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- The photo on the cover shows a detail of the northern quarter point of the arch of 

the Vindel River Railway Bridge with an accelerometer mounted close to the top 
of a ladder. 
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Preface 

Half a year after most of my dear classmates, I have finally reached the point 
were five years of studies will come to an end. It has been a never ending mix 
of joy on one hand and hard work, during late nights, on the other. Although 
this thesis contains more of the latter there has never been any doubt about the 
rightness of my choice, neither concerning the thesis or the decision to 
continue with research at the university. Sometimes I find my self wondering 
why! 

The answer is probably hidden among the many kind, friendly, supportive, 
competent and helpful people I have meet, during my study time, and then 
mainly during the work on this thesis.  

Of course there is always a risk to offend someone when you try to honor the 
ones that has been your support during such a work. An easy way to avoid that 
would be to thank everyone that you’ve ever meet during the time, and it 
wouldn’t be wrong, because they have all contributed to it in one way or 
another. The thesis is written by me, but I’m affected by everything around me, 
and in that way also the thesis is affected by everything around me. For 
example: One day I had this perfect part of text in my head, but was interrupted 
by someone at the door selling vacuum cleaners. When I sat down again it was 
just impossible to remember what I was about to write and I had to rewrite it 
all. 

Some people have nevertheless been more involved in the project than others. 
First of all I would like to thank Lic. Ola Enochsson, my instructor, for all the 
time he has spent on helping me through some of the harder times. I would also 
like to thank my examiners Prof. Thomas Olofsson and Prof. Lennart 
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Elfgren for their support and knowledge. Georg Danielsson took part in the 
field work in Vindeln and he and his colleagues, Lars Åström, Thomas 
Forsberg and Cleas Fahlesson at TESTLAB helped me with the preparations 
for the field work. Anders Kronborg, Magnus Edfast and Anders Wahlberg 
have been very helpful contact persons at Banverket in Luleå, and it will 
hopefully continue into the future. 

Another helpful person that has to be mentioned is the Chinese guest professor 
He Guojing from the Central South Forestry University in Changsha. He has 
done all the finite element modeling and thereby made the conclusions drawn 
here possible to draw. He is back in China by now but the contact will continue 
and we will hopefully be able to use his services again.  

In addition to that I would like to thank all wonderful friends and colleagues 
for meaningful coffee breaks and times to escape the workspace cubicle with 
its demanding computer. I think you know who you are! 

The thesis I’ve talked about is the one you hold in your hand right now and has 
been carried out on the Division of Structural Engineering, Department of Civil 
and Environmental Engineering at the Luleå University of Technology, during 
the period of September 2005 to April 2006.  

Now it is April and time for me to continue with further research, see you all 
again when it’s time for my licentiate thesis some time in 2008? 

Luleå, May 2006 

 
Anders Bennitz 
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Abstract 

The mining, steel and oil industry is currently investing considerable amounts 
in extraction and refinement of natural resources in the northern part of 
Scandinavia. Also the cultural exchange between the countries in the Barents 
region is rapidly increasing, therefore the Swedish Railway administration have 
launched several projects aimed at increasing the accessibility of the railway 
lines to meet future demands. One of these lines connects the southern and 
northern part of Sweden and constitutes one of the major arteries for the 
transportation of heavy goods between the northern steel mills and the 
manufacturing industry located in the south of Sweden. Major investment are 
planned to upgrade the load bearing capacity, the axle load, of this railway line. 

This work is mainly focused on the larger structures and their dynamical 
properties. Today, these properties can be used to assess existing infrastructure 
and to evaluate the performance. Advantages are obvious since the existing 
structural integrity form the base for any investments in structural repair and 
upgrade of railway bridges. 

Especially one bridge has come into focus, the Vindel River Railway Bridge 
situated 55 kilometers northwest of Umeå, since large motion was discovered 
during train passages. So far, the behaviour of the bridge crossing the river of 
Vindeln has been measured two times, one in September and one in December 
2005. Measurements of displacements and acceleration of the bridge during 
train passages has been conducted using accelerometers, LVDT’s and laser 
instruments. The first measurements was done to give more experience on the 
motion of the bridge and to try out new sensors. The second measurements in 
December gave much more information of the bridge motions, results that 
could be used to calibrate a 3D Finite Element Model (FEM) of the bridge in a 
study conducted by a visiting researcher from China, Professor Guojing He. 
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Based on measurements, natural frequencies of the bridge (eigenfrequencies) in 
the range of 0 to 8 Hz could be detected. Modal shapes up to the ninth order 
could be extracted in a new type of statistical process including damping ratios. 
Deflections and transverse displacements for different sets of train and 
different train speeds were displayed. Comparison with predicted response 
from 3D FEM calculation showed satisfactory agreement. 

To conclude much more information could be extracted than expected 
considering the relatively small number of measurement points along the 
bridge. Especially the second measurement in December gave plenty of 
information to continue to work with. However, new measurement is planned 
for this summer that hopefully will reinforce the already attained result and 
give answers to some of the unresolved questions about the temperature 
dependency of the bridge dynamic properties. 
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Summary in Swedish (Sammanfattning) 

Basindustrin investerar för närvarande stora belopp på utvinning och förädling 
av naturresurser i de norra delarna av Skandinavien. Även det kulturella utbytet 
mellan länderna i Barentsregionen ökar stadigt, Banverket har därför på senare 
tid startat flera projekt med syfte att öka järnvägens tillgänglighet också i 
framtiden. Ett av dessa projekt består av en uppgradering av stambanan som 
förbinder de södra delarna av Sverige med de norra. Stambanan är enkelspårig 
och till stora delar ålderstigen, en noggrann genomgång behövs därför av de 
större konstruktionerna och deras egenskaper. 

Med fokus på de dynamiska egenskaperna kan idag en bra utvärdering göras av 
strukturernas förmåga att motstå belastningar. Det är naturligtvis en stor fördel 
att kunna bedöma en konstruktions hälsa på detta sätt då stora investeringar i 
förstärkning annars riskerar att utföras i onödan. 

Det är speciellt en bro som visat sig intressant, Vindelälvsbron 55 kilometer 
nordväst om Umeå, eftersom stora rörelser upptäckts där vid tågöverfarter. Än 
så länge har brons beteende mätts två gånger, en i september och en i december 
2005. Accelerometrar, LVDT’s och laserinstrument har använts för att mäta 
acceleration och förskjutningar hos konstruktionen då tåg passerar. Den första 
mätningen genomfördes till stor del som en repetition och för att testa viktig 
utrustning. Mätningen i december gav däremot väldigt goda resultat som kunde 
användas för att kalibrera en FE-model utförd av en gästande professor från 
Kina, Goujing He. 

Utifrån mätningarna kunde egenfrekvenser hos bron i intervallet 0 till 8 Hz 
upptäckas. Modformer upp till nionde graden extraherades med hjälp av en ny 
typ av statistisk process. Utöver det visade resultaten bra ned och utböjningar 
som har kunnats jämföras med förutsägelser från en 3D FEM beräkning. 
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Avslutningsvis kan det sägas att mycket mer information kunde bli extraherad 
än vad som var förväntat med tanke på de relativt fåtaliga mätpunkter som 
användes längs bron. Speciellt mätningen i december gav mängder av 
information som det går att arbeta vidare med. Trots det så är nya mätningar 
planerade till sommaren 2006. De kommer förhoppningsvis att säkerställa de 
redan förvärvade resultaten och ge svar på några av de kvarvarande frågorna 
om brons dynamiska egenskapers temperaturberoende. 
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Notations and Abbreviations 

Explanations in the text of notations or abbreviations in direct conjunction to 
their appearance have preference to what is treated here. 

Roman upper case letters 

A  Constant 

E  Modulus of elasticity   [N/m2] 

F  Force    [N] 

M  Moment    [Nm] 

N  Normal force   [N] 

L  Length    [m] 

I  Mass moment of inertia   [m4] 

G  Mass centre 

O  Fixed rotation axis 

R  Response ratio   [-] 

T  Period (Time)   [s] 

M  Mass Matrix 

K  Shape Matrix 
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F  Force Vector   [N] 

Roman lower case letters 

x  Longitudinal   [m] 

y  Vertical    [m] 

z  Transverse    [m] 

m  Mass    [kg] 

a  Acceleration   [m/s] 

t  Time    [s] 

k  Spring Constant   [N/m] 

w  Base motion   [m] 

u  Relative motion, displacement  [m] 

c  Damping coefficient   [Ns/m] 

Greek letters 

Φ  System modal matrix with elements φij 

φ  Modal vector 

α  Angular acceleration   [rad/s2] 

ξ  Viscous damping ratio   [-] 

β  Mode shape ratio   [-] 

θ  Rotation    [rad] 

η  Influence value   [-] 

ω  Undamped circular frequency  [rad/s] 
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Super- or subscripts 

*  File format 

s  Spring 

cr  Critical 

n  Natural 

d  Damped 

p  Pulse 

r  Ramp 

Abbreviations 

FE(M)  Finite Element (Model)  

LVDT  Linear Variable Displacement Transducers 

SMHI  Swedish Meteorological and Hydrological Institute 

LTU  Luleå University of Technology 

CRR  Centre for Risk Analysis and Risk Management at LTU 

SDOF  Single-Degree-Of-Freedom 

MDOF  Multi-Degree-Of-Freedom 

FRF  Frequency-Response-Function 

FDD  Frequency Domain Decomposition 

SSI  Stochastic Subspace Identification 

MAC  Modal Assurance Criterion 

GPS  Global Positioning System 

PP  Peak Picking 
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1. INTRODUCTION 

1.1. Background 

The Vindel River Railway Bridge is 
located 4.5 kilometers south of the 
centre of the village Vindeln, which is 
situated about 55 kilometers northwest 
of the major city of Umeå. See Figure 
1.1. 

 The concrete arch bridge is built in 
1952, when the old iron bridge, just 25 
m upstream was deserted. It turned out 
to be a wise decision since the iron 
bridge, saved as a cultural heritage; in 
2001 crashed and followed the river 
600 m downstream during a flood. 
The new bridge, see Figure 1.2, has a 
main span of 110 m, with the 
maximum height varying between 28 
to 37 meters above river surface. In 
addition to that it has two side spans 
on 57 m each, altogether 224 m. 
Over the bridge runs the main line to 
the northern parts of Sweden, further 
inland runs the Inlandsbanan, but it’s 
not electrified and serves nowadays 
only as a tourist attraction. Therefore 
the Vindel river bridge is exposed to 
heavy dynamic loading throughout the 
day and all year round, often also in speeds up to 100 km/h.  

Figure 1.1: Location of the Vindel river 

Figure 1.2: The new Vindel river railway 
bridge with the laser 
transmitter set up on the 
southern abutment of the old 
bridge. 
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As a part of improving business environment in northern Sweden, and 
throughout the Barents region, the Swedish railway administration, Banverket, 
is about to upgrade the maximum axle loading for this north-south running 
route from 22.5 to 25 tones. This will allow for the steel trains operating the 
route to increase their load and also make it easier to start transporting heavy 
Russian and Finnish gods. 

During this upgrading process Banverket are investigating all structures along 
the line and deciding whether they should be replaced, reinforced or can be 
upgraded without any measures taken. Here the knowledge and state-of-the-art 
research are used from the fields of structural health monitoring and 
assessment of bridges are frequently used. At Luleå University of Technology, 
LTU, and its Centre for Risk Analysis and Risk Management, CRR, some 
recent work include: The Gröndal and Alvik bridges, Täljsten & Hejll (2005), 
Luossajokk Bridge, Enochsson et al. (2002), Järpströmmen Bridge, Bergström 
(2004), Frövi Bridge, Bergström (2004) and the Källösund Bridge, Enochsson 
et al (2004) and Puurula (2004) can serve as case studies of their proficiency. 
Some of the work has been summarized in Hejll (2004). Results from a 
European Integrated Research Project initiated by LTU are also used, see: 
www.sustainablebridges.net, as well as research at The Royal Institute of 
Technology in Stockholm, see e.g. James et al. (2005) and Wiberg (2006). 

1.2. Purpose 

The Division of Structural Engineering at the LTU collects and analyzes 
information about the behavior of the bridge so that Banverket can make a 
correct decision for the future of the bridge. As a part of that, the purpose of 
this thesis is to carry out the two first sets of measurements in September and 
December 2005 and to evaluate data from them. Four areas are particularly 
interesting and will be taken into careful consideration. These are the dynamic 
behavior, the horizontal and vertical displacements and the temperature 
dependence of the bridge’s stiffness. 

Concerning the dynamics of the bridge, measurements should be compared to 
FE-models and give a good understanding of the bridge’s structural 
parameters. The displacements should be possible to compare with the FE-
models as well, but also with building standards and structural mechanics 
theory. 

Temperature dependence of such large structural elements is an important 
question, however, very little information on this problem has been found. The 

http://www.sustainablebridges.net
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aim will therefore be to study the differences in bridge behavior between 
autumn and winter conditions. The theory is that a cold environment will 
increase the stiffness and thereby also increase the amplitude of the natural 
frequencies.  

The hypothesis also has the purpose to improve and give ideas to future 
measurements and research at the same particular bridge. 

1.3. Method 

The work in this thesis is mainly focused on the Vindel river railway bridge 
and its characteristics, but starts with a literature review of the basic concepts 
concerning structural dynamics. After that a survey of earlier dynamic bridge 
measurements follows. These parts are mainly there to give a basis for 
structuring the work.  

For studies of the actual behavior of this particular bridge two test setups are 
performed. They begin with laboratory tests of the equipment and proceeds 
with one measurement in September and one in December 2006. During these 
measurement setups acceleration in transverse and vertical directions are 
measured together with displacements in transverse, longitudinal and vertical 
directions. The data is then analyzed with the Matlab and SPiCE software. 

Parallel to the measurements, a FE-model is constructed to provide useful help 
in interpreting the measurements for information about eigenfrequencies, mode 
shapes and displacements of the bridge, He et al. (2006a,b). 

Finally the information from fieldwork is used to calibrate the early FE-model 
and together with the theory – practice comparison this forms a good basis for 
drawing conclusions. See Chart 1.1. 

 

Chart 1.1: Research method. 

Literature 
review 

Basic structural 
dynamics 

Dynamic bridge 
measurements 

Arch behavior 

Measurements 

MACEC 

Matlab 
FE-model 

Eigenfrequencies 
Mode shapes 

Displacements 

Calibrated 
FE-model 

Conclusions 
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1.4. Demarcation 

Everything in this text is focused on the Vindel river railway bridge, therefore 
certain special cases might be omitted and in other parts the text might only 
handle a special case concerning the bridge. The one exception is the literature 
review of basic structural dynamics which is limited to give a shallow 
understanding of the mathematics behind structural dynamics in general. 

Measurements are dependent on the number of sensors, time on sight and 
passing trains, and are also limited by these factors. The construction of the 
FE-model is not described in more than a few words. 

1.5. Outline 

Chapter 2 presents a brief walk trough of the basic structural dynamic 
concepts, such as spring-mass systems, damping, SDOF-systems, MDOF-
systems, differential equations, FRF data, eigenfrequencies and mode shapes.  

Chapter 3 consists of a review of three small case studies of earlier dynamic 
bridge measurements. 

Chapter 4 gathers information on the behavior of arches from structural 
mechanics handbooks and from real measurements. 

Chapter 5 is a diary of the lab work done in preparation for the field work. It 
also describes all instrumentation, how it works and what data it presents. 

Chapter 6 is a diary of the field work, how the instruments were positioned, 
how they where coupled and what the circumstances were. 

Chapter 7 deals with how the measurement data is analyzed in Matlab and 
Macec. 

Chapter 8 presents the results of the measurements and the FE-calculations in 
terms of eigenfrequencies, mode shapes and displacements. 

Chapter 9 compares the results from chapter 8 with those from the foregoing. It 
ends with conclusions and suggestions for further research on the bridge. 

Appendices contain useful information about the project, such as raw data, and 
FE-results. 
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2. BASIC STRUCTURAL DYNAMICS  

“First of all one must observe that each pendulum has its own time of vibration, so 
definite and determinate that it is not possible to make it move with any other period 
than that which nature has given it. On the other hand one can confer motion upon 
even a heavy pendulum which is at rest by blowing against it. By repeating these 
blasts with a frequency which is the same as that of the pendulum one can impart 
considerable motion.” 

Galileo Galilei, Discorsi a Due  
Nuove Scienze (1638) 

 

What Galileo discovered already in 1638 is the idea of resonance and 
resonance frequencies. In early structural dynamics the challenges were to 
detect these frequencies and avoid them. Neither the structure, nor the 
excitation is dangerous on its own. It’s when they are combined, as in the case 
with a pendulum and a breath, or a bridge and its traffic, that they become 
dangerous.  

Today more and more effort is put into the task of assessing and monitoring a 
structures health with the help of dynamic measurements and complex FE-
models. The resonance frequency is still an important issue, but more powerful 
computers can handle more data and give more information than the minimum 
acceptable. In spite of this the basic knowledge of dynamics is still important 
for the general understanding and usefulness of today’s structural dynamics 
possibilities. 

Below a summary is given of some of the fundamental concepts of structural 
dynamics. It is based mainly on textbooks by Craig (1981), Irvine (1986) and 
Paz (1981). A Swedish handbook with many numerical examples is Åkesson 
(1972). 
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2.1. SDOF systems  

Newton’s law 

In modern notation Newton’s second law may be expressed as: 

Gm=∑F a     <2.1> 

This is the equation of motion for a particle that possess mass but no volume. 
Here F is the resultant force vector acting on a particle of mass m and aG is the 
acceleration vector of the mass center of the body. However it’s also applicable 
to bodies of finite volume with a particles moving behavior, like the mass in a 
lumped-parameter model. Eq.<2.1> can be divided into its components along 
the coordinate axes as in Eq.<2.2>: 

x G x

y G y

z G z

F ma

F ma

F ma

=

=

=

∑
∑
∑

    <2.2> 

To fully describe the general motion of a lumped mass one more equation is 
needed, it can be stated in two forms describing the rotational behavior: 

G GM I α=∑     <2.3> 

O OM I α=∑     <2.4> 

Eq. <2.3> is the general equation while Eq. <2.4> is useful for rotation about a 
fixed axis. ΣM are the moments summoned about, the mass center, ΣMG, 
respectively about a fixed rotational axis, ΣMO. I is the mass moment of inertia 
about G resp. O and α is the angular acceleration of the body. 

Mathematical models 

Next step is to introduce a lumped-parameter model or in other terms a spring-
mass (damper) system. For a SDOF-system, Single Degree Of Freedom 
system, this implies a one dimensional reference frame, a mass m, a spring with 
spring constant k, (a damper with damping constant c) and an excitation force 
F(t). An example of such a SDOF system can be seen in Figure 2.1.  
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Figure 2.1: Schematic mathematical model for SDOF systems, also known as spring-
mass damper system or a lumped parameter model. The equilibrium of the 
model is often written as; ( ) ( ) ( ) ( ) 0F t mx t cx t kx t− − − =  

The number of degrees of freedom is the number of independent coordinates 
necessary to specify the configuration or position of the system at any time. 
See Chapter 2.2 for further explanations about these MDOF systems, Multi 
Degree Of Freedom systems. 

Referring to Figure 2.1, it can be seen that the model has definite values for the 
spring constant, damping constant and that the friction in the wheels is set to 
zero. This type of models can therefore merely be seen as a rough idealization 
of reality. Nevertheless is it a powerful tool to create analytical solutions to 
problems of dynamic character concerning complex structures. 

Mass 

m, the mass of the structure can, as in Figure 2.1 be a single particle where 
each infinitely small piece of mass is constant in position and size relative to 
the rest of the mass, independent of time and initial position. It can also be a 
composition of several such particles, an example of that is the double hinged 
pendulum, or one particle divided into finite elements dependent of each and 
every surrounding element, Figure 2.2. 

 

 

 

 

 

Figure 2.2: A double pendulum and a FE-divided oil platform sleeve. 

 m 
F(t) c

k 

  w(t) x
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In addition to the essential mass one or more of the factors, spring, damper, 
support, excitation and initial conditions has to be present. 

Springs 

In structural dynamics the major topic is vibrations, and for the structure to 
bounce back once it has reached its outermost position a spring is vital. For a 
building, the spring is hidden in the elastic bending properties of the main 
structure and for a car it is the suspension. 

All these different types of repulsing functions are in the mathematical models 
idealized to simple linear springs with a spring constant, k. That they are linear 
signify that they elongate linear proportional to the force applied, in contrary to 
soft and hard springs. See Figure 2.3. 

 

Figure 2.3: Force displacement relation. (a) Hardening spring, (b) Linear spring, Fs=kx, 
(c) Softening spring.  

For further instructions on how to use springs in more complicated situations, 
such as parallel and series arrangements, a good source is Paz (1991) p.6-7. 

Dampers 

Once the structure has started to vibrate it would continue oscillate indefinitely 
with constant amplitude and at its natural frequency if nothing damped the 
motion. This would then be a perpetual motion machine. In all other cases 
damping is a natural or constructed phenomenon that dissipates mechanical 
energy from the system and transforms it to other forms of energy, for example 
heat. 

Also the damping component is highly idealized, in comparison to many of the 
real structures, assuming viscous damping; this is a type of damping that may 
occur for a body constrained in its motion by a fluid. It is usually assumed to 
be proportional to the velocity and reverse to the direction of motion. 

(b) 

(c) 

Fs 

x
1 

  k 

(a) 
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The amount of damping in a system is described by the viscous damping ratio, 
ξ, pronounced, “xi”: 

[ ]
cr

c
c

ξ = −   <2.5> 

where, c, is the damping coefficient and, ccr, is the critical damping coefficient.  

[ ]2 Ns/mcrc km=    <2.6> 

For a derivation of ccr, Eq.<2.6>; Meirovitch (1986), Craig (1981) or Paz 
(1991) might be useful. 

Since ccr only is dependent on the systems mass and spring constant and they 
are constants given by the system, also the critical damping coefficient is a 
constant given by the design of the modeled system. However that does not 
imply that the system actually possesses a damping coefficient corresponding 
to the magnitude of ccr; the systems real damping coefficient is c. ccr is instead 
the value of the coefficient c where the damping changes its nature:  

1 overdamped
1 critically damped
1 underdamped

cr

cr

cr

c c
c c
c c

ξ
ξ
ξ

> ⇔ >
= ⇔ =
< ⇔ <

  <2.7> 

from an oscillating type of damping with decaying amplitude to the instant 
decaying system. This means that when a system is critically damped, c= ccr, it 
has the lowest possible damping coefficient without having an oscillating 
damping behavior. See Figure 2.4. 

time, t [s]

di
sp

la
ce

m
en

t, 
x(

t)
  [

m
m

]

Underdamped system, ξ < 1

Overdamped system, ξ > 1

Critically damped system, ξ = 1

ξ = 0.5

ξ = 1

ξ = 1.5

 
Figure 2.4:  Response of systems with different damping ratios. Initial velocity is -0.5 

m/s, and the undamped natural frequency is 0.8 Hz. 
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Support 

In many cases the reason for vibrations in a system is support excitation, or 
base motion. This can be due to earth quakes, in the case of building structures, 
or vibrations in the surrounding parts in the case of machinery. When 
modelling such cases the structure motion, x, respective the support motion, w, 
has to be related to each other and altered into a relative motion, u: 

[m]u x w= −    <2.8> 

See Figure 2.1. 

Natural frequency 

The undamped circular, natural or resonance, frequency, ωn [rad/s], is a 
property possessed by the system and is only dependent on the systems spring 
and mass. It is the frequency that the system would vibrate with as long as no 
external forces interact with it, except for the ones initializing the motion: 

[ ]rad/sn
kω
m

=    <2.9> 

A derivation of <2.9> is given in <2.13> and <2.15>. 

This frequency is fundamental and should always be considered when 
constructing civil engineering structures, if not, the structure might start vibrate 
uncontrollable as in Tacoma, South of Seattle, USA, November 7, 1940, Figure 
2.5. 

 

Figure 2.5: The Tacoma Narrows bridge disaster probably caused by negligence of 
natural frequency control. 
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Initial and boundary conditions 

Initial conditions should not be misunderstood as boundary conditions. 
Boundary conditions are used to describe the systems surroundings, such as 
fixed joints, possible rotations and so on; this is also referred to as degrees of 
freedom, dof. Initial conditions on the other hand describe the position and 
velocity by amplitude and direction for the system. In this way a system can be 
modelled to start oscillate without any applied loading just by simulating an 
extension of a spring and then releasing the mass. For this example, and 
referring to Figure 2.1: 

0 0(0) , (0) 0x x x x= = =    <2.10> 

The initial conditions are necessary for solving the differential equations that 
produce the dynamic response plots but both initial displacement and velocity 
is usually set to zero. 

Excitation and its responses 

Excitation to a system has an endless amount of origins, but in structural 
dynamics they are usually categorized into wind, water, traffic, vibrating 
machinery, impact, earth quakes. To deal with them it is once again necessary 
to idealize. Several shapes of the modelled excitation is possible, today it is 
also possible to model random excitation for predictions of the unpredictable. 

To visualize the different excitations and the systems response to it a response 
ratio plot is usually used. It is a t-R(t) – plot where an imaginary static response 
to Fmax is set to 1.0, see Figure 2.6. 

i. Ideal step input 

0  

0.5

1.5

2  

ξ = 0.1
ω

n
 = 3ξ = 0.2

ω
n
 = 5

R(t)

t

F
max

 

Figure 2.6: Ideal step input visualized with its response ratio plot for two different systems. 
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Figure 2.6 give an indication on how different parameters of the system 
influence its behavior. High damping give a decrease in relative displacement 
amplitude, R(t), and a high natural circular frequency give a high damped 
frequency:  

[ ]21 /d n rad sω ω ξ= −    <2.11> 

that in turn decrease the damped period (wave length), Td, where:  

[ ]2
d

d

T sπ
ω

=     <2.12> 

It’s also possible to see the decay of oscillations over time, settling at the static 
displacement. 

If no damping exist Rmax= 2 for this type of loading, that might occur if a heavy 
object falls onto a structure. This means that the displacement will have twice 
the size of what static calculations show. 

ii. Rectangular pulse input 

−1

0 

2 R
b
(t

p
 > 0.5T

n
)  

F
max

R
a
(t

p
 < 0.5T

n
)  

t
pa

t
pb

R(t)

t

T
n

 

Figure 2.7:  Two rectangular pulse inputs and examples of response ratios for undamped 
systems corresponding to them 

An ideal pulse with a finite end is also called a rectangular pulse input. This 
kind of excitation might for example occur while piling. In Figure 2.7 two 
different rectangular pulse inputs can be seen. They represent the two most 
important features of rectangular pulses. Pulse a has a time length, tpa, shorter 
than 0.5 Tn, where Tn is the, (in this case), undamped natural period, while 
pulse b is longer than 0.5 Tn. 
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As can be seen in Figure 2.7 the response ratio curves follow each other until, 
tpa, where Ra continue in free vibration while Rb, corresponding to the longer 
pulse input, continues to behave as for an ideal step input until also this pulse 
ends. Interesting is that both response ratios end up vibrating around the neutral 
conditions, only that they are phase shifted and, Rb, has higher amplitude due to 
the complete excitation of the system. 

iii. Ramp input  

The ramp input is an ideal pulse input with a longer application (ramp) period 
as can be seen in Figure 2.8. This input design represents for example a vehicle 
traveling onto a bridge, or water filling a reservoir. As for all cases with a 
relatively long pulse, the system oscillates around the imaginary static 
response. In the case of a ramp this gives a somewhat different look of the 
response ratio curves during the duration of application, they then even out to a 
constant period and amplitude. 

0  

0.5

1.5

2  

t
ra

T
n

t
rb

R(t)

t

F
max

t
ra

 = 0.2T
n t

rb
 = 1.5T

n

 

Figure 2.8:  Response ratio plot for two different ramp inputs, displaying the two 
responses for a common undamped system. 

Figure 2.8 shows that the response ratio increases with a shorter application 
time, if the application is long enough the response will become simply static. 
Figure 2.9 gives a good picture of how the response amplitude varies with 
ramp length, it should be observed that an ideal step input, tr=0, gives the 
largest vibrations. 
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Figure 2.9:  Maximum response ratio plot, Rmax, in respect to the relationship between 
load application time and period length, tr/Tn. 

iv. Short duration impulse 

Figure 2.10 gives an idea about how the response of a short duration impulse, td 
<< Tn, looks. It should resemble the response when for example a car, or 
airplane, crashes into a structure. Since no static loading and displacement is 
present the response oscillates around its original position. 

0 1 2 3 4

−1

1 

ξ = 0.1
ω

n
 = 10

m = 0.07

R(t)

t

 

Figure 2.10:  The response to a short duration impulse, td << Tn. 

The above mentioned inputs and responses are generalized but it should be 
noticed that the shorter the application time, the higher dynamic response 
amplitude, with a maximum of two times the static displacement. See Figure 
2.9. It should also be obvious that a damper in the system decreases the 
amplitude drastically with time.  

v. Harmonic loading 

Next step is the case of harmonic loading; this can be described in an infinity 
of ways but is most easily modeled as a sinus function. The problem with 
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harmonic excitation is the possibility of the earlier mentioned resonance 
phenomena. It might be caused by for example train axes, machinery with 
harmonic motion and wind gusts; as already Galileo realized and the 
constructers of the Tacoma Narrow Bridge experienced. Figure 2.11 shows the 
phenomena. 
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Figure 2.11:  Dynamic magnification factor as a function of the frequency ratio for various 
amounts of damping, plus a schematic plot of the harmonic force input. 

What the pendulum in Galileos citation from the beginning of the chapter 
describes is the case when the breaths come with a frequency that lies in phase 
with the pendulums damped natural frequency, ωF = ωd. It’s also present when 
a child try to reach higher in the swing, or when people walk in step on cable 
stayed bridges. 

2.2. MDOF systems 

MDOF systems is again an idealization of reality, but an idealization closer to 
reality than SDOF systems. An example is seen in Figure 2.12b. The big 
difference is the number of possible displacements. The MDOF system uses 
three, y1, y2, y3, while the SDOF system only uses one, y. The rest is similar, 
with lumped masses, 3 resp. 1, and springs, modelled as linear, with spring 
coefficient, k. In both cases the first step is to find the parts included in the 
model, then simplify as far as possible before the calculations start. 
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Comparison between a SDOF and a MDOF solution 

 

Figure 2.12: A SDOF system, (a), and a MDOF system, (b), first modeled and then 
simplified to free body diagrams. 

Both solutions begin with Newton’s law, Eq.<2.1>, in (a) it can be written in 
one, while the solution to (b) need three equations to start with. 

 (a) 

0 sin( )Fmy ky F tω+ =  <2.13>  

 

 

 

 

 

(b) 

1 1 1 1 2 2 1 1

2 2 2 2 1 3 3 2 2

3 3 3 3 2 3

( ) sin( )
( ) ( ) sin( )
( ) sin( )

F

F

F

m y k y k y y F t
m y k y y k y y F t
m y k y y F t

ω
ω

ω

+ − − =
+ − − − =
+ − =

 

 

which in matrix notation can be written as: 

+ =My Ky F  <2.14> 
where:  

1

2

3

0 0
0 0
0 0

m
m

m

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

M  

1 2 2

2 2 3 3

3 3

0

0

k k k
k k k k

k k

+ −⎡ ⎤
⎢ ⎥= − + −⎢ ⎥
⎢ ⎥−⎣ ⎦

K

1 1 1

2 2 2

3 3 3

sin( )
, , sin( )

sin( )

F

F

F

y y F t
y y F t
y y F t

ω
ω
ω

⎧ ⎫ ⎧ ⎫ ⎧ ⎫
⎪ ⎪ ⎪ ⎪ ⎪ ⎪= = =⎨ ⎬ ⎨ ⎬ ⎨ ⎬
⎪ ⎪ ⎪ ⎪ ⎪ ⎪
⎩ ⎭ ⎩ ⎭ ⎩ ⎭

y y F  

As can be seen <2.13> and <2.14> are quite similar, one contain scalars while 
the other contain vectors. The following steps are not that similar! 

 m 

y 

k 

(a) 

 
ky  mÿ 

   y 

   F0 sin(ωF t) 

    F0 sin(ωF t) 

(b) 
y3 

    y2 

    y1 

      F1(t) 

    F2(t) 

    F3(t) 

  F1(t) 

  F2(t) 

  F3(t)  y3 

     y2 

     y1    m1

  m2 

  m3 

   k1

  k2 

  k3 

  m1 ÿ1 

  m2 ÿ2 

  m3 ÿ3 

  k1 y1 

  k2(y2 – y1) 

  k3(y3 – y2) 

   
F1(t) 

   
F2(t) 

    
F3(t) 
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 (a) 

The solution to <2.13> 
consists of two parts. First 
the response for natural 
motion and then the 
response for forced motion. 
These solutions are then 
superpositioned to create 
the total response. 

The general solution to the 
left hand side hand of 
<2.13> (complementary 
solution) is: 

1 2cos( ) sin( )

where 

c n n

n

y A t A t

k
m

ω ω

ω

= +

=
 

<2.15> 

Here A1 and A2 are real 
constants to be determined 
from initial conditions, see 
<2.10> for example. 

Next step is to find the 
particular solution. A good 
start, refering to the shape 
of the force is to assume: 

sin( )p Fy Y tω=  <2.16> 

Substitution of <2.16> into 
<2.13> give: 

0
2
F

F
Y

k mω
=

−
 <2.17> 

(b) 

To continue with <2.14> it has to be 
uncoupled, since the three differential 
equations now are coupled to each other. 

First a linear transformation of the 
coordinates is used: 

=y Φz   <2.18> 

where Φ is the systems modal matrix with 
elements φij. For further understanding of 
the terms in this solution Paz (1991) and 
Irvine (1986) are useful. <2.18> in <2.14> 
give: 

( )t+ =MΦ z KΦ z F  <2.19> 

Orthogonality conditions imply that: 

2

1T
i

T
i iω

=

=

φ MΦ

φ KΦ
 <2.20> 

if <2.19> is premultiplicated by the 
transpose of the ith modal vector: 

( )T T T
i i i t+ =φ MΦz φ MΦz φ F  <2.21> 

combined with <2.20> it give the 
expression: 

2 ( ) ( 1, 2,3)i i i iz z P t iω+ = =  <2.22> 

where: 

1 1 2 2 3 3( ) ( ) ( ) ( )i i i iP t F t F t F tϕ ϕ ϕ= + +  <2.23> 

see again Paz (1991) and Irvine (1986) for 
derivations of orthogonality conditions. 
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 (a) 

Now by substituting Y 
<2.17> into yp <2.16> and 
combining it with yc 
<2.15> the total respons 
becomes: 

0
2

1 2

sin( )

cos( ) sin( )

F
F

n n

F
y t

k m
A t A t

ω
ω

ω ω

⎛ ⎞
= +⎜ ⎟−⎝ ⎠

+ +

 

<2.24> 

Assuming initial conditions 
with zero displacemnt and 
zero velocity at t=0: 

( ) 0
2

1 2

1

0
2

2

0
2 2

0 0 sin(0)

cos(0) sin(0)
0

(0) 0 cos(0)

0sin(0) cos(0)

F

F
F

n n

F

F
y

k m
A A

A

F
y

k m
A

F
A

k m

ω

ω
ω

ω ω

ω

⎛ ⎞
= = +⎜ ⎟−⎝ ⎠

+ + ⇒
⇒ =

⎛ ⎞
= = +⎜ ⎟−⎝ ⎠

− + ⇒

⇒ = −
−
<2.25> 

Substituting A1 and A2 into 
<2.24> give the final 
solution. 

0
2

0
2

sin( )

sin( )

F
F

n
F

F
y t

k m
F

t
k m

ω
ω

ω
ω

⎛ ⎞
= −⎜ ⎟−⎝ ⎠

−
−

 

<2.26>

(b) 

<2.22> is now a set of 3 uncoupled 
equations: 

2
1 1 1 1

2
2 2 2 2

2
3 3 3 3

1 11 1 21 2 31 3

2 12 1 22 2 32 3

3 13 1 23 2 33 3

( )

( )

( )
where

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

z z P t

z z P t

z z P t

P t F t F t F t
P t F t F t F t
P t F t F t F t

ω
ω
ω

ϕ ϕ ϕ
ϕ ϕ ϕ
ϕ ϕ ϕ

+ =

+ =

+ =

= + +
= + +
= + +

<2.27> 

For solving them the modal vector, φi, and 
the natural frequencies, ω, are needed. 

To find these properties a harmonic solution 
to <2.14> is assumed: 

1 1

2 2

3 3

cos( )
cos( )
cos( )

i

i

i

y Y t
y Y t
y Y t

ω α
ω α
ω α

= −
= −
= −

 <2.28> 

Substitution of <2.28> into <2.14> and 
reducing the forces to zero, using the free 
vibration system, gives the eigenvalue 
problem: 

2
1 2 1 2 1

2
2 2 3 2 3 2

2
3 3 3 3

0 0
0

0 0

i

i

i

k k m k Y
k k k m k Y

k k m Y

ω
ω

ω

⎡ ⎤+ − − ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− + − − =⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − ⎣ ⎦ ⎣ ⎦⎣ ⎦

<2.29> 

To find a nontrivial solution the determinant 
has to be zero, that is: 

2
1 2 1 2

2
2 2 3 2 3

2
3 3 3

0
0

0

i

i

i

k k m k
k k k m k

k k m

ω
ω

ω

+ − −
− + − − =

− −

<2.30> 
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 (a) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Which in expansion gives: 

( ) ( )
( )

( )

2 2
1 3 2 3 2 3 3 2 3 1 2

1 2 3

1 2 1 3 2 3 3

1 2 2 2 2 1 3 1 3 4 6
1 2 3

3 1 2

0

i

i i

k k k k m k k k k m
k k k

k k k k k k m

k m k m k m k m m
m m m

k m m

ω

ω ω

⎛ ⎞+ − + −
⎜ ⎟−
⎜ ⎟+ + +⎝ ⎠
+ + −⎛ ⎞

+ − =⎜ ⎟
+⎝ ⎠

<2.31> 

Solving <2.31> for its roots gives: 

2 2 2
1 2 3 1 2 3, , , ,ω ω ω ω ω ω⇒  <2.32> 

Substituting 1 2 3, ,ω ω ω  one by one into row 
1 and 3 of <2.29> the mode shape ratios, βij, 
are found. 

( ) ( )

( ) ( )

( )
( )

2 21 2
1 2 1 11 2 21 21 2

11 1 2 1

2
3 32 31

3 21 3 3 31
21 3

2
2 3 33121

31 2
11 21 3 1 2 1

11

where

and
1.00

i
i

i
i

i

i

Y k
k k m Y k Y

Y k k m

k mY
k Y k m Y

Y k

k k mYY
Y Y k k k m

ω β
ω

ω
ω

ω
β

ω

β

+ − = ⇒ = =
+ −

−
− = − ⇒ = −

−
= ⋅ =

+ −

=
<2.33> 

This, will give three vectors: 

11 12 13

1 21 2 22 2 23

31 32 33

, ,
β β β
β β β
β β β

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= = =⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦

β β β   

Now, to normalize the system: 

ij
ij T

j j

β
ϕ =

β Mβ
 <2.34> 
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 (a) 
 

 

 

 

 

 

 

 

 

 

 

(b) 

Assembling these normalized modes into 
the modal matrix give: 

1 1 1
1 1 1
1 1 1

ij

T
j j

β ⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

Φ
β Mβ

 <2.35> 

Since the natural frequencies, ω, <2.32> and 
the modal vectors, φi, <2.35> now are 
availaible it is possible to solve <2.27> for 
values of z. 

1

2

3

z
z
z

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

z  <2.36> 

Using, z, <2.35> and <2.36> in <2.18> give 
the values of displacement at time t. Which 
in turn give the values of acceleration. 

It should now be obvious how the amount of calculations increase with 
increasing amounts of degrees of freedom. It should also be observed that the 
calculations mentioned in this chapter only produce the response for a single 
time value. For a time range the calculations has to be reiterated several times 
dependent on the required accuracy of the range. Because of this most dynamic 
modeling today is done by computers and sophisticated software. 

When the models become more complex and the engineer needs more accurate 
calculations FE-modeling is the next step to take. In these models each 
structural element is divided into a finite number of smaller elements. These 
are given parameters, such as E-module and strength, while the connections 
between the structural parts are modeled with spring constants and damping 
coefficients. 

Examples of such calculations are the bridge models in Appendix H and I. 
They are carried out by Prof. Goujing He, using the LUSAS software, He et al. 
(2006a,b). 
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3. DYNAMIC BRIDGE MEASUREMENTS 

In this chapter three case studies will be presented on how measurements can 
be carried out to determine the dynamic properties of bridges. General 
information on measurements can be found in e.g. Ewins (2000) and 
Meirovitch (1986). 

3.1. Case 1: Experimental and analytical studies on dynamic 
characteristics of a large span cable-stayed bridge (Wei-Xin et al 2005) 

This article published in 2005 corresponds very well with the measurements 
and modeling that has been conducted on the Vindel River Railway Bridge. It 
should nevertheless be noticed that the Chinese researchers have used a cable-
stayed bridge with a main span 6 times the length of that in Vindeln, see Figure 
3.1. 

 
Figure 3.1: The Qingzhou cable-stayed bridge (Wei-Xin et al 2005). 

Also they have the aim to find good ways of ensuring an adequate level of 
safety of long span bridges and have adopted the method of creating a 3D FE-
model in ANSYS® that later on is calibrated with results from dynamic 
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measurements. These measurements are done prior to the bridge opening so 
that its “baseline” characteristics can be obtained. To extract data from the 
measurements two methods were used, first the simpler Peak Picking, (PP) and 
then the relatively new Stochastic Subspace Identification, (SSI), Method, as 
also is used in this thesis. 

Results from the modeling show more complex mode shapes than what is 
expected from the Vindel River Bridge. This should be due to the complex 
structure with moment free cables and long spans. In addition to the detailed 
model the authors have modeled the bridge’s behaviour with an initial 
deformed equilibrium due to the large influence of dead load. 

Concerning the measurements they used the same sensor model as is done in 
Vindeln, but used a denser sensor positioning. This was done with 15 sensors 
of which 3 were fixed as reference accelerometers on locations selected out of 
the model result. Altogether 180 locations on the deck were in use during 
fifteen measuring setups as is shown in Figure 3.2. 

 
Figure 3.2: Measurement station arrangement for ambient vibration test (Wei-Xin et al 2005). 

The sampling frequency was 80 Hz which led to an effective range from 0 – 40 
Hz. This was later reduced by low-pass filtering and resampling at a lower rate 
to a range of 0 – 2 Hz. For Modal parameter identification the SPiCE 
(MACEC) software was used and they could from that draw the conclusion 
that it worked very well for its purpose of identifying mode frequencies. It is 
also obvious that the SSI is superior to the PP-method on densely positioned 
frequencies. Another advantage with the SSI- method is its possibility to 
extract damping ratios for each frequency. 

This fact is also something they include in their conclusions, but other 
techniques should be used for validation according to the article. Otherwise the 
conclusions are mostly referring to the good correspondence between 
analytical and experimental results they found, see Table 3.1. 

They believe that ambient vibration testing is a good way to perform dynamic 
bridge tests and that the analysis provides a possibility to make a 
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comprehensive investigation. Nevertheless they also in this case state that more 
independent identification techniques have to be used for verification and to 
increase the reliability. 

A short abstract of their conclusions and results would be that a Finite Element 
Model calibrated with results from measurements on built-up structures can 
serve as model for more precise dynamic response predictions. 

Table 3.1: Calculated and identified modal parameters (Wei-Xin et al 2005). 

Nature of modes of vibration Finite element analysis (Hz) Stochastic subspace 
identification 

Peak-picking 
identification (Hz) 

MAC 
values

 Starting from 
deformed position

Starting from un-
deformed position 

Frequencies 
(Hz) 

Damping 
ratio (%)   

1st vertical bending 0.222 0.217 0.226 0.7 0.227 0.989
2nd vertical bending 0.266 0.252 0.272 0.7 0.271 0.755

1st transverse bending 0.267 0.264 0.263 1.0 0.262 0.991
3rd vertical bending 0.415 0.405 0.446 0.9 0.444 0.966
4th vertical bending 0.454 0.442 0.480 2.8 0.482 0.783
5th vertical bending 0.478 0.468 0.505 1.5 0.506 0.942

1st torsion 0.551 0.548 0.556 0.4 0.555 0.982
7th vertical bending 0.571 0.566 0.653 0.4 0.609 0.882

2nd torsion 0.622 0.606 0.610 4.6 0.653 0.778

3rd torsion 0.712 0.701 0.726 1.1 0.701 0.895

2nd transverse bending 0.748 0.746 0.628 0.5 0.612 0.919
1st longitudinal 1.925 1.920 1.925 1.9 1.922 – 

 

3.2. Case 2: Identification from the natural response of Vasco da Gama 
Bridge (Cunha et. al. 2004). 

In March 1998 dynamic tests took place on the Vasco da Gama Bridge, located 
in Lisbon, Portugal. One ambient vibration and one free vibration test where 
performed and initially processed by the Peak Picking technique. The authors 
want to compare their results with what is possible to extract from the new 
promising methods of Frequency Domain Decomposition, FDD, and Stochastic 
Subspace Identification, SSI. The bridge is very similar in to the Qingzhou 
Bridge in case 1 although the span is 200 meters shorter and it includes more 
side spans. See Figure 3.3. 
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Figure 3.3: Cable stayed component of Vasco da Gama Bridge (Cunha et. al. 2004). 

Ambient measurements where done with two moveable triaxial and four 
reference accelerometers during winds varying from 1 m/s to 22 m/s. For the 
free vibration test a 60 tones weight was suspended under the bridge and then 
released during a period of low wind speeds. 

Both tests had an initial sampling frequency of 50 Hz which later was 
decimated to 2.5 Hz and a Nyquist (aliasing free) frequency of 1.25 Hz. During 
the decimation a low pass filter on 1 Hz and a high pass filter on 0.01 Hz were 
used. After analysis it became obvious that the varying wind conditions also 
hade resulted in varying qualities of the data. 

The FDD method had 12 frequencies well represented within all 24 analyzed 
data sets, but it should, as the authors emphasize, be noted that no damping was 
estimated. This was much because of the large uncertainties it would create due 
to the low frequency resolution. On the other hand the SSI technique needed 
consideration of 5-8 times more noise modes before the 12 right ones were 
found. See Table 3.2 for further comparison of the natural frequencies. 
Table 3.2: Identified natural frequencies and modal damping ratios (Cunha et. al. 2004). 

 
Both methods had a relative standard deviation on around 1 % for every mode 
while the SSI method had somewhere between 40 and 80 % deviation on the 
damping analysis. The smaller deviations of the natural frequencies are 
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explained with real frequency shifts from changes in temperature and loading 
conditions, while the larger ones for damping are explained by limited data. 

To compare the two methods a commonly used technique is applied; MAC 
values, which are presented in the shape of a matrix. In Figure 3.4 this matrix is 
three dimensional and the higher staples on the diagonal represent the 
correspondence between the FDD and SSI methods. High values, above 0.9, is 
said to prove good agreement while modes 5, 6 and 10 might be falsely 
assumed to correspond. 

The authors concluding remarks are that both methods are powerful in the 
terms of finding the bridges characteristics, perhaps the SSI might have an 
advantage because of the damping estimation possibilities. 

 
Figure 3.4: MAC matrix plot for mode shapes estimated by FDD and SSI methods 

(Cunha et. al. 2004). On the two horizontal axes the ten first natural 
frequencies for the different methods are tabulated, while it on the vertical 
axis is possible they see how well they coincide. 

3.3. Case 3: Experimental and Analytical Modal Analysis of Steel Arch 
Bridge (Wei-Xin et al 2004). 

This is again a paper that tries to conduct a combined analytical and output 
only experimental parameter identification of a bridge. This time it is a 163 
meters long steel-girder arch bridge in Tennessee constructed in 1969. It has 
the concrete slab deck suspended through 26 steel wires and is supported by an 

expansion bearing at one end and a fixed 
bearing at the other. See Figure 3.5. 

Figure 3.5: Side view showing arch span of 
Tennesse River Bridge (Wei-Xin 
et al 2004). 

 



 
Dynamic Behaviour of the Vindel River Railway Bridge 

 26 

Just like the preceding cases these authors use two different methods to 
experimentally identify the bridge’s dynamic parameters, first the classic Peak 
Picking technique and then the Stochastic Subspace Identification method. The 
results are then compared and used to update a Finite Element Model created in 
the SAP2000 software. 

In the introduction chapter the authors point out that ambient vibration 
measurements are the future in assessing civil engineering structures. That 
should be because of several reasons, it is for example very difficult to measure 
input excitation on large structures, ambient vibrations take natural loading into 
consideration and is very cheap to measure. Difficulties arise nevertheless; it is 
among others a need for precise measurements due to the small acceleration 
amplitude and in relation, large noise amplitude. Therefore longer response 
records are preferable. 

For their own measurements they used three accelerometers, one for each 
dimension, mounted onto a aluminum block and then positioned at the 
measuring station. Above that a bag of lead shots was placed to prevent 
undesired motion of the sensors. Altogether eight such sensor clusters were in 
use and out of them three were used as reference stations, while the rest were 
moved around. In the end 30 stations had gone through measurement.  

Initially a rather high sampling frequency was adopted, namely 1000 Hz, in 
this way no harm is done if it later on is proved that the sampling rate in some 
way affect the analysis. Each measurements session lasted 60 s and thereby 
gave 60000 data points per sensor and session; 8 clusters and 8 measurements 
then give 11 520 000 data points to work with. Later on, during the processing 
this rate is decimated in the MACEC (SPiCE) software to 25 Hz, thus allowing 
for analysis of natural frequencies between 0 and 12.5 Hz. 

As earlier mentioned the PP and SSI techniques are implemented in the article, 
much energy is also spent on describing the techniques. PP is a frequency 
domain-based technique and therefore discards time dependent information. 
SSI on the other hand, make use of it as it’s a time-domain technique that 
directly works with the time data. The authors also make a short attempt to 
explain the theoretical background of the rather complicated SSI technique. It’s 
obvious that it originates from another branch of engineering and need further 
knowledge to be understandable. In the end it is stated that the software makes 
it straightforward to determine the modal parameters but impossible to obtain 
an absolute scaling because of the lack of input data. 
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Figure 3.6: Identified and calculated frequencies (Wei-Xin et al 2004). 

Figure 3.6 gives both the analytical and experimental results for the dynamic 
measurements on the Tennessee River Bridge. As can be seen both the PP and 
SSI give good results for the presented modes but it is said that SSI provides a 
more powerful and reliable identification process when it comes to find the less 
obvious frequencies. In addition to comparing frequencies and mode shapes 
also this article use the MAC matrix for comparison and overall achieve a good 
value above 0.9. 
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4. ARCHES AND ARCH BRIDGES 

Arches often provide an aesthetic and eye-catching view while they at the same 
time constitute economically advantageous supporting framework for several 
bridge applications. Today the slenderness of an arch bridge can be deceiving; 
with new high strength materials and ancient knowledge of force distribution it 
is possible to build impressive structures out of small amounts of material. This 
is one of the reasons to why modern arch bridges look so smooth. Another is 
the rounded shape, originating from the natural appearance of a flexible 
hanging chain or necklace, Figure 4.1. If that line then is frozen and turned up-
side down it present a structural shape that with perfection carries its own 
weight down to the substructure in pure compression. With changed loading 
conditions, span or structural rise the arch shape has to be modified; this is 
where today’s architects put there main effort, together with the questions of  
structural articulation and building materials. 

 
Figure 4.1: The Gateway Arch, St Louis, Missouri, U.S. Designed in 1948 by Eero 

Saarinen and erected in 1965 in the shape of a catenary curve with the 
equation y=y0 cosh(x/ y0). 
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4.1. Arch shapes 

Figure 4.1 is a perfect example of an arch with a rise/span ratio of 1.0 with 
height = width = 192 m. These dimensions are seldom found in bridges; 
furthermore a bridge does also contain a deck. Above that the definition of an 
arch has widened with time when new materials have been introduced and 
more powerful calculation methods are evolved. Today the definition states a 
construction with supports capable of sustaining lateral thrusts and with an 
axial shape that carries the thrust down to the substructure. This means that the 
amount of shapes is almost infinite. All the shapes in Figure 4.2 are good 
examples of arch bridges corresponding to the definition even if the shapes in 
(l) and (q) for example, not have much in common. The different shapes will 
be further commented on below. 

 
Figure 4.2: Different types of arch bridges (Ryall et. al, (2000)) 

(a) Hingless rib 

(d) 2-Hinged rib 

(b) Hingeless rib 

(e) 3-Hinged rib 

(c) 1-Hinged rib 

(f) Solid spandrel 

fill 
(f)

(g) Open spandrel 

columns (f)

(h) Braced spandrel 

(i) Tied arch (j) Tied arch (k) Tied arch 

(l) Rigid frame (m) Inclined leg 
frame 

(n) Inclined leg 
frame 

(f)

(o) Conventional arch 
with moment-resistant rib 

(f)

(p) Stiffened 
deck arch

(q) Stiffened 
deck arch 
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In the early days bridge type (f) in Figure 4.2 was the only one possible to build 
because of the lack of building material sustaining tensile stress. It is a solid 
bridge where the deck distributes the loading across the entire upper area of the 
arch. This gives a favorable force distribution and is also relatively easy to 
construct but demands an unnecessary amount of building material and thereby 
become very heavy. Later on the Romans came up with the aqueducts; see 
Figure 4.3, improving the weight/span ratio and bridging over larger distances 
with the same principle.  

 

Figure 4.3: Amersham Bridge, U.K. and the Pont du Gard aqueduct, France. 

Today these arches are used for their aesthetical appearance in gardens and for 
the crossing of short distances. On the other hand, restoring old solid spandrel 
bridges has become very popular in recent days. 

Instead more and more advanced shapes have come forth during the last 
centuries. A first distinction is made by sorting the bridges by number of 
hinges, as done in Figure 4.2(a)-(e). In section 4.2 below, more details are 
given about how structural articulations influence the structures behaviour. One 
of the biggest advantages of 3 hinges is the increased ability to resist internal 
stresses from motion, such as temperature expansion, earthquakes or support 
displacements. It is also easier to assemble the bridge the more hinges it has, 
but the strength is generally higher in a bridge with a hingeless rib and hinges 
in larger constructions can sometimes be difficult to produce, Xanthakos 
(1994) 

Next step is the open or braced spandrels, (g) and (h) in Figure 4.2, they 
constitute a lighter and more cost effective alternative. These bridges, as shown 
in Figure 4.4, are constructed of materials capable of developing at least small 
amounts of tensile stress but are still not ready for moment forces. The 
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distances between columns are therefore shorter than in a bridge stiffened to 
resist moment in the arch or deck, Figure 4.5. 

 

Figure 4.4: Brecksville-Northfield High Level (open spandrel) Bridge, Ohio, U.S.  

 

Figure 4.5: Cold Spring Arch (stiffened open spandrel) Bridge, California, U.S. 

All previous figures of bridges in this chapter depict the traditional shape of an 
underlying arch and a deck carrying down the forces to it through compression. 
This is not a necessity; it is instead sometimes preferable to suspend the deck 
below the arch to lower it; as in the case of the Tar River Trail Bridge in Figure 
4.12 or the Fremont Bridge in Figure 4.6. The Fremont Bridge does also have 
the capacity to, on its own, resist the horizontal thrust it produces. An evident 
benefit from that is less horizontal force on the substructure.  

 
Figure 4.6:  Fremont Bridge, Portland, Oregon, U.S. 
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It should be noticed that this bridge shape is present in Figure 4.2 together with 
two more shapes of tied arch bridges. They all have the advantage of tying the 
self-created horizontal forces up in the system so that the abutments only have 
to handle the vertical forces. The force distribution of such a structure is shown 
in Figure 4.7. 

 

Figure 4.7: Schematic figure of the horizontal force distribution in a tied arch bridge, as 
in Figure 4.2(k). Red elements are in tension and the blue in compression. 

An ugly duckling in the arch bridge family is the frame bridge; see Figure 4.2 
(l)-(n). They don’t have the same beautiful bended shape but they make up to 
the definition of an arch bridge stated; “A construction with supports capable 
of sustaining lateral thrusts and an axial shape that carry the thrust down to the 
substructure”. Figure 4.8 is an example of an inclined leg frame. They can be 
preferable when the space is limited and vehicles or vessels have to pass 
underneath. 

 

Figure 4.8: Yangcunhe Bridge, China. 

As can be seen the shape of an arch bridge fits almost anywhere, from small 
garden bridges in masonry to giant steel structures crossing wide rivers and 
deep canyons. Which shape it should have is very much up to the designer to 
decide, but it is limited by several factors in additions to the aesthetic ones. The 
span length is of course one of them, but also the possibility to secure a good 
substructure. Also the height, relative to the ground, is an important factor in 
the process. 
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4.2. Hinges and structural behaviour 

Force distribution in an arch bridge is highly dependent on the structures hinge 
distribution. Most modern arch bridges use a hingeless approach while many 
older bridges are 1 or 3 - hinged. It is also possible to use two hinges, then 
positioned at the abutments, see Figure 4.2. As a general rule it is however 
favorable to use hingeless bridges since they possess considerable larger 
resistance against buckling. See Xanthakos (1994).  

As earlier mentioned the amount of possible arch bridge shapes is impressive, 
and so are their behaviours. Above that they often have a rather complicated 
and complex system to work with, only the 3 - hinged arch is statically 
determinate. The hingeless is three times indeterminate! But to solve these 
static problems is not the first step. That is instead to find the pressure line and 
out of it create the arch line. The pressure line is in the case of the Vindel River 
Bridge a polygon with elbows at the positions of a column as in Figure 4.9. 
Only if the load is continuous will the pressure line become smooth. 

 

Figure 4.9: Schematic picture of the pressure line in the case of concentrated loads and 
then examples of pressure line positions relative to the arch line. 

Now, depending on how the loading will be applied, the pressure (thrust) line 
will differ in position. As a start the pressure line (red line) is calculated from 
theory only. Then by applying the dead load, moments will appear in the arch 
and move the position of the thrust polygon outwards, (green line), towards the 
extrados of the arch. At this point one arch line is drawn circumscribing the 
dead load thrust line, and one inscribing it. To minimize polygon movement 
when excess loading is applied, the arch should now be designed in the middle 
of these two drawn arches; thus intercepting the dead load thrust line. Other 
aspects that must be taken into consideration are for example arch buckling, 
amplification of initial imperfection, support displacements and so on. 
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To solve the hingeless arch structure for moment, normal and shear forces 
several methods can be used, in this example a first order arch analysis is 
performed to solve for moments and normal forces along the arch. Using the 
first order analysis implies the application of small deflection theory, where 
effects of deformations upon force effects in the structure are neglected. The 
original structure is for the analysis reworked so that the structurally necessary 
components remain while the rest are replaced by forces, unknown to their 
amplitude; see Figure 4.10. By assuming zero displacement at these points 
three elastic equations can be written and solved in addition to the three 
equations of equilibrium. 

 

Figure 4.10: Original version of the hingeless arch for first order analysis. 

To calculate the bending moment, M, and the normal force, N, along the arch, 
superposition of the moments and thrusts caused by external loads on the 
determinate structure respectively due to the indeterminate reactions is used: 

1D I D A B A
x xM M M M M M X y
L L

⎛ ⎞= + = + − − −⎜ ⎟
⎝ ⎠

 <4.1> 
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 <4.2> 

From Castigliano’s theorems and the principle of virtual work it follows that 
the partial derivative of the strain energy with respect to a certain force, is 
equal to the displacement in the direction of the force. Thus, if the shear strains 
are ignored and for the special case where no movements in the abutments is 
present: 
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 <4.3> 

where consultation of Figure 4.10 give: 

1 , ,

1 1, ,
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∂ ∂ ∂

 <4.4> 

Continuing with the energy principle, and making use of the fact that the real 
displacements and rotations at the abutments are zero, equations <4.3> and 
<4.4> can be written as: 
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 <4.5> 

where, if axial strains are negligible: 
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Substituting <4.6> into <4.5> and solving for MA, MB, XA, give the reaction 
forces which then are substituted into <4.1> and <4.2> to obtain the total 
moment, M, and total normal force, N, at any point (x,y) on the arch. 

As can be seen from this small example, where only the first order analysis 
where used, and shear stress plus axial strains were neglected, it relatively fast 
becomes cumbersome to execute such calculations by hand. It is on the other 
hand tailored-made for working with at a computer, where values easily can be 
tabulated and iterations for changed arch section areas, and so on, become less 
tiresome. 

If no computer modeling software is available an easier way than the derivation 
of first order arch analysis is to use pre-fabricated influence line diagrams. 
These can be found in various literatures about structural analysis, among 
others in Wahlström (1972), Ghali & Neville (1989) and Michalos (1958). 
Figure 4.11 show four influence lines for a parabolic arch with flexural rigidity, 
I = I0 / cos θ. 
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Figure 4.11: Influence lines for a parabolic arch with flexural rigidity in the case of a 
vertical point load, giving (a) horizontal thrust in the abutments, XA, (b) 

moment force at the top of the arch, Mcrown, (c) moment force in left abutment, 
MA (d) moment force in right abutment, MB. 

To find the forces induced by a single point load, P, in Figure 4.10 the right 
influence diagram is chosen. Let’s say that the moment in the top of the arch is 
sought, then we use diagram (b) from Figure 4.11 and search for the point on 
the x-axis where the force is applied. That is; somewhere between the left 
abutment, A, and the right one, B. At that point the value of, η, is read and that 
value is multiplied with the force, P, and the length, L, of the bridge to achieve 

(a) (b) 

(d) (c) 
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the moment in [Nm]. The influence value is obviously dimensionless and 
varies with where on the arch the force is applied. In the particular case of the 
Vindel River Railway Bridge the force is composed of several point and one 
distributed. It’s then useful to superimpose the influence values from each load 
and then calculate the required forces.  

Distributed loads are a bit more complex and might need solutions of integrals 
and division into several smaller loads depending on the structures determinacy 
and the shape of the load. For an evenly distributed load the area [m2] between 
the influence line and the zero line is calculated for the distance of the load and 
then multiplied with the force [N/m] and the bridge length [m]. In the case of a 
non uniform load another integration has to be performed before the force is 
given. 

4.3. Structural materials 

A third important ingredient in the construction of a bridge is the structural 
material. With today’s complicated systems of composite bridges the 
dependence of knowledge about materials behaviour increase. A common rule 
for arch bridges is to use one material throughout the arch, except for possible 
hinges. In this way the thermal stresses will be minimized since it will create 
an expansion, or contraction with equal percentage throughout the arch section. 
In spite of that the thermal effect has to be taken into consideration in the case 
of a hingeless arch. 

Except for the thermal effects, the span length, loading and aesthetic aspects 
have the biggest influences in the choice of material. Stone (masonry) and 
wood as in Figure 4.3 respectively Figure 4.12(b) are merely used to bridge 
shorter distances and for their environmentally good design. By using these 
materials the bridge becomes rather compact so that even if it would be 
possible to build a longer bridge it would look clumsy. 

  
Figure 4.12: (a) Steel truss arch bridge              (b) Tar River Trail Bridge, U.S. 
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At the other end of the scale are the steel bridges, they bridge over long 
distances with a remaining slender look as the beautifully engineered bridge in 
Figure 4.12. In many projects, such as pedestrian bridges in cities, they might 
be the only one possible because of their low dead load and space saving 
appearance. 

In between land the concrete arches, they blend the excellent compressive 
strength of masonry bridges with the tensile strength of steel; by doing so they 
become more economically interesting but encounter some other 
disadvantages. One of them is the weight, they are usually also more difficult 
to mount and the casting process might be time consuming. Nevertheless the 
time schedule for the New Svinesund Bridge between Sweden and Norway in 
Figure 4.13 was on no more than 36 months. 

 

Figure 4.13: Closing the gap between Norway and Sweden with a slender concrete arch 
bridge over Svinesund in March 2004
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5. LABORATORY WORK 

This project comprises two sets of measurements of increasing complexity, 
which is also reflected in the laboratory preparations. For the first field test the 
number of accelerometers was a clear limitation, altogether four pieces, two for 
horizontal (from China) and two for vertical measurements (from USA). This 
would prove to be a surmountable, and in the end positive, limitation.  

Preparations for the second field test did not need the same amount of focus on 
how to set it all up, but on the many new sensors. Two completely new laser 
sensors were bought from Finland and tested; furthermore three additional 
vertical accelerometers and one horizontal were bought from China through 
guest professor He Goujing.  

Moreover several LVDT:s had to be calibrated in case they would be needed, 
and of course the data acquisition hardware had to be understood. 

5.1. September 2005 

Chinese Sensors, accelerometers 

The Chinese sensors were manufactured by Institute of Engineering 
Mechanics, China Earthquake Administration, IEM CEA (2005a,b) in Harbin 
in northern China. 

To understand them a test rig, for vertical testing, was built by Testlab 
personnel. Unfortunately all the first setup gave was that this type of 
accelerometers (Harbin) only works in 1 dimension, either horizontally or 
vertically. The ones available at this time worked in horizontal direction.  
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Later on a new rig was built to test the sensors for horizontal movement. This 
setup included a 5 m long vertical steel bar, fixed in two points, at floor level 
and one meter above the floor. Both sensors were attached to the top, as well as 
a LVDT to check the accelerometers. The accelerometer signal passes through 
a signal processing box, specially developed for these sensors, before it reaches 
the acquisition hardware. Signals from the LVDT:s goes directly to the 
acquisition hardware. See Figure 5.1. 

An arrangement for changing vibration 
frequency of the bar was attached close to the 
top. It consisted of changeable weights, more 
weights give lower frequencies and vice versa. 
Unfortunately the motion in this setup is 
deviating slightly from perfect horizontal 
movement. This should however not cause 
any trouble since the deviation is relatively 
small and because the setup is built mainly to 
understand and check the sensors, not for any 
precise measurements.  

The Chinese accelerometers 
have several variables to 
change. The first one is 
located at the actual sensor 
and decides whether it 

should measure acceleration, or small, middle or large velocity/displacement. If 
switch #1 is set to on the output voltage is proportional to the acceleration of 
the foundation. If any of the other three switches is set to on, and the rest to off, 
the sensor produces an output voltage proportional to the velocity of the 
ground. See Figure 5.2(a). In this way no integrations or derivations has to be 
performed in order to find the acceleration or velocity. However, to get the 
displacement the velocity has to be integrated once, this is made by the signal 
processing box, depending on at what position the parameter selection switch is 
positioned. For a clarification of the sensor and parameter switches and their 
compositions Figure 5.3 is inserted. 

More choices are made at the front of the signal processing box. Up to six 
accelerometers can be connected to the box, and they can all be individually set 
to measure under different conditions. The bandwidth selector adjusts the 
computations made to expected frequencies and accuracy. Below that is the 
parameter knob located.  

 Moving direction 

4 m 

 

Signal processing 
box 

Computer 

Applied weights 

Figure 5.1: Test setup for horizontal   
testing of accelerometers
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Figure 5.2: (a) Top of accelerometer “minus”, model 941B, with the white switch buttons, 

on red background, set to # 2, small velocity/displacement. (b) Schematic view 
of the front panel of the signal processing box, model 941. 

 

Figure 5.3: Table of switch combinations for different types of measurements. 

Below the parameter selection switch is the amplification switch located, it is 
used to increase the output voltage of the sensors. This knob was put into 
position 1 during the entire test period since even that sometimes gave an 
output exceeding the maximum input voltage, 10V, of the software in use.¨ 

 

Figure 5.4: (a) Sensor calibration protocol and (b) processing box calibration protocol 
from (Harbin). 

(a) (b) 
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With each sensor came a calibration protocol designed as Figure 5.4(a). These 
values are included in a programmed Excel-document, together with the 
calibration values from Figure 5.4(b) for the signal processing box, to calculate 
the multiplication factor for acceleration, velocity or displacement amplitudes 
in the right units. Example of such a document is included in appendix A. 

Altogether these first tests gave very positive results, when the sensors were 
prepared for acceleration or velocity measurement they agreed very well with 
each other. Also when the displacement measurements were compared to each 
other and to the LVDT measurements performed simultaneously they agreed 
sufficiently well as well, see Figure 5.5. It should there also be observed how 
the results from sensor 891 is cut at large displacements because of its high 
output voltage. In this case small displacement measurements were performed 
for the particular sensor; as soon as middle displacement settings were used it 
handled 20 mm displacements perfectly. 
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Figure 5.5: Time – displacement graph from the laboratory test of the two Chinese 

sensors, 941 and 891, prepared to measure displacement, compared with the 
results of an LVDT, L1. 

American Sensors 

Two American sensors were also used during the first set up, they measured 
only acceleration and only in the vertical direction. Since no more equipment 
was available to compare their values with they were compared to each other, 
which gave satisfactory results. Unfortunately one of them didn’t work 
properly at the bridge and the results from the one left have therefore been 
sparsely used in this thesis. 
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LVDT:s 

Several LVDT:s, Linear Variable Displacement Transducers, were prepared by 
checking their reliability and calibrating them.   

5.2. November 2005 

Conclusions made from feedback on the first test set up in September said that 
more accelerometers would be needed, both for horizontal and vertical 
measurements. It would also be a great advancement if the static deflection of 
the bridge during the passing of a train could be measured in real time. 
Therefore four more Chinese sensors, three vertical and one horizontal were 
purchased. Together with two sets of Finnish laser sensors they should provide 
measurements enough to evaluate the behaviour of the bridge. 

For the laboratory tests of this new equipment two rigs were built, see Figure 
5.6, one for horizontal testing of the three horizontal Chinese sensors, and one 
for vertical testing of the three vertical Chinese sensors and the two Finnish 
laser sensors. 

 

Figure 5.6: Test setup for the second set of laboratory tests. 

Chinese Sensors 

Concerning the Chinese sensors not much was changed compared to the first 
tests. They are all of the same model and have the qualities described in 
Section 5.1. For easier handling of all the sensors they are this time named and 
marked with blue signs on white tape. The vertical ones as Dot, Plus and 
Minus, and the horizontal ones as Square, Circle and Triangle. 

The vertical ones were in addition to themselves also compared to a LVDT, 
while the horizontal ones only were compared to themselves. The 
measurements were more than satisfactory and gave clear answer to the 
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questions of their capabilities. Unfortunately one of the sensors, Plus; didn’t 
work properly and had to be taken out of the test program. A replacement 
sensor was ordered but hadn’t arrived when the field-tests were about to start in 
mid December. A check of the sensors behaviour in cold environment was also 
conducted by storing them in -18°C for 10 hours before putting them into the 
rig. The results from this can be seen in Figure 5.7. 
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Figure 5.7: Test result from a cold vertical test of sensors Minus and Dot, set to measure 
small displacement, compared to an LVDT. 

This time the displacements didn’t reach more than 3 mm but the sensors does 
still produce curves clearly coinciding with the LVDT:s. 

Finnish Laser Sensors 

These sensors are using the deviation of a reflected laser beam (contact free 
measurement). This allows static displacement measurements with a fixed 
point 300 meters away from the moving object, in this case the bridge. The 
contact free measurement was very useful as it was difficult to create 
possibilities for contact dependent measurements 25 meters above the river 
surface and 100 meters away from the shore. 

The laser beam, a laser class 2, was transmitted by a TU-30 transmitter 
manufactured by Noptel OY, Oulo, Finland, see Figure 6.8. It uses a 
wavelength of 670 nm ± 10 nm and produces a spot with approximately 10 mm 
diameter on a 100 meters distance. A current supply on 120 mA is secured by a 
12V car battery and the transmitter as well as the receiver is capable of 
handling temperatures in the range of -20…+50°C. 

Once set to on, the transmitter produce a continuous beam, this beam is then 
received by a RU-200 receiver from Noptel OY at a maximum rate of 500 Hz, 
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see Figure 6.9. It has a detection area with diameter 200 mm but the linearity 
starts to deviate before a displacement of 100 mm is reached. At 70 mm the 
nonlinearity might be up to ± 1 mm. Otherwise the resolution is less than 0.2 
mm according to the specifications from Noptel, (Noptel OY 2006). The 
receiving window consists of several small detectors that have to be combined 
to calculate a beam weight maximum of the spread laser point for each reading. 
If something comes in the way of the beam this weight maximum will change 
position and look as if a displacement has occurred. This can for example be a 
branch, larger snowflakes or simply fluctuating air that diffracts the laser beam. 
Perfect conditions are therefore indoor measurements, or otherwise a stable 
low pressure system producing clouds but no precipitation. 

During the laboratory this was no problem since the rig was put up indoors, but 
to make it a bit more realistic the transmitter was also moved outside into         
-20°C, approximately 150 meters away from the receiver, which remained 
inside. One set of transmitter-receiver was tested at a time and could therefore 
not be compared to each other, they could however be compared to the LVDT 
and to the Chinese sensors for the dynamic part of the motion, see Figure 5.6. 
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Figure 5.8: Laboratory test comparing the results from two Chinese sensors, set to 

measure middle size displacements, with that of the Finnish laser sensor; 
first pure dynamic displacement and then a mainly static displacement. 

Several tests were performed; Figure 5.8 shows the result of one, both for pure 
dynamic displacements and dynamic displacements with an added static 
deflection. The equipment proved to be appropriate for the intentioned tasks. 
The highest noise was detected when no displacement of the receiver existed; it 
reached 1.1 mm on the mentioned 150 meters distance, only because of air 
fluctuations. Once the receiver was excited the noise decreased to about 0.1 
mm. 
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6. FIELD WORK 

During the first round of measurements on the bridge the main objective has 
been to prepare for further more thoroughly measurements later on. Several 
types of measuring devices have therefore been used, some of them not 
mentioned in this thesis since they didn’t produce reliable results and simply 
was taken out of service. On the contrary some measurements gave such good 
results that they didn’t have to be repeated or improved in any way. A large 
amount of equipment and the many measurement positions that should be 
investigated tightened an already short test round and made the planning a bit 
chaotic. 

Next round, in mid December featured a more rigorous test plan. It did also use 
less types of equipment, which in addition was prepared for easy handling, 
based upon experience from the first test round. This proved to be a necessity 
because of the cold weather and short periods of working time between the 
trains. The well planned round gave a great quantity of data which after 
analyses displayed excellent information to work with.  

The Vindel River Railway Bridge is a stiffened open spandrel arch bridge; see 
Figure 1.2, Figure 4.2 and Figure 6.1. The arch spans 110 meters and has a rise 
of 22 meters, it consists of three structural main parts. Those are the arch, the 
deck and the columns. Cross sections of the deck and arch are seen in Figure 
6.1(b). They vary however in thickness and height along the structure; to 
handle expected moments and compression forces better. Also the columns are 
constructed to resist some moment. 
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Figure 6.1: (a) The Vindel River Bridge’s main span. (b) Typical cross sections of the 
deck and arch.(He et al., 2006) 

In addition to the main span two side spans are attached, one on each side. The 
connection is stiff in the vertical and transverse directions but free to move and 
rotate in the longitudinal direction. These side spans are together 130 meters so 
that the bridge altogether will stretch 240 meters in the longitudinal direction. 

For easier administration the bridge has been given several predestinated 
measurement positions. They are first divided into three subgroups, which are 
the deck, arch and side spans, and then given a supplementary longitudinal 
position description. Figure 6.2 shows the different measurement positions 
while Table 6.1 list the names used through the text for reference to a specific 
position. 

 

Figure 6.2: Measurement point positions. 

Table 6.1: Names referring to Figure 6.2. 
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6.1. Vindeln 12-15 September 2005 

This first round of measurements was conducted during Swedish autumn 
conditions with temperatures varying between 0 to +10°C, see Table 8.5. This 
allows for very damp conditions and precipitation in the form of rain. 
Therefore the processing hardware was positioned underneath the deck close to 
the midpoint. All measurement equipment was connected to the hardware by 
electric cables. The longest ones reached up to a hundred meter. 

At the northern endpoint of the deck two LVDT’s where positioned in 
longitudinal direction, one upstream and one downstream, thus measuring how 
the main span behaves relative to the side span. They where fastened by a 
magnet and two clamps to the main span side and pointed towards a small 
metal piece fastened by a clamp at the side span. See Figure 6.3 for further 
details. 

 

Figure 6.3: LVDT’s measuring longitudinal motion in the joint between the main and 
northern side span. 

The rest of the sensors, two horizontal Chinese and two vertical American 
sensors where attached in pairs of one vertical and one horizontal to two steel 
tubes, see Figure 6.4. These tubes could easily be bolted to the bridge in 
predrilled holes which simplified the process of measuring acceleration at 
different positions. Each sensor and connection were always covered by a 
plastic bag and taped because of the risk of rainy weather. 
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Figure 6.4: The two sensor couples mounted on their tubes and bolted to the deck. 

For mounting of the tubes on the arch, an L-profile and long bolts where used, 
see Figure 6.5; much effort was put into mounting them at the right inclination. 

 
Figure 6.5: The two tubes bolted to the arch. 

Measurements from LVDT’s are transported through a screened pair of twisted 
four-core cables directly to an MGCplus receiver in [mV/V]. Currents from the 
Chinese sensors are lead through coaxial cables to the appertaining processing 
box and then by coaxial cables to the MGCplus while the American sensors’ 
signals are lead directly to the MGCplus through coaxial cables, both in [V]. 
Figure 6.6 shows all cables coming into the back of the MGCplus. There the 
signals are read at 200 Hz and then converted to the right unit by multiplication 
with calibration factors from the manufacturers. 

 
Figure 6.6: Chinese signal processing box, MGCplus and computer underneath the 

bridge deck. 
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A plan for the first round was early established but soon revised due to 
decreased measurement time and large shifting in the timetable for the steel 
carriers. While the LVDT’s remained in their position during the test round and 
produced clear results the tubes with sensors where more or less randomly 
moved between the predrilled positions. 

Complete logbooks from this test round and the one in December are given in 
Appendix E. To sum it up it can be said that the Chinese accelerometers where 
tuned to measure middle or large displacement and during a shorter period also 
measured acceleration. A conclusion from this was that the displacements were 
so small that they can be handled with the sensors tuned to small displacement 
measurements in later rounds. One pair of sensors was positioned mainly at the 
southern quarter point of the deck while the other pair was moved from the 
centre point to the northern quarter point and then to the northern endpoint of 
the deck. Finally they where both moved to the arch, one on each quarter point.  

Measurements were started by a trigger value on the LVDT’s measuring 
longitudinal displacements at the northern endpoint of the deck. This worked 
out very well except for some lighter trains or locomotives that didn’t create 
displacements large enough. In addition to that no train that passed the bridge 
without our notice has been taken into consideration during the evaluation. 

Some lessons learned from the first round of tests are, the earlier mentioned 
size of the displacements, that a heated cabin can be useful and that it would be 
preferable with a digital link from the MGCplus at the bridge to the computer 
in the cabin. The results also increased our belief in some kind of contact less 
measuring system to measure static deflections with and the need for longer 
preparation time on site. 

6.2. Vindeln 13-15 December 2005 

During this period the temperature varied between -1 and -7°C, see Table 8.5. 
Equipped with better and several new sensors this second session at the Vindel 
River Bridge would nevertheless prove to be a success in the means of useful 
results. Two important factors were the heated office cabin and the possibility 
to connect the MGCplus via a Systimax 1071E XL gigaspeed Cat 6 UTP cable 
to the computer inside. Because of the long distance an amplifier in the form of 
a D-Link DI-604 Ethernet Broadband Router was attached halfway to the 
computer, after 50 meters, and covered with plastic bags and tape. 
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Other novelties were the two Finnish laser sensors, two vertical Chinese 
accelerometers in addition to the two horizontal ones, new triggers and the 
access of a 90 tones locomotive for three periods of measurements with known 
excitation.  

All of the first day was designated to putting up the equipment. This time as 
little as three positions were used, plus two positions at the ground for the laser 
transmitters, see Figure 6.7. All positions have been measured by a GPS and 
can therefore differ to reality with some decimeters. For example the two 

angels on the bridge should be equal, which not is the 
case. These small uncertainties are possible to neglect 
since they give very small effects on the calculated 
displacements. 

Both laser transmitters are mounted on tripods with 
their feet buried deep in the packed snow. A 12V car 
battery was attached and the transmitter was then 
pointed towards the receiver on the bridge. See Figure 
6.8. The aiming process has several useful functions. 
Highly important are the three diodes on the receiver. 
The first one lights up when the laser is pointed 
somewhere on the circular receiving disc, the other two 
lights when the point is placed reasonably well at the 
discs centerline in vertical resp. horizontal direction. To 
see the lights a telescopic sight is combined with the 
transmitter that is first roughly adjusted and then fine-
tuned before its position is locked. 

At the bridge two steel plates were bolted to the concrete with a wooden 
distance, partly to reduce high frequency noise and partly to facilitate the 
mounting of the receiver. See Figure 6.9. Each receiver was then roughly, by 
eye, pointed towards the belonging transmitter, thus making an angle to the 
bridge line.  

The receivers are powered by 12V car batteries connected to the junction box, 
which also handle the currents withholding obtained data. From it different 
measurements can be taken care of in different ways by splitting the channels 

Figure 6.7:  Schematic map of the test setup. Red dots 
represent measuring points at the bridge and blue 
ones the transmitter positions.  
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into different cables. In the Vindel River case they were all transmitted to the 
MGCplus unit positioned on the bridge and from there to the computer for 
analysis.  

 

Figure 6.8: Transmitter at position #2 and the view from position #1 before the 
shrubbery was trimmed; it is also possible to get a glimpse of the diodes, as 
red dots,  at the centre point resp. the southern quarter point. 

Chinese accelerometers were again mounted onto short steel tubes and bolted 
to the concrete. This time four Chinese accelerometers were used, two vertical 
and two horizontal in pairs of one of each, which all were set to measure small 
displacements during the entire test round. They were covered in plastic bags 
and connected to the belonging signal processing box and then to the 
MGCplus, see Figure 6.10, both connections done by coaxial cables. 

 

Figure 6.9: Receiving unit from the front with its disc and the vertical diode visible resp. 
the same unit from the back with battery, junction box and manual visible.  

For triggering the measurements when a train passes, (to decrease the amount 
of unwanted data), two sets of cordless motion detectors were obtained. A set 
consists of one transmitter using infrared light and one receiver. See Figure 
6.11. They were taped at each side of the bridge and pointed towards each 
other so that a passing train breaks the beam. Each unit is powered by three AA 
batteries and the signal, initially leading to a speaker, was instead transmitted 
to the MGCplus.  
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Figure 6.10: Chinese sensors “dot” and “circle” mounted at the bridge resp. the signal 
processing unit in the black box and the MGCplus in the wooden box.  

One pair of triggers was positioned at the centre point of the deck; it was used 
as measurement trigger, and the second one at the southern end point. This 
made it possible to see how fast the train drove since the distance in between 
was measured to 57.6 meters. Since the processing software in use has the 
possibility to save a running memory with decided length the triggering also 
saved a measuring period of 15 seconds before the triggering was off, thus 
covering all displacements caused by the train. 

 

Figure 6.11: Transmitter resp. receiver of the triggering signal. 

Altogether 3 different position combinations were used. They and their 
corresponding channels together with a log of the occurrences during the test 
round are presented in Appendix F (in Swedish). Briefly it can be said that 
from Wednesday evening until approx. 10:30 on the following day the sensors 
were positioned at the centre point and at the southern quarter point. One laser 
sensor, one vertical and one horizontal Chinese accelerometer were utilized at 
each position. 

Once measurements of the single locomotive had been done the set of sensors 
at the quarter point was moved to the southern endpoint. Again plain 
locomotive measurements were carried out and one sensor set was moved; this 
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time the one at the centre point. It was moved to the southern quarter point. It 
then remained like that until the last measurements were complete and all data 
collection was terminated. 

Five occurrences were of particular interest, first the three times when we 
could control the engine and also two good measurements of steel carriers. One 
steel carrier passage was measured with instruments at the centre and quarter 
points while the second one was measured with the instrument positioned at the 
quarter and end points. 

The one hour periods with the locomotive was spent in exactly the same way 
for each instrument position. Before it drove onto the bridge a measurement 
with the frequency 20 Hz was started. Once on the bridge the engine stopped at 
the northern quarter point, the centre point, see Figure 6.12, and the southern 

quarter point for one minute at each position. 
The measurements were then set to its usual 
triggering system and frequency before the 
engine ran over the bridge four times. Two times 
at 50 km/h, one time in each direction and then 
two times at 100 km/h. 

Several lessons can be learned but overall the 
measurements worked out very well this time 
except for a branch that disturbed the laser 
during some of the later passes. 

 

 
Figure 6.12: Engine stopping at the 

centre point. 
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7. PROCEDURE FOR DATA ANALYSIS 

Information handling and retrieval of information out of the measurement data 
has mainly been done with five data handling software packages. (1) HBM 
Setup assistant Version 3 Release 3.3 was used to setup the MGCplus for the 
measurements and to save the raw data files.  

Later on, in the office another HBM software, (2) catman Version 5 Release 
2.0, was used to produce some of the graphics and to convert the data files into 
formats possible to handle in (3) Excel 2003 which mainly has been used to 
table found eigenfrequencies and from that to make evaluations of mode 
shapes. (4) Matlab 7.0.1 and its application (5) SPiCE Version 2.0 have been 
used to produce most of the graphics and calculations. 

7.1. Eigenfrequencies 

To find the bridge’s eigenfrequencies and thereby be able to compare the actual 
frequencies with the modeled ones, the results from four sensors were used 
from the December test round but only three from the one in September. They 
have mostly been set to measure displacement. This decision is based upon 
comparative measurements during the first test round at the bridge. No 
differences could be seen between the frequencies from train #11 to #13007, 
when the accelerometer was set to measure acceleration, and the rest of the 
trains in that round, see Appendix B. The result is not surprising and depends 
upon the relationship between displacement and acceleration that exists, where 
acceleration approaches zero as displacement reaches its local max- or min-
value; thus giving maximum values of acceleration and displacement with the 
same frequency, but phase shifted π radians.  
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The data from the sensors is first multiplied by a calibration factor in the HBM 
Setup Assistant. Each measurement with the Chinese sensors need an 
individual calibration factor, which is calculated in a programmed Excel sheet 
based upon values from the factory, see Appendix A, while each American 
sensor have a distinct value. It is then saved as a *-bin file, possible to view in 
catman, where a time channel is defined, a quick look is taken on the graphics 
and the useful data is converted into *-xls files. These first steps are equal also 
when information is produced for displacement calculations. 

Once the data is converted to *-xls format it is also possible for Matlab to use, 
but the application used to extract eigenfrequencies work with *-ascii format 
and another conversion therefore has to be conducted. This is done with the 
Matlab script in Appendix D, which simultaneously cut down the amount of 
rows and columns, so that SPiCE can handle the file, and finally adjusts the 
values with respect to a neutral initial value. 

SPiCE is a Matlab application initially developed as a master thesis at the 
Katholieke Universiteit Leuven. Its purpose is to easily extract frequencies 
occurring in a set of data. 

 
Figure 7.1: Graphical user interface of the SPiCE software. 

Basically two methods are used; one is the relatively new Stochastic Subspace 
Identification Method (SSI), briefly introduced by Peeters & Roeck (1999), and 
the second one is the classic Peak Picking Technique (PP). SSI is one of the 
most effective groups of algorithms developed up to date, see Peeters & 
Ventura (2002). It is particularly useful in civil engineering because of its use 
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of output-only measurements. Output-only refer to the possibility to use 
ambient or natural loading as excitation without controlling it. This is an 
obvious advantage since controlled excitation is difficult to obtain on large 
structures, such as the Vindel River Bridge. SSI is therefore the method used 
during the data analysis of the Vindel River Bridge material.  

Once the requested file is on the “File(s) in use” list in Figure 7.1 the 
preprocessing starts with definition of sampling frequency, accelerometer and 
measuring direction for each channel, see Figure 7.2. 

 
Figure 7.2: Definition of channel parameters in SPiCE. 

The file is now saved as a *-sit file that should be modified once again before 
the SSI process can take place. This is done in the Preprocess sit-data window 
as in Figure 7.3. Four commands from the drop down list have been frequently 
in use; 

 
Figure 7.3: Preprocess sit-data window. 
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Delete channel: If there after several reductions still are excessive channels or 
uninteresting channels for frequency calculations present they are deleted here. 
This is not necessary but increases the possibilities of surveying the data. 

Decimate: This command reduce the number of data by a by the user defined 
factor. Each reduction decreases the frequency span possible to detect. For 
example, if the sampling frequency is 200 Hz it’s possible to detect vibrations 
up to 100 Hz without being afraid of aliasing phenomena. When every second 
data point is deleted the sampling frequency will be reduced to 100 Hz and the 
possible detection frequency will become 50 Hz. In the present case no 
frequencies above 10 Hz was of any interest, this assumption was based on 
early measurement and on the fact that only mode shapes of rank 10 or higher 
reached 10 Hz. Consequently the sample was decimated with a factor 10 to 
produce a data set with frequency 20 Hz. 

Detrend: In the case of data sets that have a clear trend in any direction 
depending on problems with measurements, for example induction, this 
command can make smaller corrections. For the measurements in this thesis it 
has been sparsely used. 

Time window: Enables a reduction of the measurement length to be put into 
the SSI process. This is a very powerful tool and should be used with care. If 
used in a correct way it produces clear Frequency Response Functions, FRF, 
easy to interpret because much of the noise has been cut off. On the contrary, 
an incorrect use might cut off to much and make it impossible to see any 
results at all. In the Vindel River Bridge case each set has been designated a 
window including the time following after the train has left the bridge. In that 
way none of the eventual disturbances from passing trains is included and it 
consequently produces a data set consisting of the bridge’s natural frequencies 
(eigenfrequencies). 

At this point the *-sit file is prepared for SSI processing, and it is also at this 
point that the usage made of SPiCE in this thesis somewhat abandon the 
original purpose of the software. Instead of including all channels from a 
measurement in one frequency finding process and then present the results in a 
built in post process, the channels are here interpreted one by one and post 
processed in an alternative way. 

Thus, a channel is chosen as seen in the first part of Figure 7.4. In this way 
only one sensor at a time is taken into account. It has on the other hand been 
important to know where and in what direction the sensor of respective channel 
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has been positioned at the structure. As experience parameter an expected 
value for the number of frequencies to be found should be taken but in reality a 
somewhat higher number is chosen. 
When this and model order range is 
set, calculations are made to produce a 
principle angle plot and a stabilization 
plot. 

Unfortunately SPiCE is programmed 
to work with small computing 
capacities and many of its functions 
for calculation reductions have no 
relevance. This is for example the case 
with the principle angle plot where the 
user is supposed to locate important 
model orders by noticing larger steps 
in the angle between two orders. In 
Figure 7.4(b) this is apparent for 
model order #10. First a big step can 
be detected in the middle part and it’s 
then possible to see that two of the 
three most stable poles in the last part 
have their first marking at order #10.  

If you want to decrease the 
amount of calculations, a 
comfortable way then would 
be to check the principle 
angels and then only calculate 
the ten first modal orders. 

The stabilization plot is where 
each frequency is manually 
picked and saved into a *-
mod file. A blue marked pole 
show that the pole in question 
fulfills the criteria concerning 
frequency, damping and 
vector, set at the left frame. A 
change of the criteria makes it 
possible to further increase 
the accuracy of the choice. In 

Figure 7.4: The three steps of the SSI process. (a) 
Choice of parameters and channels, 
(b) Principle angels, (c) Stabilization 
plot with natural frequencies. 
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Figure 7.4(c) the marker is set on a pole with frequency 2.054 Hz and a 
damping of 1.0%. 
 
As every channel from every useful measurement had gone through the 
foregoing steps the frequencies were tabulated in an Excel sheet. The results 
are collected by measuring position and direction. Thus all train passages 
measured by a sensor at the centre point in the vertical direction are collected 
under the heading Y-centre in Appendix C, while those measured in transverse 
direction at the quarter point are collected under the heading Z-quart. Both the 
information from the December and the September data was extracted in this 
way, but the September table looks a bit different due to the amount of 
positions and very few values in vertical direction, see Appendix B. 

Out of the mentioned Excel sheets some new interesting facts could be found. 
Each frequency was now searched for measurement positions and directions 
with many ticks. Appendix C shows the December sheet and is a good example 
on how the theory works. The first three frequencies are rather difficult to see 
anything in, but at 2.55 Hz it is clear that the main vibration occurs vertically at 
the quarter point and it is likewise easy to see that the vibrations at 3.44 Hz 
occurs mainly in transverse direction at the quarter point. Uncertainties are 
marked with shaded colors while clear cases of vibration are marked with clear 
colors. To further increase the reliability, a closer investigation of the lowest 
frequencies was made, starting from the decimation of measurement frequency 
in SPiCE. Those results are presented in the right columns of Appendix C. 

A summary of the December collection is presented in Table 8.1 and Table 8.2 
and for the September collection in Table 8.3. 

7.2. Displacements 

New and well functioning equipment made the displacement analyses easy to 
conduct. Beginning in the same way as for the eigenfrequencies it stops to be 
similar when the *-xls files are processed in Matlab. Example of a Matlab 
program sheet is given in Appendix D. The program loads the Excel file, 
processes the data, presents the data as graphs and finally saves the data . 
During the processing, in chronologic order: 

 Excessive data is removed. 
 The values are adjusted with respect to a neutral initial value. 
 Care is taken to the angle between bridge and receiver. 
 Train speed is calculated out of signals from the triggers. 
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 A sign change is conducted because the graphs otherwise would show 
how the laser beam move on the receiver and not how the receiver 
move relative to the beam. 

 Filtering of the noise in the laser sensors are done using the Matlab 
command “filter”. 

 Maximum and minimum values are produced for display in the graphs. 
 
Some of the best typical results from these analyses are presented in chapter 
8.2 Displacements. More results are given in Appendix G.  
 
The diagrams have a main heading showing the name of the file under which 
the measurement is saved, “type of train” and at what velocity it has been 
driven. Over each diagram is a secondary heading positioned, describing 
direction and the point at the bridge where measurements for the specific 
diagram has been done during the train passage. In the diagrams, data from 
Chinese sensors are shown in blue, and from Finnish laser sensors in red. 
Underneath each diagram some key values are displayed showing maximum 
and minimum values for the accelerometers and laser sensors. 
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8. RESULTS 

In this chapter, the main results from the measurements are summarized. 
Detailed results are given in Appendix G. Results from the Finite Element 
Analyses are given in Appendix H (preliminary model) and in Appendix I 
(updated model), He et al. (2006a,b). 

8.1. Eigenfrequencies 

December 

An overview of measured natural frequencies and corresponding modes of 
motion are given in Figure 8.2. In Table 8.1 and Table 8.2 one can see, in 
percent, how many of the measurements in one point and with specified 
direction that include the respective frequency. Only measurements done 
during December 2005 are included, and the position refers to points on the 
main span as seen in Figure 6.2. An example is that among the measurements 
in vertical direction at the quarter point of the main span, 82.14 % included the 
frequency 2.57 Hz, while only 14.29 % included 6.5 Hz.Positions with high 
percentage have a darker green color that decrease in intensity with every tenth 
percent. 
 Table 8.1: Percentage of measurements that include the respective natural frequencies 

at specified positions and in transverse and vertical directions. 
 

 

[Hz] 1.15 1.9 2.25 2.57 3.44 3.8 4.6 5.4 5.8 6.1 6.5 6.9 8.2 

Z 1/2 100.0 81.48 96.30 0.00 18.52 48.15 18.52 0.00 0.00 0.00 25.93 0.00 14.81 
Z 3/4 100.0 92.86 60.71 0.00 89.29 7.14 14.29 0.00 0.00 0.00 3.57 0.00 39.29 
Z 1/1 100.0 100.0 100.0 5.26 0.00 5.26 31.58 15.79 21.05 0.00 10.53 0.00 31.58 
Y 1/2 100.0 66.67 62.96 3.70 0.00 100.0 0.00 0.00 0.00 14.81 55.56 0.00 0.00 
Y 3/4 96.43 89.29 28.57 82.14 7.14 92.86 0.00 85.71 0.00 3.57 14.29 3.57 3.57 
Y 1/1 100.0 100.0 100.0 0.00 0.00 57.89 26.32 10.53 15.79 5.26 0.00 15.79 36.84 
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To clarify the picture of the first nine frequencies, the data for frequencies 
between 0 and 3 Hz were reanalyzed for more detailed information and all 
positions in Table 8.1 with a percentage less then 30 % were set to zero in 
Table 8.2. 
 
Since all the first four frequencies were so obvious compared to the rest, the 
frequencies for each position, direction and train had to be chosen in a slightly 
different way. That’s the reason to why the percentage suddenly has dropped 
for those frequencies. The benefit is that it now is easier to detect nodes. 

 Table 8.2: Information from reanalyzed data for the first 4 frequencies and clarification 
of the rest. Transverse direction (z) and vertical direction (y). 

[Hz] 1.15 1 . 9 2.25 2.57  3.44 3 . 8 4 . 6 5 . 4 5 . 8 6 . 1 6 . 5 6 . 9 8 . 2 
Z 1/2 100.0 48.15 70.37 0 . 0 0 Z 1/2 0 . 0 0 48.15 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
Z 3/4 96.43 96.43 35.71 0 . 0 0 Z 3/4 89.29 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 39.29 
Z 1/1 68.42 84.21 57.89 0 . 0 0 Z 1/1 0 . 0 0 0 . 0 0 31.58 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 31.58 
Y 1/2 92.59 55.56 44.44 0 . 0 0 Y 1/2 0 . 0 0 100.0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 55.56 0 . 0 0 0 . 0 0 
Y 3/4 92.86 89.29 0 . 0 0 78.57 Y 3/4 0 . 0 0 92.86 0 . 0 0 85.71 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
Y 1/1 63.16 84.21 57.89 0 . 0 0 Y 1/1 0 . 0 0 57.89 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 36.84 

 

• 1.15:  Vibrates along the full length of the bridge but a bit less in the end points. 
• 1.9:  Vibrates less in the centre point. 
• 2.25:  Vibrates mainly in the quarter and end points. 
• 2.57: Vibrates only in vertical direction at the quarter points. 
• 3.44:  Vibrates only in the transverse direction at the quarter points. 
• 3.8:  Vibrates mainly in the vertical direction and then significantly less at the end 

points. 
• 4.6:  Vibrates mainly in transverse direction at the end points. 
• 5.4:  Vibrates only in the vertical direction at the quarter points. 
• 5.8, 6.1 and 6.9:  Have no clear vibration. 
• 6.5:  Vibrates only in the vertical direction at the centre point. 
• 8.2:  Vibrates mainly in transverse direction at the quarter and end points. 

By combining known dynamic displacement amplitudes, early FE-models and 
the information from Table 8.1 and Table 8.2 a specific mode shape can be 
related to the first nine frequencies. As seen in Appendix G the amplitude of 
vertical natural vibrations is clearly smaller than the transverse one for the 
same train and the same time period. This should be due to the fact that the 
dominant first three frequencies all are transverse and therefore only induce a 
small vertical vibration as seen in Figure 8.1. 
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Figure 8.1: The vertical vibrations dependence on transverse vibration. 

 

The theory is also strengthened by the fact that all vertical modes only show 
vibration in vertical direction, contrary to the transverse modes, except for the 
one at 3.8 Hz. This instead can be explained by the fact that it is the only 
vertical mode vibrating in the stable centre point and therefore produce more 
noise in transverse direction at that point. 

 
Figure 8.2: The first nine modes as a result of eigenfrequency measurements done on the 

Vindel river railway bridge during autumn 2005. 
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Explanations and comments on the nine mode shapes seen in Figure 8.2: 

1. The tables tell that this frequency appears in both directions equally, it 
therefore has to be a transverse mode. Since it has it lowest appearing 
percentage in the end point it also has to vibrate less there. Compared 
with the early FE-results in Appendix I for mode #1-FE, that gives the 
shape. 

2. As mode #1 but with its lowest appearing percentage in the centre 
point, comparable with mode #5-FE in the Appendix I. 

3. As mode #1 and #2 but with its lowest appearing percentage in the 
quarter point, comparable with mode #6-FE in the Appendix I. 

4. The bridge’s first vertical mode, only apparent in the tables for vertical 
vibration in the quarter point. This means nodes in centre and end 
points as for mode #4-FE in the Appendix I. 

5. This frequency is only clearly apparent in transverse direction at the 
quarter point. Therefore it is a transverse mode with nodes in centre and 
end points. Comparable with, but not equal to, mode #8-FE in 
Appendix I. 

6. The second vertical mode, vibrating in both centre and quarter points. 
Some transverse noise appears in the centre point, probably because of 
the arch’s stiffness. Equal to mode #7-FE in Appendix I. 

7. This frequency only appears in transverse direction but in all three 
points. This would coincide with the next level of transverse mode 
shapes as seen in Figure 8.2. 

8. As mode #4 but with a higher level of complexity, comparable to mod 
#9-FE in Appendix I. 

9. This is the most uncertain of the nine modes because of the position of 
its nodes coinciding exactly with the points of measurements. Although 
this is probably the shape that can be seen at 6.5 Hz and in mode #10-
FE in Appendix I.  

September 

These measurements are less usable for frequency calculations since the 
sensors were moved more often, fewer sensors were used and the equipment 
was new for the personnel. Therefore only the first 7 mode shapes has been 
located in the September measurements and they rely on fewer samples. 



 
 Results 

 71

Nevertheless the mode shapes coincide well with those from the December 
measurements, see Table 8.3. 

 Table 8.3: The first seven frequencies from the September measurements. 
Mode shape # 1 2 3 4 5 6 7 
[Hz] 1.11 1.77 2.05 2.21 3.19 3.72 3.99 

 
Temperature dependence 

Based upon the assumption that a low temperature will increase the stiffness of 
the bridge and thereby also increase the natural frequencies a comparison is 
made in Table 8.4 between the December and September test setups. 

Table 8.4:  Comparison between the two measurement setups concerning frequencies of the 
seven first mode shapes. 

Mode shape # Dec. [Hz] Sept. [Hz] Diff. [Hz] Perc diff. [%] 
1 1.15 1.11 0.04 3.6
2 1.9 1.77 0.13 7.3
3 2.25 2.05 0.2 9.8
4 2.57 2.21 0.36 16.3
5 3.44 3.19 0.25 7.8
6 3.8 3.72 0.08 2.2
7 4.6 3.99 0.61 15.3

 
Table 8.5:  Weather data from 
SMHI. Grey areas concern the days 
preceding the measurements and the green 
areas concern the actual days of 
measurement. 
Vindeln-Sunnansjönäs    

Date 07:00  19:00 Max 
temp 

Min 
temp

Day 
average

20050911 6.4 8.2 11.7 -0.7 7 
20050912 7 9.3 13.8 6.3 9.4 
20050913 3.9 6.2 10.7 0.3 5.7 
20050914 8.8 10 11 6.1 9.1 
20050915 2.1 3.9 10.4 0.9 4.7 
20051211 -3.4 1.2 1.2 -4.3 -1.2 
20051212 3.1 2.4 3.8 1.2 2.7 
20051213 0 -4 2.5 -4 -1.6 
20051214 -6.6 -1.5 -0.7 -7.1 -4 
20051215 -5.3 -6.8 -1.5 -7.3 -5.6 

 

 
Figure 8.3: Position of weather 

station in relation to the 
Vindel river bridge. 
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SMHI has during the days of measurement registered a temperature difference 
of approximately 10°C between the two setups, see Table 8.5. The position of 
the weather station is located about 4 km south east of the bridge, see Figure 
8.3. 

8.2. Displacements - general 

Displacements were measured during both setups, but with different 
equipment. In September the only sensors in use were the transverse 
accelerometers and longitudinal LVDTs, so from those measurements the 
displacements available are the dynamic transverse ones and the longitudinal 
ones. During the December setup both accelerometers and laser dependent 
displacement sensors were used and gave a clear distinction between the 
dynamic and the static displacement in transverse and vertical directions. A 
summary of the displacements is given in Table 8.6. 

 

Figure 8.4: Displacements at the northern end point of the main span caused by a Steel 
train going south including enlargements of the time spans 21-26 s and 35-50 s 

Longitudinal displacements (x-direction) 

These measurements gave in general a displacement-time graph with the shape 
of Figure 8.4, although the amplitude varied with the weight of the train. Both 
maximum and minimum values were attained at the same train, a Steel train 
with 22.5 tons of axle load.  

The maximum longitudinal displacement in compression at the northern end 
point when the train enters the main span is 1.4 mm and maximum 
displacement in tension is 1.86 mm when the train leaves the span.  
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It can also be seen that while the train is on the bridge, the vertical vibration is 
superior, contrary to when the train has left the bridge and the two LVDTs are 
vibrating phase shifted 180° to each other, see Figure 8.4. This suggests that 
the upstream is in tension while downstream is in compression and vice versa. 

Transversal displacements (z-direction) 

The transverse, as well as the vertical dynamic vibration is during the passage 
of a train highly dependent on the composition of the carriers. When the train 
leaves the bridge it goes into its natural vibration with amplitude decided by 
the excitation that the train has induced on it. In that way a light, but bad 
composed train, can cause larger transverse motion than a heavy steel train. 
Examples are given in Figure 8.5 where a 90 ton locomotive induces almost as 
high dynamic displacement as a 3510 tons steel train. The maximum 
displacement ± 1 mm was registered for a freight train see, Figure 8.6 . 

Centre point 

 

Figure 8.5: Transverse motion in the centre point induced by (a) a long steel train and (b) 
a locomotive. Both running at 100 km/h and going south. 

A behaviour occurring consequently in the transverse measurements at the 
centre point of the bridge are the two static peaks seen when a train enters and 
exits it. These peaks occur simultaneously in vertical direction at the quarter 
points, see Figure 8.8. Maximum displacement was caused by a freight train 
going south, and reached 1.3 mm, see Figure 8.6. 
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Figure 8.6: Largest transverse displacement measured at the centre point, caused by a 
freight train going south. 

Quarter and end points 

No clear pattern can be seen in these measurements, mostly because of to much 
noise in the laser equipment. Although, the accelerometers give dynamic 
measurements and show that the same train causing maximum displacement in 
the centre point also cause it in the quarter point, but only in the size of 0.75 
mm. At the end point the maximum transverse displacement reaches 0.64 mm 
and is caused by a steel train. 

Vertical displacements (y-direction) 

As an opposite of the transverse motion the vertical displacement amplitude is 
highly dependent on the weight of the carriers. The shape of the vibration 
curve, on the other hand, is more dependent on the composition of the train.  

As expected the displacement is larger at the quarter point than at the rather 
stable centre point. The smallest displacements are measured at the end point 
of the main span, where the equipment is placed above a column reaching 
straight down into the ground. 

Centre point 

Figure 8.7 (a) displays how the centre point behaves in case of uniformly 
loaded steel trains passing by. First it lifts when the locomotive enters the main 
span. As soon as the train has reached the centre it sinks and stays in that 
position during the passing. Finally it lifts again when the last carrier has left 
the centre point.  
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Figure 8.7 (b) displays the behaviour of a freight train with heavy engine and 
lighter carriers. It shows a dip while the locomotive passes the centre but then 
lifts up to a clearly higher position again until the last carrier has left the centre 
and it shows more or less the same peak as for the uniformly distributed load. 

Figure 8.7 (c) displays how heavier carriers among lighter ones affect the static 
behaviour. 

Figure 8.7 (d) displays the passing of a single 90 ton locomotive. The bridge 
shows the same shape of the displacement as for a uniformly loaded train 
except for the missing stable down period. 

 

Figure 8.7: Vertical displacement at the centre point induced by (a) a steel train, (b) a 
freight train with its load uniformly distributed, (c) a freight train with 
randomly distributed load and (d) a locomotive. 

0 10 20 30 40 50 60 70
−3

−2

−1

0

1

2

3
Transverse displacement centrepoint

Time [s]

D
is

pl
ac

em
en

t [
m

m
]

Acc min: −0.189 mm  Acc max: 0.179 mm

Las min: −2.82 mm  Las max: 0.415 mm

Accelerometer
Laser filtered

0 10 20 30 40 50 60 70
−3

−2

−1

0

1

2

3
Transverse displacement centrepoint

Time [s]

D
is

pl
ac

em
en

t [
m

m
]

Acc min: −0.141 mm  Acc max: 0.213 mm

Las min: −1.28 mm  Las max: 0.329 mm

Accelerometer
Laser filtered

0 5 10 15 20 25 30 35 40
−3

−2

−1

0

1

2

3
Transverse displacement centrepoint

Time [s]

D
is

pl
ac

em
en

t [
m

m
]

Acc min: −0.077 mm  Acc max: 0.0815 mm
Las min: −0.966 mm  Las max: 0.521 mm

Accelerometer
Laser filtered

0 10 20 30 40 50 60 70
−3

−2

−1

0

1

2

3
Transverse displacement centrepoint

Time [s]

D
is

pl
ac

em
en

t [
m

m
]

Acc min: −0.301 mm  Acc max: 0.368 mm

Las min: −2.66 mm  Las max: 0.239 mm

Accelerometer
Laser filtered

(c) (d) 

(a) (b) 



 
Dynamic Behaviour of the Vindel River Railway Bridge 

 76 

The maximum deflection at the centre point is 2.82 mm and the maximum 
uplift is approximately 0.5 mm. 

Quarter point 

At the centre point the direction of the train had little or no affection. This is 
not the truth at the quarter point, where it can be seen that the steel train in part 
(a) of the Figure 8.7 and Figure 8.8 actually are running south while the rest are 
going north. 

Figure 8.8 (a) displays how the quarter point behaves in case of uniformly 
loaded steel trains passing by. First it lifts when the locomotive and beginning 
of the train passes the other quarter point, then keep a constant displacement 
while the train passes over the measurement point. Finally it sinks during some 
seconds while the last carriers have left the other half and the only weight left 
on the bridge is located at the measured side.  

Figure 8.8 (b) displays the behaviour of a freight train with heavy locomotive 
and lighter carriers running in the opposite direction to the steel train in (a). 
Instead of starting with a peak it starts with a dip, then show a small peak when 
the locomotive has passed the centre point and another one when the last 
carriers have passed it.  

Figure 8.8 (c) displays how heavier carriers among lighter ones affect the static 
behaviour. The long uplift period in the end is probably due to noise, a possible 
explanation can be that of snow blowing up after the train. 

Figure 8.8 (d) displays the passing of a single 90 ton locomotive. The bridge 
shows the same shape of the displacement as for a uniformly loaded train 
except for the missing stable down period. 
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Figure 8.8: Vertical displacement at the quarter point induced by (a) a steel train, (b) a 
freight train with its load uniformly distributed, (c) a freight train with 
randomly distributed load and (d) a locomotive. 

Maximum deflection at the quarter point is 3.63 mm and maximum uplift is 
2.82 mm, see Figure 8.8. 

End point 

Unfortunately the measurements at the end point of the main span in vertical 
direction gave about as little information as those in transverse direction. 
Nevertheless some trains produced data corresponding reasonable well with the 
vertical vibration in the quarter point, at least concerning the accelerometers. 
See Figure 8.9. The laser equipment has not been able to detect anything but 
noise in any measurement at this point. 
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Figure 8.9: Comparison between vertical displacement at the quarter point (a) and at the 
end point (b) for a freight train going north. 

Table 8.6: Summary of measured maximum displacements [mm]. 

 Steel train Engine Freight train 
Longitudinal (x-direction)    

Northern end point    
Compression 1.4 --- 1.0 

Tension 1.9 --- 1.0 
Transverse (z-direction)    

Centre point 0.7 0.5 1.3 
Quarter point 0.5 0.5 0.7 

End point 0.8 --- 0.5 
Vertical (y-direction)    

Centre point downwards 2.8 1.3 2.6 
Centre point upwards 0.4 0.5 0.6 

Quarter points downwards 3.6 1.8 3.2 
Quarter points upwards 2.7 1.0 2.8 
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9. DISCUSSION AND CONCLUSIONS 

9.1. Discussion 

Today’s knowledge about the Vindel River Bridge’s behaviour is far better 
than could be expected at the beginning of the project. This is partly due to the 
improvement of measurements done after the September trials of equipment 
and methods, but it’s also partly due to the new analysis technique introduced 
during the work. The way of analyzing acceleration data described in 7.1 is still 
very new and not tested to its full potential. Everything does nevertheless look 
promising and much of the knowledge obtained during the work on the thesis 
can be used to explain the results of the frequency collections in Appendix B 
and C. As the introduction says, much effort is put into increasing accessibility 
of railway transportation in northern Sweden and thorough assessments to 
increase axle loading is a part of this. Problems occur unfortunately when the 
assessment becomes to time or cost consuming, as in the case studies of 
chapter 3, where up to 30 sensors were in use. That’s probably where this 
simplified method together with basic theoretical knowledge, such as that 
shown briefly in chapter 2 can come into use instead. 

Combining the theory of ramp input, such as in Figure 2.8, with the results of 
displacement measurements on a uniformly loaded train as in Figure 8.7a, 
suggest that the train can be thought of as a ramp input. This is not valid for 
certain smaller parts of the bridge, but when considering the entire structure no 
consideration need to be taken to the distance between the axes. The important 
parts are therefore probably instead the speed of the train and the length of the 
train that is heavily loaded. If a shorter bridge is studied the reasoning would 
take another direction since a pair of wheels then might leave the bridge before 
the next pair goes on. 
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When it comes to the equipment some doubts still exist concerning the Finnish 
laser sensors. The laboratory test gave satisfactory results with up to maximum 
1 mm noise over a 150 meter outside distance. This was, as can be seen in 
some parts of Appendix G, not the case when the measurements on the bridge 
started. Some of the disturbances in a few measurements are explained by a 
branch shadowing parts of the laser beam, but in most cases air fluctuations is 
the cause to useless data. The sensors did nevertheless produce some 
exemplary displays of the bridge’s combined dynamic and static behaviour. 
This is for example the case with the graphs in Figure 8.7. On the other hand 
the Chinese accelerometers caused no problems in calculations of the natural 
frequencies although they were set to measure displacements during the entire 
second round. 

The updated FE-model gave a clear confirmation of the correctness of the 
accelerometers and vice versa. A necessity for the good prediction of modal 
shapes out of the frequency collection was definitely the preliminary FE-
model, even though it had some difference in the shape order compared to the 
final one.  

9.2. Conclusions 

• The results from the autumn / winter measurements in 2005 gave better 
information about the bridge than expected. 

• The bridge’s natural frequencies could after consideration of an early 
FE-model and statistics on their presence give a good picture of the 
modal shapes without to much work. 

• Displacement measurements have given satisfactory results, 
corresponding to theory, but for many of the measurements to much 
noise was achieved. 

• The bridge is dynamically not a very complicated structure; it will be 
more difficult to combine the frequencies with their corresponding 
modal shape if more complex structures are considered. 

• The measured displacements were quite small, 0-4 mm. This 
corresponds to a span/deflection ratio of 110/0,04 = 2750, which is 
much more than the 400 to 800 ratio that is normally required for 
bridges. 
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9.3. Suggestions for further research 

As this is the first test analyzed by the statistic approach much work lies ahead; 
not least when it comes to produce proofs of its reliability and usefulness in a 
larger scale. This should be the overhead aim for the future while small areas 
of research can be found on the way, for example how the setup should be 
arranged and how the data should be processed for the best use of time. 
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Appendix  
A. Excel sheet for calibration parameter calculation 

 

941B
Filnamn

Sensor
Bandwith

Parameter
Mätning

Amplifier
Channel

S
v(a)

K11
K12

K1
K

S
x

Multipel
D1

3
3

4
Displacement [mm]

1
3

2.429
21.32

4.049
4.049

1
9.835021

101.6774646
D2

1
3

1
Acceleration [m/s2]

1
1

0.329
21.29

3.987
1

10
3.29

0.303951368
D3

3
3

3
Displacement [mm]

1
4

2.429
21.48

3.996
21.48
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260.8746
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the value of "K
11" resp "K

12". 

 "M
ätning" show

 w
hat type of m

easurem
ent the com

bination of 
chosen "Sensor" and "Param

eter" values give 

 



 
Dynamic Behaviour of the Vindel River Railway Bridge 

 88 

B. Collection of frequency detections, September 
measurements 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Train # 1.11 1.15 1.77 2.02 2.2 2.8 3.2 3.3 3.54 3.7 4
Z-centre

8 3.733
8003 1.109 3.724

Z-north quarter

9 2.261 3.738
10 1.789 2.252 3.733

10003 3.728 4.029
10005 1.097 3.711
10007 1.771 2.21 3.731
10009 1.777 2.185 3.239 3.721

11 1.101 1.766 2.186 2.841 3.724
12 2.283 3.728

12003 2.249 3.732
12005 1.16 1.769 3.727

13 1.146
13003 1.769 3.728
13007 1.103 2.181 3.722

Z-north arch

15 3.729
15003 2.151 3.724
15005 2.123 3.717

Z-north end

14 1.766 2.022 3.718
14012 1.122 1.806
14014 1.75 3.967
14016 1.809 3.73

Y-south quarter

8 1.115 2.076 3.54
8003 1.111 2.052 3.972

9 1.117 1.79
10 1.113 1.783 2.067 3.216

10003 1.112 1.782 2.067 3.144
10005 1.106 1.758 2.039 3.198
10007 1.112 1.777 2.066 3.211
10009 1.108 1.777 2.046 3.192

11 1.109 1.779 2.049 3.175
12 1.111 1.779 2.064 3.194

12003 1.112 1.783 2.072 3.208 3.739 4.007
12005 1.107 1.773 3.979

13 1.113 1.788 3.105 4.191
13003 1.107 1.763 2.054 3.23 3.978
13007 1.111 1.776 2.023 3.226 4.01

14 1.11 1.768 2.048
14012 1.11 1.776 2.057
14014 1.114 1.78 2.065 3.879
14016 1.104 1.772 1.966
14024 1.11 1.78 2.059 3.148 3.516 3.973

Y-south arch

15 1.104 1.758 2.037 3.193
15003 1.105 1.768 2.044
15005 1.101 1.762 2.041 3.187 3.733

Y-centre

8 1.116 1.789 2.067 3.306 3.535
8003 1.105 1.763 2.055 3.182

Y-north quarter

9 1.117 1.789 2.073
10 1.112 1.783 2.075 3.214

10003 1.113 1.782 2.071 3.192 4.016
10005 1.106 1.757 2.032 3.206
10007 1.108 1.781 3.214
10009 1.108 1.777 2.055 3.181

11 1.109 1.778 2.059 3.176 3.748
12 1.111 1.779 2.059 3.196

12003 1.112 1.783 2.07 3.197 3.746 3.999
12005 1.107 1.773 3.211 3.966

13 1.112 1.783 3.165 4.18
13003 1.107 1.764 2.054 3.233 3.751
13007 1.108 1.77 2.057 3.214 3.755 3.942

.
Y-north arch

15 1.104 1.757 2.035 3.198
15003 1.107 1.766 4.07
15005 1.101 1.762 2.033 3.185

Y-north end

14 1.107 1.762 3.19
14012 1.109 1.776 2.063
14014 1.113 2.061 3.187 3.876
14016 1.103 1.57 1.769 3.854
14024 1.11 1.779 3.164
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C. Collection of frequency detections, December measurements 
Y-centre

1.15 1.90 2.25 2.55 3.44 3.80 4.60 5.40 5.80 6.10 6.50 6.90 8.20 1.13 1.15 1.88 1.90 2.19 2.25 2.57
22 X X X X X X
23 X X X X X X X

24002 X X X X X X X
25 X X X X X X
28 X X X X X X X
29 X X X X X X X
30 X X X X X X
31 X X X X X

11003 X X X X X
11005 X X X X
11007 X X X X X X
11009 X X X X X X X
11011 X X X X X X X X X
14003 X X X X X X X
14005 X X X X X X X X
14007 X X X X X X X
14009 X X X X X
14011 X X X X X X X X X

14 X X X X X X X X
17 X X X X X X
18 X X X X X X
19 X X X X X X X

26002 X X X X X X X
26004 X X X X X X X
26006 X X X X X X X
26008 X X X X X X

26 X X X X X X X X X
0.00 5.00 1.00 27.00 22.00 14.00 22.00 27.00 27.00 27.00 20.00 27.00 23.00 18.00 0.00 27.00 14.00 23.00 8.00 27.00

100.00 81.48 96.30 0.00 18.52 48.15 18.52 0.00 0.00 0.00 25.93 0.00 14.81 33.33 100.00 0.00 48.15 14.81 70.37 0.00
Y-quart

22 X X X X X X
23 X X X X X X X

24002 X X X X X X X
25 X X X X X X X
34 X X X X X X
35 X X X X X X X
36 X X X X X X X
37 X X X X X X X

11003 X X X X X X X
11005 X X X X X X X
11007 X X X X X X X X
11009 X X X X X X
11011 X X X X X X X X
14003 X X X X X X X X X X
14005 X X X X X X X X
14007 X X X X X
14009 X X X X X X X
14011 X X X X X X X X

14 X X X X X X X
17 X X X X X X
18 X X X X X X X
19 X X X X X X

32003 X X X X X X X
32005 X X X X X X
32007 X X X X X X X
32009 X X X X X X X

32 X X X X X X X X
38 X X X X X X X X X

0.00 2.00 11.00 28.00 3.00 26.00 24.00 28.00 28.00 28.00 27.00 28.00 17.00 19.00 1.00 18.00 1.00 28.00 18.00 27.00
100.00 92.86 60.71 0.00 89.29 7.14 14.29 0.00 0.00 0.00 3.57 0.00 39.29 32.14 96.43 35.71 96.43 0.00 35.71 3.57

Y-end
28 X X X X X X X X X
29 X X X X X X
30 X X X X X X X
31 X X X X X X
34 X X X X X X X
35 X X X X X X X
36 X X X X X X
37 X X X X X

26002 X X X X X X
26004 X X X X X X X
26006 X X X X X X X X X X X
26008 X X X X X

26 X X X X X X X
32003 X X X X X X X X
32005 X X X X X X
32007 X X X X X X
32009 X X X X X X

32 X X X X X X
38 X X X X X X

0.00 0.00 0.00 18.00 19.00 18.00 13.00 16.00 15.00 19.00 17.00 19.00 13.00 18.00 6.00 14.00 3.00 18.00 8.00 19.00
100.00 100.00 100.00 5.26 0.00 5.26 31.58 15.79 21.05 0.00 10.53 0.00 31.58 5.26 68.42 26.32 84.21 5.26 57.89 0.00  
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Z-centre
22 X X X X X X
23 X X X X X X X

24002 X X X X X X X X
25 X X X X X X
28 X X X X X X
29 X X X X X X X
30 X X X X X X X
31 X X X X X

11003 X X X X X X X
11005 X X X X X
11007 X X X X X X X
11009 X X X X X
11011 X X X X X X
14003 X X X X X X X
14005 X X X X X X X X
14007 X X X X
14009 X X X X
14011 X X X X X X X X

14 X X X X X X X
17 X X X X
18 X X X X X X X
19 X X X X X X

26002 X X X X X
26004 X X X X X X
26006 X X X X X X X X
26008 X X X X X

26 X X X X X X X X
0.00 9.00 10.00 26.00 27.00 0.00 27.00 27.00 27.00 23.00 12.00 27.00 27.00 20.00 2.00 27.00 12.00 26.00 15.00 27.00

100.00 66.67 62.96 3.70 0.00 100.00 0.00 0.00 0.00 14.81 55.56 0.00 0.00 25.93 92.59 0.00 55.56 3.70 44.44 0.00
Z-quart

22 X X X X X X X X X X
23 X X X X X X X X

24002 X X X X X X X X X X
25 X X X X X X X X X X X
34 X X X X X X X X X
35 X X X X X X X X X
36 X X X X X X
37 X X X X X X X

11003 X X X X X X X
11005 X X X X X X X X
11007 X X X X X X X X
11009 X X X X X X X X
11011 X X X X X X X
14003 X X X X X X X X X
14005 X X X X X X X
14007 X X X X X X X
14009 X X X X X X X X
14011 X X X X X X X X X

14 X X X X X X X X X X
17 X X X X X X X X
18 X X X X X
19 X X X X X X X X

32003 X X X X X X X
32005 X X X X X X X
32007 X X X X X X
32009 X X X X X X X X

32 X X X X X X X
38 X X X X X X X X X

1.00 3.00 20.00 5.00 26.00 2.00 28.00 4.00 28.00 27.00 24.00 27.00 27.00 25.00 2.00 25.00 3.00 28.00 26.00 6.00
96.43 89.29 28.57 82.14 7.14 92.86 0.00 85.71 0.00 3.57 14.29 3.57 3.57 10.71 92.86 10.71 89.29 0.00 7.14 78.57

Z-end
28 X X X X X X
29 X X X X X X X X
30 X X X X X
31 X X X X X X X X
34 X X X X X X
35 X X X X X X X
36 X X X X X X X
37 X X X X X X

26002 X X X X X X
26004 X X X X X X X X X
26006 X X X X X X X
26008 X X X X X X X X X

26 X X X X X X X
32003 X X X X X X X
32005 X X X X X X X
32007 X X X X X X X
32009 X X X X X

32 X X X X X X X X
38 X X X X X X X

0.00 0.00 0.00 19.00 19.00 8.00 14.00 17.00 16.00 18.00 19.00 16.00 12.00 19.00 7.00 16.00 3.00 18.00 8.00 19.00
100.00 100.00 100.00 0.00 0.00 57.89 26.32 10.53 15.79 5.26 0.00 15.79 36.84 0.00 63.16 15.79 84.21 5.26 57.89 0.00  
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D. Matlab files used during the analysis of measurement 
 

Konverterar -xls filer till i SPiCE andvändbara -ascii filer 
 
clear 
data=xlsread('D:\Ex-
jobb\Vindeln0512\Fältarbete\mgcpdata\Loket\Lok3\vid37.xls'); 
 
%Tar bort onödig data från excelfilen. 
a=isnan(data(:,1)); a=find(a,1,'last'); 
if a>0; 
data=data(a+1:length(data),:); 
end 
a=isnan(data(1,:)); a=find(a,1,'first'); 
if a>0 
data=data(:,1:a-1); 
end 
 
%Nollar samtliga mätserier 
[m,n]=size(data); 
datanew=zeros(m,n+2); 
 
for i=1:n-1; 
    if data(1,i)~=0; 
        diff=data(1,i); 
        N=data(1:m,i)-diff; 
    else 
        N=data(1:m,i); 
    end 
    datanew(:,i)=N; 
end 
save D:\Ex-jobb\Vindeln0512\Fältarbete\mgcpdata\Loket\Lok3\vid37.asc 
datanew -ASCII 

 

 

% Den här används när resultat från 20051215 13:00 till 20051215 16:00 
%skall utvärderas. 
 
clear 
data = xlsread('D:\Ex-
jobb\Vindeln0512\Fältarbete\mgcpdata\Bratåg\Stålpendlar\vid38.xls'); 
 
%Tar bort onödig data från excelfilen. 
a=isnan(data(:,1)); a=find(a,1,'last'); 
if a>0; 
data=data(a+1:length(data),:); 
end 
a=isnan(data(1,:)); a=find(a,1,'first'); 
if a>0 
data=data(:,1:a-1); 
end 
 
%Nollar samtliga mätserier 
[m,n]=size(data); 
datanew=zeros(m,n+2); 
 
for i=1:n-1; 
    if data(1,i)~=0; 
        diff=data(1,i); 
        N=data(1:m,i)-diff; 
    else 
        N=data(1:m,i); 
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    end 
    datanew(:,i)=N; 
end 
 
% Anpassar för vinkeln mellan brolinje och sensorn. 
datanew(:,5)=datanew(:,5)/cosd(6.76); 
datanew(:,7)=datanew(:,7)/cosd(8.2); 
 
%Sparar tiderna 
datanew(:,n)=data(:,n); 
 
%Tar fram tågets hastighet. Avstånd mellan sensorerna är 57.565 m. 
P=datanew(:,9); Q=datanew(:,10); 
[i,j]=find(P<-10,1,'first'); [k,l]=find(Q<-10,1,'first'); 
t1=datanew(i,n); t2=datanew(k,n); t=abs(t1-t2); h=57.565/t*3.6; 
datanew(12,n+1)=h; 
 
%Byter tecken på lasersensorerna eftersom de annars visar förskjutning 
%motsatt sin rörelse. 
datanew(:,5:8)=-1*datanew(:,5:8); 
 
%Skapar en filtrerad version av mätdata för lasersensorna för att ta bort 
%ngt av bruset. 
datfilt=zeros(m,n-1); 
for i=1:n-3; 
    y=filter(ones(1,50)/50,1,datanew(:,i)); 
    datfilt(:,i)=y; 
end 
 
%Tar fram lite max och min värden för att använda i graferna. 
H=min(datfilt)';G=max(datfilt)'; 
datfilt(1:n-1,n-2)=H; datfilt(1:n-1,n-1)=G; 
min=datfilt(1:n-3,n-2); 
max=datfilt(1:n-3,n-1); 
velo=num2str(datanew(n+1,n+1),4); 
 
xmax=ceil(datanew(m,n)); 
 
subplot(2,2,1) 
plot(datanew(:,n),datanew(:,2),'b',datanew(:,n),datfilt(:,5),'r') 
axis([0 xmax -1 1]) 
title('Transverse displacement 1/4-point') 
legend('Accelerometer','Laser filtered') 
xlabel('Time [s]'); ylabel('Displacement [mm]') 
text(0,-1.35,['Acc min: ',num2str(min(2),3),' mm  Acc max: 
',num2str(max(2),3),' mm  Tot disp: ',num2str(max(2)-min(2),3),' mm']) 
text(0,-1.5,['Las min: ',num2str(min(5),3),' mm  Las max: 
',num2str(max(5),3),' mm  Tot disp: ',num2str(max(5)-min(5),3),' mm']) 
grid on 
subplot(2,2,2) 
plot(datanew(:,n),datanew(:,1),'b',datanew(:,n),datfilt(:,7),'r') 
axis([0 xmax -1 1]) 
title('Transverse displacement endpoint') 
legend('Accelerometer','Laser filtered') 
xlabel('Time [s]'); ylabel('Displacement [mm]') 
text(0,-1.35,['Acc min: ',num2str(min(1),3),' mm  Acc max: 
',num2str(max(1),3),' mm  Tot disp: ',num2str(max(1)-min(1),3),' mm']) 
text(0,-1.5,['Las min: ',num2str(min(7),3),' mm  Las max: 
',num2str(max(7),3),' mm  Tot disp: ',num2str(max(7)-min(7),3),' mm']) 
text(-1.25/8*xmax,1.25,['vid38 "Stålpendel söderut"  Velocity: ',velo,' 
km/h'],'HorizontalAlignment','center','FontWeight','bold') 
grid on 
subplot(2,2,3) 
plot(datanew(:,n),datanew(:,4),'b',datanew(:,n),datfilt(:,6),'r') 
axis([0 xmax -3 3]) 
title('Vertical displacement 1/4-point') 
legend('Accelerometer','Laser filtered') 
xlabel('Time [s]'); ylabel('Displacement [mm]') 
text(0,-3*1.35,['Acc min: ',num2str(min(4),3),' mm  Acc max: 
',num2str(max(4),3),' mm  Tot disp: ',num2str(max(4)-min(4),3),' mm']) 
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text(0,-3*1.5,['Las min: ',num2str(min(6),3),' mm  Las max: 
',num2str(max(6),3),' mm  Tot disp: ',num2str(max(6)-min(6),3),' mm']) 
grid on 
subplot(2,2,4) 
plot(datanew(:,n),datanew(:,3),'b',datanew(:,n),datfilt(:,8),'r') 
axis([0 xmax -3 3]) 
title('Vertical displacement endpoint') 
legend('Accelerometer','Laser filtered') 
xlabel('Time [s]'); ylabel('Displacement [mm]') 
text(0,-3*1.35,['Acc min: ',num2str(min(3),3),' mm  Acc max: 
',num2str(max(3),3),' mm  Tot disp: ',num2str(max(3)-min(3),3),' mm']) 
text(0,-3*1.5,['Las min: ',num2str(min(8),3),' mm  Las max: 
',num2str(max(8),3),' mm  Tot disp: ',num2str(max(8)-min(8),3),' mm']) 
grid on 
 
printpreview 
print -djpeg D:\Ex-
jobb\Vindeln0512\Fältarbete\mgcpdata\Bratåg\Stålpendlar\vid38 
xlswrite('D:\Ex-
jobb\Vindeln0512\Fältarbete\mgcpdata\Bratåg\Stålpendlar\vid38.xls',datfil
t,2) 
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E. Logbook for the September measurements. 
 

Tid Fil-nr Riktning Typ Video 891 pos 891 inst 941 pos 941 inst Acc Stor Acc Liten
891 o Acc stor placeras på södra 1/4-dels punkten, 941 o Acc liten placeras på 1/2 punkten. 891 sätts på large, 941 på middle(4), se sensorinst.xls

10:09 vi8 no Gods J söd 1/4 L disp 1/2 M(4) disp söd 1/4 1/2
10:20 vi8003 no Slipers N söd 1/4 L disp 1/2 M(4) disp söd 1/4 1/2
10:34 - no L-bil + vagn N söd 1/4 L disp 1/2 M(4) disp söd 1/4 1/2

941 o Acc liten flyttas t norra 1/4-dels punkten, nya batterier i bägge vertkala accelerometrarna.

11:34 - no Gods N söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4
11:46 vi9 sö Gods J söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4
12:09 - sö L-bil + vagn J söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4
12:29 - no Gods N söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4

Mätningar vid 1/4 o 1/1 punkter, kan inte nu minnas varför jag gjort den noten!

14:19 vtsta1 sö Stål J söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4
14:40 - sö Lok N söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4
14:52 - no Lok N söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4
15:14 vt10 ? Gods N söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4
15:28 vt10003 no Gods N söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4
15:33 vt10005 no Litet Gods J söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4
15:43 vt10007 sö Timmer J söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4
16:00 vt10009 sö Stål J söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4
16:04 - sö Slipers tomt J söd 1/4 L disp norr 1/4 M(4) disp söd 1/4 norr 1/4

891 o 941 ändras till att mäta acceleration, 891 södra 1/4, 941 norra 1/4, se sensorinst.xls

16:28 vt11 sö Gods J söd 1/4 Acc norr 1/4 Acc söd 1/4 norr 1/4

Bägge in till Vindeln 17:03, Triggar på L3 +-0,5 mm

17:23 vt12 sö Gods N söd 1/4 Acc norr 1/4 Acc söd 1/4 norr 1/4
18:47 vt12003 sö Gods N söd 1/4 Acc norr 1/4 Acc söd 1/4 norr 1/4

Åter från Vindeln 19:00, har sett 2 tåg då vi varit iväg!

19:17 vt12005 no Gods J söd 1/4 Acc norr 1/4 Acc söd 1/4 norr 1/4

Acc stor antas vara ur funktion. Vi gör en testserie för att kontrollera inställningar, ch1=tid, ch2=941, ch3=891, ch4=acc, ch5=acc, ch6=markör. Multipel för 941 är 3,039 och för 891 10,021
Triggar på L3 +- 0,5 mm, färdigt 21:00

21:24 vt13 no Gods N söd 1/4 Acc norr 1/4 Acc söd 1/4 norr 1/4
21:37 vt13003 sö Gods N söd 1/4 Acc norr 1/4 Acc söd 1/4 norr 1/4
Acc

Vi lägger oss, går upp 23:15 för att markera stålpendeln

23:23 vt13005 sö Person N söd 1/4 Acc norr 1/4 Acc söd 1/4 norr 1/4
23:31 vt13007 sö Stål N söd 1/4 Acc norr 1/4 Acc söd 1/4 norr 1/4

Acc liten o 941 flyttas till huvudspannets norra ände. Inställningarna ändras på 891 t middle o på 941 t middle(3), se sensorinst.xls
Triggar på L3 +- 0,5 mm, färdigt 01:00

01:10 vt14 sö Gods N söd 1/4 M disp norr ände M(3) disp söd 1/4 norr ände

Vi lägger oss 01:10, Georg upp 02:45 för att markera på stålpendeln. Däremellan vet vi inget…

02:53 vt14012 no Gods N söd 1/4 M disp norr ände M(3) disp söd 1/4 norr ände
02:59 vt14014 no Gods N söd 1/4 M disp norr ände M(3) disp söd 1/4 norr ände
03:13 vt14016 sö Stål N söd 1/4 M disp norr ände M(3) disp söd 1/4 norr ände

Vi sover gott och vet inte vad som händer mellan dessa tider.

08:42 - no Person N söd 1/4 M disp norr ände M(3) disp söd 1/4 norr ände

Vi lämnar bussen 08:45

08:51 vt14024 no Gods N söd 1/4 M disp norr ände M(3) disp söd 1/4 norr ände

Acc liten o 941 flyttas till norra bågdelen, 891 flyttas till södra bågdelen. Acc stor tas bort, men kanalen finns kvar i datorn, nya batterier i Acc liten.
Triggar på L3 +- 0,5 mm, färdigt 11:00

11:58 vt15 sö Gods J söd 1/4, båge M disp norr 1/4 båge M(3) disp - norr 1/4 båge

Vi lägger på 2 kg extra på wiren vid 1/4-dels punkten

12:24 - no Rälsbuss N söd 1/4, båge M disp norr 1/4 båge M(3) disp - norr 1/4 båge
12:42 vt15003 no Gods J söd 1/4, båge M disp norr 1/4 båge M(3) disp - norr 1/4 båge
12:54 vt15005 sö Stål J söd 1/4, båge M disp norr 1/4 båge M(3) disp - norr 1/4 båge

Vi lägger ned mätningarna vid 12:55
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F. Logbook for the December measurements. 
 

bro Vindelälven 2005-12-13 till 15.

Tid Typ av tåg Riktning Filnamn Anm

19:54 tåg söder 11003 Kort lätt?
20:22 P söder 11005
21:22 G söder 11007 Långt blandat
21:28 G söder 11009 Rätt långt tomma vagnar i slutet
21:42 G norr 11011 Tomma timmervagnar i slutet
22::04 Stänger och startar om fick problem triggade ej

Fil 12… och 13… blev inge vettigt
00:06 Fyllt bensin startar ny mätning
00:10 G söder Vid 14 ej så långt
00:26 norr 14003 Tom stålpendel ?
00:36 G söder 14005 Blandat
00:50 G norr 14007 Blandat mitt i
01:03 P söder 14009
01:31 Stålpendel söder 14011 Den långa stålpendeln!! Bra
06:40 Tankat det gick ca 1.3 liter på 6.5 tim med endast

mätning och en dator igång.
06:50 Stoppar mätningarna vid14019 ligger redo.
06:53 Starta ny mätning Vid 15.mea
07:25 ? söder 15020 Dåligt mörkerseende
07:41 G söder 15023 Sedan kommer en massa tomtriggningar pga

snöfall.
08:07 Starta ny mätning Vid 16.mea

? G norr 16(002)
09:14 G norr 17.mea 3 första vagnarna långa med slig ?
09:30 Loket norr 18.mea Far över får ej stanna.
~09:36 G norr 19.mea Green cargo SCA

Loket söder 20 rad 1219   1/4 norr stilla  2300
mäter med rad 3050   mitt            (3)760

20 Hz rad 5470   1/4 syd       6795
09:59 Loket norr 21 Gick lite fel bromsarna slog till
10:04 Loket söder 22 50 km
10:06 Loket norr 23 50 km
10:06 Loket söder 24002 100 km
10:09 Loket norr 25 100 km efter rad ~9010 tomt
OBS Flyttar all mätutrustning vid 1/4 till hel

11:01 26 Startar triggad mätning, 200 Hz
11:18 G söder 26 Några tomma vagnar i början glest utplacerade
11:30 G norr 26002 Kort med vissa tomma vagnar
11:47 G norr 26004 Kort med vissa tomma vagnar
12:17 G söder 26006 Bränslevagnar ? 5-6 st
12:24 P söder ? 26008 Regina
12:35 G norr

Loket söder 27 rad 1092   1/4 norr stilla  1986
mäter med rad 2592   mitt            3571

20 Hz rad 4321   1/4 syd       5032
12:49 Loket norr 28 50 km
12:52 Loket söder 29 50 km
12:55 Loket norr 30 100 km

Loket söder 31 100 km

Flyttar utrustningen från mitten till 1/4 punkten på södra sidan kl ~13:20

13:35 G söder Ej mätt 
14:00 G norr 32 Rätt långt

_ G norr 32003 Kort
14:49 T norr 32005 Tomt timmertåg
15:00 G norr 32007
15:07 P norr 32009 Regina

Temperatur enligt bil -9 grader kl 15:10 temp på förmiddagen ca kl 9 -5 grader.
Stopp mätning 15:14

Tid Typ av tåg Riktning Filnamn Anm

15:24 Loket söder 33 rad 1320   1/4 norr stilla  2409  körde för
 långt backade bakåt lite.

mäter med rad 3159   mitt           4346
20 Hz rad 5074   1/4 syd       5951

Tog bort gren som störde laser Ettan hela tiden från sista flytten
15:29 Loket norr 34 50 km
15:31 Loket söder 35 50 km
15:33 Loket norr 36 100 km
15:35 Loket söder 37 100 km

15:54 Stålpendel söder 38 Stål i början godsvagnar i slutet
Inga mer mätningar plockar ihop och far till Luleå anländer ca 20:30 plockar ur bilen 21:15  
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G. Displacement measurements from the December 
measurements. 
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H. Preliminary Finite Element Model, He et al. (2006a,b) 
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I. Updated Finite Element Model, He et al. (2006a,b) 
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