailed overview of maximum passages per day for a lifetime of 120 years. 

 

8 9 10 11 12 13 14

215 1264,14 1264,14 1264,14 1264,14 884,35 599,11 453,00

216 1264,14 884,35 884,35 472,44 248,43 193,95 193,45

217 884,35 472,44 313,14 207,62 120,48 93,72 77,06

218 472,44 290,18 155,48 100,65 73,92 57,43 46,95

219 267,97 124,79 88,34 66,88 46,73 34,98 25,64

220 127,96 72,70 52,38 38,58 27,54 20,86 16,99

221 84,36 58,96 37,71 26,73 20,09 15,53 12,08

222 69,44 47,62 30,79 22,22 16,66 12,85 10,64

223 51,45 36,65 25,82 19,10 14,62 11,45 9,42

224 49,61 30,50 22,50 17,49 14,11 11,49 8,86

225 37,86 27,85 20,59 16,34 12,87 10,67 9,30

226 38,32 29,02 24,38 18,36 16,46 13,82 12,79

227 41,72 31,47 25,78 21,91 20,28 18,63 17,61

228 43,65 37,72 33,57 29,54 29,20 31,10 31,57

229 56,03 50,21 45,89 41,76 42,05 46,36 48,30

230 71,26 64,41 69,10 75,76 85,02 106,13 156,48

15 16 17 18 19 20

215 364,18 304,48 304,48 261,60 248,68 219,31

216 141,28 121,82 104,25 91,59 80,02 76,40

217 67,53 52,01 43,71 41,86 35,80 32,10

218 38,75 30,08 24,81 21,01 19,11 16,52

219 21,04 17,65 13,99 12,19 10,39 9,33

220 13,46 10,92 9,14 7,94 6,96 6,05

221 9,86 8,04 6,74 5,73 4,93 4,31

222 8,39 7,06 6,01 5,20 4,42 3,86

223 7,51 6,39 5,68 4,86 4,37 3,98

224 7,68 6,71 5,99 5,45 4,81 4,35

225 8,10 7,29 6,59 6,11 5,84 5,43

226 11,47 10,72 10,08 9,67 9,61 9,22

227 17,45 16,83 17,07 17,38 18,55 19,89

228 32,53 36,80 40,56 51,99 58,19 64,68

229 54,65 63,34 81,68 103,71 103,71 103,71

230 204,11 261,60 287,11 309,57 309,57 309,57
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