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Summary

Bridges are a major part of the European rail infrastructure. The condition of these
bridges is often not known, so aggressive maintenance policies are set to prevent
unexpected disruption or failure. This leads to unnecessary maintenance and un-
availability of the rail bridge. To improve this, the condition of the bridge needs to
be known. Structural Health Monitoring (SHM) has a big role in monitoring the con-
dition of the bridge. However, there is a lack of research on the Vehicle-Bridge Inter-
action (VBI) in combination with SHM. Prior research has already been done to close
this gap focusing on numerical research and experimental validation. However, for
the experimental validation, no valid results have been found. In that research, an
experimental set-up has been built but no clear Vehicle-Bridge Interaction on the ex-
perimental setup has been found. The goal of this research is to identify the issue of
why no interaction has been found and to see if eventually a clear VBI can be found
in an experimental setup so that an experimental setup validates models.

To identify the problem of why no interaction was found on the existing experi-
mental setup, the existing setup and two iterations of the setup are used. A more
extensive natural frequency analysis on the existing experimental setup revealed a
different natural frequency than has been found in the previous research. The mode
shape analysis of the existing setup of the bridge showed that the top and bottom
sides of the bridge are moving independently of each other. A natural frequency
analysis of the two other designs revealed a clear first natural frequency. These fre-
quencies however do not match the analytically calculated natural frequencies. It
is found that the area moment of inertia of the design in SOLIDWORKS does not
match the experimentally found value. Using the experimental value, a frequency is
calculated which is close to the natural frequency of the experimental setup. From
these analyses, it is likely that parts of the framework have too much freedom in
their movement, which means the framework does not have the required stiffness.

The Vehicle-Bridge Interaction is researched with the help of three different vehicles:
a rolling mass, a bogie and the full train. With the rolling mass, a clear interaction is
found. This interaction is checked with a stationary mass analysis. It was found that
the interaction matches the result of the analysis. This means that a valid interaction
can be found from this experimental setup. By running the bogie over the bridge, a
clear Vehicle-Bridge Interaction has been found. However, this interaction shows a
lot of oscillations. This can be caused by the transformation of the data, in this case
by the Wavelet SynchroSqueezed Transform (WSST), as not much is known about
how this transform works. With the full train running over the bridge, also a Vehicle-
Bridge Interaction is found. However, the added mass effect of the interaction, which
decreases the Instantaneous Frequency, is not visible. This is possibly occurring due
to the frequency of the train body being too close to the decreased Instantaneous
Frequency. In the results, oscillations in the interaction are still visible. By looking
at both the results of the bogie and the full train, it is found that the Instantaneous
Frequency remains constant over a short period of time when a longer vehicle is
passing over the bridge. This means that with longer trains the interaction goes to a
maximum frequency and stays constant before decreasing again.

Overall in this research, it has been found that the issue that no Vehicle-Bridge In-
teraction has been found is due to the framework having not the required stiffness.
Also, it has been found that the Vehicle-Bridge Interaction is possible but the inter-
action is not as smooth as is required to detect damage. In further research, the focus
should be directed to the framework of the experimental set-up, which needs to be
redesigned to get the required stiffness. Also, more research needs to be done on the
WSST, to get a better understanding of the WSST and find the best setting for this
kind of research.
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1 Introduction

The importance of the European railway infrastructure continues to grow. The Euro-
pean rail network comprises 202,131 km of railway and over 300,000 railway bridges
[1]. This makes bridges a crucial part of the infrastructure and failure or unexpected
disruption of the operations can have severe or catastrophic consequences. This can
be seen on the High-speed line between Amsterdam and Rotterdam in the Nether-
lands. Due to design mistakes of the bridges on these lines, the strength of the bridge
is too low to hold the trains at the maximum velocity. This led to a decrease in the
maximum speed on this line with the result of ongoing delays [2].

Another problem is that over 35% of the railway bridges are over 100 years old, with
many of them possibly having reached their end of life. Railways nowadays also use
heavier trains and are being used more intensively. This means that the bridge expe-
riences loading conditions that were not foreseen when designing the bridge in the
past. To maintain safe operation and unexpected disruption or failure, aggressive
maintenance policies are set. This is however costly and reduces still the availability
of the track [3, 4].

Monitoring the condition of the bridge is therefore of great importance. With this
knowledge, maintenance can be planned ahead and only when it is needed. This
will lower the chance of unexpected disruption and improve the availability of the
track while keeping the track safe. Also, this is more cost-effective.

The health of the bridge is monitored by Structural Health Monitoring (SHM). Here
railroad bridges are observed and analyzed during their lifespan using measure-
ments to monitor changes to the material and geometric properties. To determine
the condition of the bridge, Damage Identi cation (DI) methods are essential. The
most information about the condition of the bridge can be found in the vibrations
induced by passing trains. From these vibrations, the rst Instantaneous Frequency
(IF) can be extracted. The IF changes when a vehicle passes over the bridge. This
change in the IF is called the Vehicle-bridge Interaction (VBI) and can be in uenced
by damage on the bridge.

There is a lack of research done on the VBI in combination with SHM, as most mod-
els with SHM use the free vibration of the bridge. Both Mostafa [5] and Boersma [6]
have made a start closing this gap by using the Boyne Viaduct. Mostafa has looked
at the VBI with the use of numerical models of the bridge. Boersma has researched
an experimental model for the validation of the numerical models. In that research,
a scaled-down bridge has been designed and built. Good results were found in the
numerical part. On the other hand, no valid results have been found from the exper-
imental results. This means there is still a lack of experimental validation of the train
dynamics. It is thus important to get an understanding of experimental simulations
and validation. This will in the end help to identify the bridge condition.

With no valid experimental results being found, the aim of this research will be to

identify the problems that occurred in the research of Boersma and nd good ex-
perimental results. This is achieved by doing certain experiments on the existing
experimental setup and two iterations of the experimental setup.

This chapter will discuss the background of the research, followed by the research
aim, objective and questions. Finally, the approach and limitations of the research
will be provided.
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1.1 Background

During the life span of a bridge, it is subjected to different aspects like dynamic traf ¢
loading and different weather conditions. This can affect the structural integrity of
the bridge. The bridge's structural integrity or the health of the bridge is monitored
by multiple models describing the bridge's actual behaviour. These are numerical
and experimental models. These models aim to see if it is possible to identify cer-
tain damage and the location of the damage. This research is a continuation of the
research of Boersma and Mostafa [5, 6].

1.1.1 Damage ldenti cation

Damage ldenti cation (DI) is an important aspect of Structural Health Monitoring
and provides information about the current state of a structure [7]. A change in a
damage-sensitive feature needs to be seen to nd damage. Damage-sensitive fea-
tures are for example: the Instantaneous Frequency or In uence Lines. The Instanta-
neous Frequency is a parameter, which is a monocomponent signal at a speci ¢ time
and is de ned as the rate of change of the phase [8]. In uence lines contain informa-
tion induced by a unit force applied at any cross-section of the bridge, and its change
can be used for Damage ldenti cation [9]. In Structural Health Monitoring, DI can
be split into different levels of diagnosis [10, 11, 12]. These levels are:

. Damage Detection : Determination if damage is present in the structure.

. Damage Localization : Determination of the location of the damage.

1

2

3. Damage Classi cation : What kind of damage is occurring.

4. Damage Assessment: The estimate of the extent of the damage.
5

. Damage Prognosis: The determination of the remaining lifetime of the struc-
ture.

To carry out the identi cation, an approach needs to be chosen. There are two broad
approaches to Damage Identi cation. These are a physics-based approach and a
data-driven approach. The physics-based approach adopts a physics-based model
and tries to relate changes in the obtained data from the structure to changes in the
model. This approach is based on the physical and mechanical laws. The data-driven
approach is based on the idea that measured data is assigned to a damage class by
the use of pattern recognition [13, 14].

The data used can be measured directly or indirectly. In the direct method, the data
is obtained directly from the structure. When the data is not measured directly from
the structure, it is called the indirect method. For large structures, both methods
have their advantages and disadvantages. The indirect method is cheaper as the in-
struments are located on a moving vehicle which can be used for more structures. In
contrast, an expensive installation is needed on the structure for the direct method.
On the other hand, the indirect method has the disadvantage that the data are in-
uenced by the vehicle's motion and dynamic properties, which will increase the
system's complexity [15, 16].

Looking further into the data-driven method, the rst stage after acquiring the data

is signal processing. This encompasses two tasks. The rst is data cleansing. Here
the data is Itered to remove noise, spikes and outliers. Also, the treatment of miss-
ing data values is included in this part. The second task, which is optional, is an
attempt to reduce the dimensions of the data vectors and further de-noise the data.

The second stage is the feature extraction. In this stage, characteristics of the various
damage classes are magni ed and suppress the normal to the background. This is
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done, as the characteristics of the normal operating systems could mask the charac-
teristics of the various damage classes.

The next stage is pattern processing. In this stage, an algorithm is applied which

can assign a class label based on the given feature vector. A neural network that has
been trained to return the damage type and severity could be used. With the use of

pattern processing a trade-off occurs between the resolution of the diagnosis and the
noise rejection capabilities of the algorithm.

The last stage is the decision-making. In this stage, the outputs of the pattern recog-
nition algorithm are considered and it is decided if action is needed [13].

1.1.2 Dynamic response

The dynamic response of the bridge is part of the experimental validation. As the
train moves over the bridge, a simultaneous response of the train and the bridge, a
so-called Vehicle-Bridge Interaction (VBI) system response, will occur. The dynamic
response of this VBI system is a noisy, non-stationary and multi-component response
[5]. From this dynamic response, the Instantaneous Frequency of the system can
be found. There are four groups in which vibration-based damage detection tech-
niques can be classi ed. These are model-based techniques, data-driven methods,
modal-based techniques and time-frequency analysis. Mostafa [5] examined several
advanced time-frequency techniques and found that the Wavelet SynchroSqueezed
Transform (WSST) works the best in separating the frequency components.

The dynamic response of the system can be divided into three distinct phases. The
entrance phase, the traverse phase and the leaving phase. The entrance phase corre-
sponds with the situation before the train enters the bridge. This phase does not add
any additional insight into the dynamic response of the bridge [5].

The next phase is the traverse phase. A non-stationary process occurs here due to the
time-dependent mass distribution induced by a moving train on the bridge. In this
phase, the resonance frequency varies with time, due to the time-dependent mass
distribution of the train on the bridge.

At last, there is the leaving phase. This phase corresponds to a stationary process
where no force is exerted on the bridge due to the absence of the moving train. In
this phase, the free vibration response can be seen, which decays with time due to
the bridge's material damping. Nevertheless, the natural frequency can differ from
the calculated natural frequency. This is due to the environmental conditions which
in uence some modal parameters of the system. For example, the temperature can
change the Young's modulus of a material. Also, the wind and the humidity have a
chance to modify the modal parameters [17, 18].

When using Damage Identi cation, it is best to use data from the traverse phase of
the bridge. The entrance phase has not yet any vibrations, so no frequencies are
shown. In the leaving phase, only the natural frequency is found, which can be
in uenced by the environment. Also, the location of the damage to the bridge cannot
be seen here.

1.1.3 Numerical simulations

For numerical simulations, bridges will often be simpli ed as modelling the total
bridge is most of the time a complex and time-consuming job. The bridge will then
be simpli ed to a simply supported beam. These beams are then often modelled with
the Euler-Bernoulli beam theory or the Timoshenko beam theory. Both methods will
give an accurate result for these beams, however, the accuracy of the Euler-Bernoulli
beam theory will decrease with a smaller aspect ratio [19]. Another option is the
Rayleigh theorem, which considers the rotation of the cross-section after deforma-
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tion. This is an improvement of the Euler-Beam theorem. The Timoshenko theorem
is on the other hand an improvement of the Rayleigh theorem as the Timoshenko
theorem includes shear deformation [20]. In Mechanics of Smart Magneto-electro-
elastic Nanostructures [21] more beam theories can be found.

The modelling of the vehicles can also be a complex part. Cars and trucks are not
that complex as the weight of these vehicles is relatively small to the weight of the
bridge. This means that these vehicles can be assumed as a point mass. The mass of
the train is relatively large to the weight of the bridge and then this approximation is

not valid anymore. This results in the trains needing to be modelled as a distributed
moving dynamic mass, which is much more complex.

1.1.4 Experimental simulations

Experimental simulations are used for the validation of numerical simulations. For
this, a scaled model of the structure is needed which also replicates its behaviour [22].
Several important parameters, like the length, inertia and the area of the viaduct
need to be scaled down and a dimension analysis is needed. Boersma [6] used the
Buckingham Pi Theorem to do this.

The rst experiment is determining the natural frequency. The natural frequency
is the most important parameter in vibrations. When the frequency of an exter-
nal force coincides with the natural frequency, resonance is happening and severe
damage to an object can occur. The natural frequency can be extracted from a dy-
namic response. This response can be obtained in multiple ways. Two of the most
common techniques are the roving hammer, also used in the previous research by
Boersma [6], and the electrodynamic shaker [23]. These two methods have many
differences. First, the roving hammer is discussed. This is one of the most common
impact methods. The method is fast and convenient, however, several considera-
tions must be taken into account. First, there is the pre-trigger delay. This delay will
make sure the needed impulse is captured. Secondly, there are the force and expo-
nential windows. The force window is used to remove noise from the impulse signal.
The exponential window is on the other hand used to remove leakage. Leakage is
when a time signal is not periodic in a certain time window when it is transferred to
the frequency domain, a smearing of its spectrum will occur. The exponential win-
dow adds arti cial damping to all the modes of the structure in a known manner to
reduce the leaking. In the end, there is also the accept/reject capability. As the ac-
curacy of the testing depends on the skill of the tester, FRF measurements should be
made with spectrum averaging. Such a capability saves a lot of time during impact
testing [24].

When choosing a method for modal testing, also a shaker can be used. In some
cases, an impact test is not possible, for instance on structures with delicate surfaces.
In other cases, the shaker is used for its advantages, even though the setup will be
more complicated. There is a variety of broadband excitation signals which have
been developed for making measurements with FFT analysis. At rst, there is the
Transient signal. Using this signal in shaker tests, the same measurements as the im-
pact tests will be provided. However, there is more controllability over the measure-
ment. Additionally, there is the True random signal. This is the most popular signal
for shaker testing. A true random signal is an unending and non-repeating random
sequence. The main disadvantage of this signal is that it is always non-periodic
in the sampling window. Therefore a special time-domain window, for example, a
hanning window, must always be used to minimize the leakage. Furthermore, there
are more broadband excitation signals, including the Pseudorandom, Burst random,
Chirp and Burst chirp signals [24, 25, 26].
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1.1.5 Previous research

With this research being a direct continuation of the study of Boersma [6] and Mostafa
[5], some background of these researches is shown. The study is done on the Boyne
Viaduct in Drogheda, Ireland which can be seenin g. 1.1.

Figure 1.1: The Boyne viaduct in Drogheda, Ireland [27]

The studies of Mostafa [27, 28, 29] focussed on detecting damage with the Vehicle-
Bridge Interaction (VBI) with the use of numerical models. In these studies, research
is done on the failure mechanisms in steel and concrete bridges, as well as on extract-
ing the Instantaneous Frequencies (IF) of a VBI system from the obtained response,
on a damage-detecting approach based on extracting IF and on the in uence of the
vehicle dynamics on the resonance of the bridge.

There are two types of bridges which are the most used, the steel bridge and the
concrete bridge. It has been found that in steel bridges, corrosion is the most dom-
inant failure mechanism. In concrete bridges, it has been found that corrosion of
reinforcing steel in the concrete is the main failure mechanism [27].

Inthe next research of Mostafa [28], it has been found that the Wavelet SynchroSqueezed
Transform (WSST) is the best way to extract the IFs from the time-frequency response
when a train is passing the bridge. This is done by a numerical investigation where
different transforms are compared. The WSST gave clear IFs from the response and
was found to match the IF obtained by a modal analysis.

In another research of Mostafa [29], a damage detection model with the WSST has
been proposed and several tests have been done to verify the performance of the
approach. This is done against the conventional technique using the FFT and the
free vibration. These results show that the forced response is more informative than

the free response to detect damage.

In the last research of Mostafa [30] where the in uence of vehicle dynamics on the
resonance of the bridge is studied, it has been found that not all train types are suit-
able for effective bridge health monitoring. Also, it has been found that the single
suspension systems will cause more pronounced changes in the bridge's frequency
response. At last, it had been found that the in uence of the vehicle mass on the
bridge frequency is negligible compared to the mass of the bogie.

The previous study of Boersma [6] focused on capturing and validating numerically
calculated dynamics with an experimental setup. The experimental setup used can
be seen in g. 1.2. Along with the experimental setup, a numerical model of the
bridge has been developed. Numerical simulations reveal that the modal analysis
and the dynamic analysis align. This result of the whole train moving over the bridge
is shownin g. 1.3.
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Figure 1.2: Representation of the (a) experimental setup and (b) subsystems in the experimental
setup [6]

Figure 1.3: A comparison for the train variant between the modal analysis, and the dynamic analysis
based upon the vertical acceleration of the mid-span node and a velocity of 10 m/s [6]

In the gure, the three phases of the dynamic response can be seen. The simulations
can indicate an uneven axle spacing, which leads to an asymmetrical behaviour of
these resonance frequencies. This is the case when the extreme value of the resonance
frequency is not located in the midspan of the bridge. This is hard to see in this
gure. At last, several spikes in the resonance frequency can be seen in the dynamic
result in the gure. It is found that these spikes have an inverse relation between
the velocity and the number of spikes that have been found, along with a shifting
position further on the bridge with a higher velocity. However, more research is
needed on this subject.
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Several experimental simulations have also been done in the previous research. Ini-
tially, the natural frequency is calculated with the roving hammer technique. Here a
frequency of 187.69 Hz has been found, see g. 1.4. However, there has been a range
of frequencies which resemble the mode shape. With a stepwise frequency analysis,
where the train is placed in different locations, a range has been found with a lower
limit of 162.5 Hz and an upper limit of 189 Hz. The upper limit remains constant
during all the phases, whereas the lower limit decreases during the traverse phase.

Figure 1.4: Modal analysis of the train variant across the bridge[6]

To see if the numerical model matches the experimental data, the upper and lower
limit and the analytical frequency, which is 145 Hz, are used in numerical analysis
as the bridge's frequency to see if it can match the range. The result of this can also
be seenin g. 1.4. Looking at the results of using 145 Hz as the bridge frequency, the
values and behaviour of the bridge do not align with the experimental results. Using
the lower limit of 162.5 Hz, the frequency is almost constant along all the phases,
however, the experimental results show a decrease in frequency. Using the upper
limit, the frequency shows a decrease and conversely, the experimental results do not
show a decrease in frequency. These results suggest that the bridge frequency likely
falls in this range, with either a continuous or decreasing trend in behaviour [6].

1.2 Research aim, objective and question

Research aim

Given the research problem and the previous research, this study aims to identify
the issue of why no interaction has been found with the experimental setup of the
Boyne Viaduct and to see if a clear Vehicle-Bridge Interaction with the existing ex-
perimental setup can be found. This is achieved by doing extra simulations on the
experimental setup and doing several simulations with different vehicles to verify
the experimental setup.

Research objective

This research has certain objectives to achieve the research aim.

* Investigating the problem of why no clear Instantaneous Frequency has been
found in the previous research.
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« Changing the experimental setup so that a clear Instantaneous Frequency is
found.

« Validation of the found interaction with a modal analysis with the same mass/ve-
hicle.
Research questions
The research objectives result in the following main research question:

« How to realise an experimental setup that can detect and localize damage on
a real-size bridge?

The main research question is divided into different sub-questions, which will help
and eventually lead to the answer to the main research question. The sub-questions
de ned are:

« What are suitable analyses to perform the experiments and what kind of equip-
ment needs to be used?

What is the problem with the experimental setup where no clear natural fre-
guency is showing?

* What needs to be changed in the experimental setup to nd a clear natural
frequency?

What is the in uence of different vehicles on the Vehicle-Bridge Interaction?

What is the in uence of external noise on the Vehicle-Bridge Interaction?

1.3 Approach

A suitable approach has been developed for this research. In previous research, an
experimental and numerical setup has already been built for the Boyne Viaduct. In
this research, the focus will be on the experimental setup. The experimental setup
did not show any valid results. In this research, research is done on why no inter-
action was found and if a VBI even can be found on the experimental set-up. The
experiments will be done with a simple rolling mass and two vehicle models being
the bogie and the full train.

To nd the problem, a natural frequency analysis is done on the basic experimental

setup. The aim of this analysis is to validate the frequency analysis in the previous
research. This analysis is also done with both the shaker and the roving hammer
to see if the shaker is more accurate and if there is nothing wrong with the roving

hammer. If a clear natural frequency is found, more experiments regarding the In-

stantaneous Frequency and the interaction will be conducted. However, if this is

not the case, the experimental setup needs to be modi ed to see if a clear natural
frequency can be found. This is then done by simplifying the experimental setup by

only looking at the bottom side of the Scaled-down Boyne Viaduct.

With a clear natural frequency, more research is done on the Vehicle-Bridge Inter-
action. This is done with a stationary mass analysis, a rolling mass analysis and a
moving vehicle analysis. The stationary mass analysis is there to validate the result
of the rolling mass analysis. In the SOLIDWORKS program, the rolling mass will be
designed. The analyses with the mass are done to know if an interaction is possible
to show with the current setup, if this is not the case, more modi cations need to
be done to the experimental setup or the rolling mass. With an interaction shown in
the results of these two analyses, a step further is made by using the vehicles. When
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the bridge is modi ed, some extra parts for the bogie could be needed. These will

also be made in the SOLIDWORKS program. The result of the analysis should show
the wanted Vehicle-bridge interaction. With the use of multiple vehicles, also some

conclusions can be made about the Vehicle-Bridge Interaction.

When the experimental setup is performing as expected, damage can be simulated.
This can be done in both the numerical and experimental models. Damage can be
simulated in different ways. First, parts can be removed from the structure, like
trusses. Secondly, parts can be redesigned to get different material properties, which
can also be a signal of damage. The results of the analysis will then be analysed if
there is any difference to the normal values.

1.4 Limitations

During this current study, some limitations are set. This is done to specify and nar-
row down the scope of the current study. Only the following is included.

« Experimental Setup: The experimental setup is already been designed and
built. Only small changes will be made to the structure of the experimental
setup, for example removing certain trusses.

» Damage Identi cation: Damage ldenti cation is not included in this research.

* Vehicle: A vehicle has already been designed and only small changes can be
made. This is done by changing the mass of the vehicle of the stiffness of the
used springs.

» Shaker: A shaker can be placed at the experimental setup, however, the shaker
must be placed on a xed platform, as there is no place for the shaker to be
mounted such that it is hanging freely.

» Experiments: The experiments will be done with a rolling mass and two types
of train variants: the bogie variant and the full train variant.

e Simulation settings: For both the shaker and the roving hammer, the main
settings of the method are used. No research is done on the optimal settings.

« Sensors: For this research, three available accelerometers are used as sensors.
No research is done on the optimal sensor type or location.

e Analyses: This research, only include the following analyses. These are the
frequency, modal and transient analyses.

1.5 Structure

In chapter 1, the background of the study has been addressed. Also, the research
problem, aim, objective, questions, and hypothesis were identi ed. At last, the ap-
proach and the limitations of this study have been addressed.

In chapter 2, the theoretical equations and framework of the research will be shown
and explained. Also, some assumptions made will be explained.

In chapter 3, all the experiments done and the different setups used for these ex-
periments will be explained. Also changes to the bridge during the research will be
explained.



10 Chapter 1. Introduction

In chapter 4, the results and the discussion of all the experiments and simulations
are shown. This is done for both the bogie variant and the full train.

In chapter 5, the main research question will be answered and other speci ¢ con-
clusions that were found during the experiments and simulations. Also, the recom-
mendations for future research following this research will be shown.



2 Theoretical framework

In this chapter, the theoretical framework of the research will be explained. This
theoretical framework exists out of fundaments that are used in solving the research
question and thus supports the results shown in chapter 4.

2.1 \ehicle-Bridge Interaction

Bridges are a big part of the current infrastructure, and their condition is monitored
to ensure no failures occur. This is done by analysing the vibrations induced by
passing vehicles, as important dynamic properties can be found in the vibrations.

When a vehicle passes over the bridge, a coupled system occurs between the vehicle
and the bridge where the dynamics of both systems interact with each other. The
interaction between the train and the railway bridge is different from the ordinary
road bridge with cars and trucks. At a railway bridge, the mass of the train is rela-
tively large in comparison to the bridge. In modelling, the train cannot be modelled
as a moving force, as a car or a truck, but it must be modelled as a moving mass. This
will make the vibration non-stationary and thus more complex. In this research, the
frequencies of the bridge and the vehicle are chosen to be close to each other. With
the frequencies close to each other, the interaction is the strongest.

This interaction is known as the Vehicle-Bridge Interaction (VBI). The interaction can
only be found in the traverse part of the system. In this part, the Instantaneous Fre-
quency changes with the relative motion of the train on the bridge. The rst mode of
the total system can be compared to an in-phase motion of the vehicle and the bridge.
In this case, the train and the bridge are moving in the same vertical displacement.
This is shown in the left part of g. 2.1. When the train and the bridge move in-
phase, the systems experience an added mass and the Instantaneous Frequency will
thus decrease towards the middle and increase again to its original value towards
the end. The second mode is comparable to an out-of-phase motion. Here the train
and the bridge move opposite of each other and can be seen in the right sketch of
g. 2.1. When this occurs, the system experiences a stiffening effect, which increases
the Instantaneous Frequency towards the middle and decreases again to its original
value towards the end of the traverse phase. This is a speci c case for a single degree
of freedom suspended moving mass. A model of this can be seenin g.2.2. [1, 6, 31].

vehicle vehicle

NN NN
NN VAVAVA

bridge bridge
I time I time

@) (b)

Figure 2.1: Mode shapes retrieved from the step-wise eigenfrequency analyses show that the vehicle
and the bridge move (a) in-phase or (b) out-of-phase. (courtesy R. Loendersloot)

It is important to know which train is passing over the bridge and which kind of
bridge the train is passing, as every bridge and every train has a different mass and
stiffness which will in uence the Instantaneous Frequency. When the mass of the
train is just large enough for a coupled system, then the in-phase motion will only
change for a little and when the mass is larger than this minimum, the change in the

11
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Figure 2.2: Single degree of freedom model with a suspended moving mass

frequency will also become larger. The in uence of the stiffness is different than that
of the mass. When the stiffness of the train is relatively high, the change of the out-
of-phase motion will be low. On the other hand, when the stiffness becomes lower,
the change in the out-of-phase motion will be higher. Taking both parameters into
account, no combination of bridge and train is the same, so a separate inspection
needs to be done for every railway bridge [28].

2.2 Instantaneous Frequency

The Instantaneous Frequency (IF) is an important parameter in the Structural Health
Monitoring of bridges. The Instantaneous Frequency refers to the frequency of a
signal at a certain point in time and is the derivative of the Instantaneous Phase.
This makes the IF a useful aspect for the analysis of hon-stationary time-frequency
signals. The IF can be determined with the use of different transformations, for ex-
ample, the Hilbert-Huang transformation, the Continuous Wavelet Transform and
the Wavelet Synchrosqueezed Transform.

With the possibility of seeing the frequency change at a point in time, it is a good
measure of nding damage on a bridge. Damage is often caused by connections
that will break or fatigue occurs, where small cracks in the structure will occur.
This means that the characteristics of the bridge will change locally. When a train
is passing the bridge over this changed part, this can be seen as the Instantaneous
Frequency has changed in that location [5].

2.3 Models

For both the bridge and the vehicles a model has been made to be used in the nu-
merical simulations and for simpli ed analytical calculations. This is the basis of
solving the vehicle-bridge system. These models can be made very detailed or sev-
eral assumptions are made to make a simpler model. A bene t of making several
assumptions is that the model will be simpler and faster to compute. With these
bene ts, there is also a drawback and that is the accuracy of the solution, which will
become lower. With the use of these models often a compromise is made between
calculation time and accuracy.

2.3.1 Boyne bridge

For this research, the Boyne Viaduct will be used. Information over the bridge can
be found in appendix A. For the model, the bridge is separated into three different
parts, which corresponds with the three phases, introduced in section 1.1.2. Along
the entire entrance and leaving section, xed boundary conditions are applied. The
bridge section has boundary conditions consistent with those of a simply supported
beam. A simply supported beam consists of a beam with one pinned support and
one roller support where vertical movement is xed, but where rotation still is possi-
ble. An approximation of a schematic overview of a 2D nite model of the beam can
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be seenin g. 2.3. This kind of model is chosen as a simply supported beam is easy
to model and simple calculations can be done to the model also is this way faster.

A bridge
y bridge

| bridge
T E bridge
Fa

Figure 2.3: A representation of the 2D simply supported beam

In the use of detecting damage, the frequency of the bridge is needed. Also, it is
handy to know the frequency of the bridge for doing some experiments as there is a
direction where to look. To obtain this frequency, the following equation is used:
S
. El
2 AL4

fn;bridge =n (2.1)

with n being the number of the eigenfrequency, E being the Young's Modulus, |
being the area moment of inertia, being the density of the material of the bridge,
A being the cross-section of the bridge and L being the length of the bridge. This
equation can give an approximation of all the eigenfrequencies of the bridge.

2.3.2 \Vehicles

The used vehicles which are passing the bridge are also modelled. In the modelling
of these vehicles, there is a distinction made between a single-suspended vehicle
and a dual-suspended vehicle. The single-suspended vehicle consists of 1 layer of
springs and dampers. An example of this is a simple car or a bogie. A representation
of these vehicles can be seenin g. 2.4a. The dual-suspended vehicle is an extension
of the single-suspended, as a dual-suspended system consists of 2 layers of springs
and dampers. This can be seenin g. 2.4b. An example is a full train, where the rst
layer of springs and dampers is located between the wheels and the bogie and the
second set of springs and dampers is located between the bogie and the carriage. It
is found that for single-suspended vehicles, the mass and the stiffness play a dom-
inant role in in uencing the dynamic response of the system. In contrast, the bogie
mass and stiffness for a dual-suspended vehicle are primary factors in governing the

behavior of the system [5].
[ |
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Figure 2.4: A representation of (a) the single suspended vehicle or (b) the dual suspended vehicle
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In the search for Instantaneous Frequency, also the frequencies of the vehicles are of
importance. This can be calculated with the simple equation from the mass-spring

system. s

1 Keq

2 Meq

2.2)

with keq being the equivalent stiffness of the total system and meq being the equiva-
lent mass of the system.

2.4 Experimental dynamics

During this research, several experiments have been done. Data have been obtained
with the use of accelerometers. Several methods are used to extract the needed in-
formation. These will in short be explained.

2.4.1 Fast Fourier Transformation

The Fast Fourier Transformation (FFT) is a method that converts a signal from the
time domain into a response of the frequency domain. From this frequency domain,
the eigenfrequencies of a system or object can be obtained. The Fast Fourier Trans-
formation is a fast algorithm used to calculate the Discrete Fourier Transformation
(DFT). The Discrete Fourier Transformation is calculated by:

K 1 .
X(k)=  x(ne v (2.3)
n=0

where X (k) is the calculated frequency domain sequence of the Fourier Transforma-
tion which contains complex values containing both magnitude and phase informa-
tion, k is the frequency index, n is the time domain index, N is the sequence length
and i is the imaginary number. Directly using this equation would require  O(N ?)
operations to compute all the components. For a large number of components, this
could take a long time. With the FFT this can be reduced. This is done by the “divide
and conquer” approach, which will reduce the amount of operationto O(NlogaN).
This way, the bigger problems could be solved much faster [32, 33, 34].

2.4.2 Wavelet Synchrosqueezed Transform

With a changing frequency during the passage of the train over the bridge, the FFT
cannot be used. For this, transformation of the data is needed to get the frequency
against the time. Mostafa [28] found that the Wavelet SynchroSqueezed Transform
(WSST) is the best working method to extract the Instantaneous Frequency of the
system response.

A wavelet transform cuts up data into different frequency components and then
studies all the components with a resolution which matches its scale. The WSST is
an extension of the Continuous Wavelet Transform (CWT). The Continuous Wavelet
Transform transforms a one-dimensional time signal x(t) into a two-dimensional
quantity W (a; b). The CWT is de ned as:
z 1
1 t a
Wy (a;b) = x(t)a 2 5 dt (2.4)
1
where a and bare the scale and the translation variables respectively, x(t) is the time
signal from the accelerometer and is a continuous wavelet function also called
the “mother” wavelet. This function is a limited small wave, which is oscillatory to
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discriminate between different frequencies and has a zero mean. Some examples are
the Haar wavelet, the Daubechies wavelet and the Morlet wavelet [35]. In the CWT,
the signal is windowed in time and on this signal a Fourier frequency decomposition

is performed while the window is sliding along the time axis. This is similar to
the short-time Fourier transform (STFT). The difference between the two is that the
width of the time window in the STFT is constant and at the CWT this width is
variable and is adapted to its frequency.

The CWT will give a solution that is spread out over a region over a on the time
scale which will provide a blurred time-frequency picture. To overcome this, a syn-
chrosqueezing procedure is used which aims to sharpen the time-scale picture of the
CWT. The WSST has three steps. The st step is calculating the CWT of the time sig-
nal with eq. (2.4). The second step is calculating the Instantaneous Frequency. This
is done by:
@V\L@gz;b)

I'v(a;b = W (@b (2.5)
Here the frequency variable !  and the scale variable a are binned and computed
only at discrete values ax where ay ax 1 =( a)k. Inthe last step, the scale variable
a is re-assigned to the frequency variable ! by calculating the Synchrosqueezed
transform Ty. Ty is calculated by:

X ;
T(b=( ') We(a:ba, 7 ( a) (2.6)

ak

The calculated transform function T (! |;b) is determined over time, only at the cen-
ters of I | of the successive bins [, 3 !}, + 1 IJwith ! =1, I, ;. The
transform function can then be plotted against a time and frequency range, which

shows the found frequencies over time [5, 36, 37, 38].

2.5 Closing Remarks

The goal of this chapter is to explain shortly the theoretical framework of this re-
search. These are subjects that have been used during the experiments and research
of the problem.

The Vehicle-Bridge Interaction (VBI) is an interaction between the dynamics of two
systems when they are coupled. The frequencies of both systems are chosen to be
close to each other as in this case, the interaction is the strongest. The interaction
only happens when the mass of the vehicle is respectively large in comparison with
the bridge. During this interaction, the frequency changes with the relative motion

of the vehicle on the bridge. The VBI is different for every bridge and every train.
The Instantaneous Frequency is the frequency of a signal at a certain point.

For the Boyne Viaduct and the vehicles, models have been made for easy analytical
calculations and for numerical models. The Boyne Viaduct is assumed as a beam
with xed boundary conditions at the entrance and leaving phase and the bridge
section has boundary conditions consistent with those of a simply supported beam.
The vehicles are modelled as suspended vehicles. The bogie is modelled as a single
suspended bogie, which has one layer of spring and dampers and the full train is
modelled as a dual suspended vehicle which has two layers of springs and dampers.

In this research, transformations are used for the calculation of the natural frequency
and the Instantaneous Frequency. The FFT is used for the natural frequency. The FFT
is a fast algorithm that computes the Discrete Fourier Transformation. The Wavelet
Synchrosqueezed Transform (WSST) is the method used for the Instantaneous Fre-
quency. This method is an extension of the Continuous Wavelet Transform (CWT).
The wavelet transform cuts up data into different frequency components and then
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calculates all the components with a resolution that matches its scale. The WSST is
used for its high time-frequency resolution.



3 Experiments and design

This chapter shows the experiments and designs used for the bridge and the vehicles.
The aim is to give details on how the results are obtained and why these experiments
are used. This is achieved by showing schematic overviews of the designs and the
experiments and by giving the objectives of the experiments.

3.1 Bridge design

In previous research by Boersma [6], an experimental setup of the Boyne Viaduct was
already designed and measurements were done for the Instantaneous Frequency (IF)
of the Vehicle-Bridge Interaction. No interaction was found on this bridge. This
research goes further into nding why no IF was found, so the same experimental
setup will be used. To resolve the problem, smaller steps have been taken and so two
more experimental setups have been used. The three designs used in this research
are:

1. Scaled-down Boyne Viaduct
2. Two-meter bridge

3. One-meter bridge

In g. 3.1, a general schematic overview of all the designs used can be seen. The
scaled-down Boyne Viaduct consists of both the top and bottom sides with all the
Warren trusses in between. The two-meter bridge is an iteration of the scaled-down.
In the two-meter bridge, all the grey Warren trusses have been removed. This way
only the bottom side of the bridge is of interest. In the end, the one-meter bridge
is almost the same as the two-meter bridge with the only difference being the one-
meter bridge being shortened to one meter.

Top side Warren truss

‘\Bottom side

I—bridge
[~ ol
I—Total

Figure 3.1: A combined schematic overview of all the different designs

In table 3.1, the corresponding parameters of the experimental setups can be seen.
The Young's Modulus ( Eprigge ) @and the density ( priage ) Of the bridge are depen-
dent on the material chosen, which is in this case steel. The length of the bridge
(L bridge ) @nd the total length ( Liotal ) Were self-selected for the scaling of the bridge.
The cross-sectional area of the bridge Aprigge ) has been determined by dividing the
free-hanging bridge mass found in SOLIDWORKS by the length and the density.
The area moment of inertia (I brigage ) has been determined by the Section Properties
tool in SOLIDWORKS. For the scaled-down Boyne bridge, | prigge Was approximated
by obtaining the inertia with intervals of 2.5 mm over the total length of the bridge
and then averaged. For the other two designs, the inertia is obtained for only one

17
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part of the bridge, as the length of the bridge is not of interest and the bridge has a
repetitive pattern. From this part, 21 equally distributed inertia are obtained and av-
eraged. In the end, the natural frequency of the bridge f1;niqge has been determined
with eq. (2.1).

Table 3.1: Important parameters of the different bridge designs

Quantity  Unit \ Scaled-down Two-meter One-meter
Ebridge N/m 2 | 2:050 10! 2:050 10" 2:050 10
I bridge m* 4:877 10 7 2:867 10 8 2:867 10 @
bridge kg/m 2 | 7:850 10° 7:850 10° 7:850 10°
Abridge m? 9:197 10 ° 5441 10 5 5441 10 5
L bridge m 2:000 2000 1000

L total m 3:428 3428 2428

f 1bridge Hz \ 141719 48066 184262

3.2 \ehicle design

During this research, multiple kinds of vehicles have been used. With these vehicles,
different situations can be researched which gives more insight into the interaction

between different vehicles. Two different vehicles are used in this research, the bogie
and the full train. Both were designed in the previous research by Boersma [6].

3.2.1 Bogie

The bogie belongs to the category of the single-suspended vehicle as shown in sec-
tion 2.3.2. A schematic overview of the bogie can be seen in g. 3.2. This bogie has
three sets of wheels which are each suspended by two springs. For simplicity, the
two springs are shown as one spring. The mass on the spring consists of the cas-
ing of the bogie and a connecting part where the train body will be mounted. In
table 3.2 under basic model, the natural frequency, the mass resting on the springs
and the stiffness of the springs can be seen. The natural frequency is calculated using
eg. (2.2).

Figure 3.2: Schematic overview of the bogie

For a strong interaction to occur between the bogie and the bridge, the rstresonance
frequency of both systems needs to be close to each other. With the use of different
designs for the bridge which have different frequencies, the frequency of the bogie
needs also to be altered. This can be done by changing the mass and/or the stiffness
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Table 3.2: Frequency, mass and stiffness of the bogie for different iterations

Quantity Unit | Basic | Iter. 1 Iter. 2 Iter. 3
Mass kg 0.104 0.250 0.104 0.104
Stiffness N/m | 3:640 10* | 3:640 10* 1:820 10* 7:280 10

Natural frequency Hz 163.085 105.187 115.318 230.637

of the bogie. The mass of the bogie can simply be increased by adding a mass on
top of the bogie. However, decreasing the mass will be more dif cult as nowhere
mass can be removed and so a new bogie needs to be designed. Increasing and
decreasing the stiffness of the bogie can be done by changing out the existing springs
with a spring of the desired stiffness. Although, there is another way to lower the
stiffness of the bogie. This can be done by removing the middle spring and set of
wheels. Only the middle set can be removed otherwise the mass of the bogie is not
distributed equally over the bogie or the bogie can tilt when the bogie is moving over
the bridge which can in uence the results. In table 3.2, the in uence of changing the
mass and the stiffness on the natural frequency can be seen, where at Iter. 1 the mass
is increased, at lter. 2 the stiffness is decreased and at Iter. 3 the stiffness is increased.

3.2.2 Full train

The design of the full train consists of two bogies in combination with a train body.

A schematic overview can be seen in g. 3.3. The train body is mounted with a pin
to the bogies and then rested on two sets of two springs which are located on top
of the bogies, with a set shown as a blue spring in the schematic overview. This
means the full train is a dual-suspended vehicle as explained in section 2.3.2. In this
subsection, only the train body is covered, as the bogies have been explained in the
previous subsection.

Figure 3.3: Schematic overview of the full train

The frequency of the train body is required as this can interfere with the Vehicle-
Bridge Interaction or other frequencies. With a disturbed interaction, eventual dam-
age to the bridge can be missed. Also, the frequency is wanted to be kept low, as
a low frequency means less bouncing of the carriage and gives a higher passenger
comfort. In table 3.3, the mass of the train body, the stiffness of the set of springs on
top of the bogie and the natural frequency of the train body can be seen. The natural
frequency of the train body can also be changed by increasing and decreasing the
body's mass and/or the stiffness of the springs. This has the same result as the one
in the bogies.
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Table 3.3: Frequency, mass and stiffness of the train

body

Quantity Unit | Basic model
Mass kg 0.978
Stiffness N/m | 1.560 10
Natural frequency Hz 22

3.3 Experimental setup

During the execution of the various experiments, different setups have been used.
These setups have almost all the same structure. This setup consists of four different
subsets:

1. Actuation
2. Sensors
3. Data Acquisition hardware

4. Data Acquisition software

A simple schematic overview of the experimental setup can be seenin g. 3.4. Here
it is shown how all the subsets are connected to each other.

Computer

Sound and Vibration
Measurement System

Actuation

Sensors

Data Acquisition hardware

LabVIEW

Figure 3.4: Schematic overview of the general experimental setup

The actuation subset consists of all the equipment used for the excitation of the
bridge. For example, this can be a roving hammer or a motor that is used which
moves a mass across the bridge. In this research, both the roving hammer and the
shaker are used for actuating the bridge. The shaker method gives more accuracy,
as it has a controlled force level and no double hits or smearing of the hits is hap-
pening. However, the roving hammer is still used, as the shaker cannot be mounted
correctly. During these experiments, the shaker is placed on a xed scissor platform
with only a little foam in between, as seen in g. 3.5. This can result in the shaker
exerting an external force on the bridge, in uencing the dynamic response.

The roving hammer technique or the use of the electrodynamic shaker with the use
of three accelerometers can be classi ed into a certain category. Both techniques, as
carried out in this research, belong to the category of Single Input Multiple Output
(SIMO) systems. Here the impact of the hammer and the shaker is the input and the
multiple sensors used are the output. For the development of an FFT, only a Single
Input Single Output (SISO) system is needed. However, multiple outputs have been
chosen as this will give a more accurate result. Conversely, also multiple inputs can
be used which results in a Multiple Input Single Output (MISO) or Multiple Input
Multiple Output (MIMO) system. Here multiple sticking locations for the hammer



3.4. Analyses and Experiments 21

Shaker

Foam

/

Scissor platform

Figure 3.5: Setup of the shaker

or shakers are needed for the excitation of the bridge. This will make it more complex
but will give a higher accuracy. As only research is done on the natural frequency, a
single input system suf ce. The actuator subset differs for each experiment and will
be explained in more detail for all the experiments in section 3.4.

In the sensor subset, the equipment used for the sampling of data from the bridge is
displayed. In the case of these experiments, accelerometers have been used. The ac-
celerometers measure the proper acceleration of the bridge in one direction. During
all the experiments, three accelerometers have been used. The use of one accelerom-
eter is often enough, however, the addition of extra accelerometers can result in a
more accurate result.

The Data Acquisition (DAQ) hardware subset consists of a machine which connects
the actuator, the accelerometers and a computer. This machine can be built with the
use of different modules. For this research, a dynamic signal acquisition module for
measuring sound and vibrations is used. In this module, an Analog-to-Digital Con-
verter (ADC) captures the analogue signals from the actuator and the accelerometers
and converts this to a digital signal which is sent to the computer. This module also
provides antialiasing lters and Integrated Electronics Piezoelectric (IEPE) condi-
tioning. Together with this module, a remote control module is used to connect the
computer to the DAQ hardware.

The Data Acquisition software subset encompasses a computer with Data Acquisi-
tion software. In this research, two types of DAQ software are used. First, the Sound
and Vibration Measurement system v4.2.0 developed by Axel Lok is used. In this
program, the magnitude of the signals from the actuator and the accelerometers are
shown. This program can also compute the FFT of the signal. The signal can be
saved for further calculations and transformations in MATLAB and FemTools. In
MATLAB, all the FFTs and WSST of the data are plotted. In the FemTools program,
with the use of the Modal Parameter Extractor (MPE), the natural frequencies and the
corresponding mode shapes are found. In previous research, another control system
has been made in LabVIEW. With this system, not only sensors can be monitored,
but also the motor to move the vehicle over the bridge can be controlled, which can-
not be done with the Sound and Vibration Measurement system. This control system
is thus used when a vehicle needs to be moved over the bridge.

3.4 Analyses and Experiments

This section shows all the analyses and experiments done during this research. It
elaborates on why these analyses and experiments are done and how they are con-
ducted.
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3.4.1 Natural frequency

In the search for the Vehicle-Bridge Interaction, the rst natural frequency is needed.
At this frequency, the interaction will happen. There are multiple ways to determine
the natural frequency. In this analysis, the impact method with a roving hammer
and the shaker method is used. The general schematic overview of the setup is al-
ready shown and explained in section 3.3. Here, a closer look is taken at the actuator
subset. As mentioned, the roving hammer and the electrodynamic shaker have been
used for the excitation of the bridge. With this use of the roving hammer, no other
instrument is needed for the actuation of the bridge. The hammer is supplied with a
sensor which returns the force of the hit. When using the shaker, more instruments
are needed. A force sensor is needed to return the force of the shaker. Also, a stereo
ampli er is needed to supply the power to drive the shaker and amplify the move-
ment. In g. 3.6a and g. 3.6b, a schematic overview of the roving hammer and the
electrodynamic shaker can be seen, respectively. The software used for this exper-
iment is the Sound and Vibration Measurement system. A detailed version of the
schematic overview and the equipment used together with the con guration of the
measurement system can be seen appendix B.

[ Stereo Amplier |

| Shaker DAQ

Roving Hammer —— DAQ | [ Force sensor
(a) (b)

Figure 3.6: The Actuator subset when using (a) a roving hammer or (b) an electrodynamic shaker

In previous research, a frequency analysis was already done on the top side of the
scaled-down Boyne Viaduct. In this research, the analysis is done on the bottom side
of the bridge. This does not show the mode shape of the total bridge, but this is done
to better understand the behaviour of the bridge. With the use of the roving hammer,
the bridge has been struck at fteen predetermined locations, which are shown as
the green arrows in g. 3.7. To capture the rst eigenmode, a limited number of
striking locations are needed, but because in previous research no good solutions
have been found, more striking locations have been chosen to get a more accurate
result. The locations of the three accelerometers are also shown in g. 3.7 as the red
arrows. The accelerometers are located on one side of the bridge, as it is assumed
that the bridge behaves the same on the other side. One accelerometer is placed
in the middle, as here the amplitude of the rst natural frequency is the highest.
The other two are placed at approximately equal distances to capture also the other
natural frequencies.

Table 3.4: Distances of the striking locations, the shaker and the accelerometers for all
the designs in mm

‘Lbridge Xhit Xaccl  Xacc2  Xshaker

Scaled-down and Two-meter | 2000 143 286 428 637
One-meter 1000 715 143 214 318.5

Now looking at the use of the shaker. The shaker has a xed location, which is not at
one of the zero displacement locations of the rst three mode shapes, as otherwise,
this mode is not excited properly. The shaker is located at the orange arrow in g. 3.7.
The FFTs are determined by using the same three accelerometer locations as with the
hammer.
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Figure 3.7: Accelerometer, shaker and strike location(s) for all the designs with the distances shown in
table 3.4

In this analysis, the mode shape at the corresponding natural frequency is also deter-
mined. For this, the three accelerometer locations are not enough, so instead of these
locations, accelerometers are placed at the striking locations of the hammer, shown
in g. 3.7. When the shaker is used, an accelerometer is also placed at the location of
the shaker. In this research, the shaker is placed just out of the middle, so for every
accelerometer location, one accelerometer is placed just left and right of the middle
to see if the bridge is not moving in a twisting motion. The mode shape is used to
validate the natural frequency.

A natural frequency analysis is also done over the total scaled-down bridge. This is
done to see the movement of the whole bridge at different frequencies, which gives
more understanding of the framework. This is done with the use of the hammer. The
total bridge is hit at every location where the warren truss is connected to the top or
bottom side of the bridge.

For the design of the two-meter and the one-meter bridge also a natural frequency
analysis is done. This is done the same way as with the scaled-down Boyne Viaduct.
Even though the one-meter bridge is smaller, it is chosen to also use here fteen
striking locations. This is done to get the same smooth results as with the other
designs.

A frequency analysis is not done only on the bridge, but also on the bogie and the
train body. The frequency of the bogie and the bridge are both needed, as the fre-
quency of the bogie needs to be close to the bridge frequency to get an interaction.
The train body frequency needs to be known as this frequency can in uence the
interaction when it is too close to the interaction. The striking locations and the loca-
tion of the accelerometer on the bogie and the train body can be seen in g. 3.8 and
g. 3.9 respectively [6]. In this research, the same striking locations have been used
as in previous research. In this case, only one accelerometer is used due to limited
space. When looking at the train body, the bottom part with the wheels has been
removed as only the springs supporting the train body are of interest.

3.4.2 De ection analysis

During the experiments, not only the frequency is measured but also the de ection
of the bridge. There are two reasons why the de ection of the bridge is measured.
The rst reason is to nd the shape of the de ection. This can verify the chosen
beam simpli cation. The second reason is to nd the area moment of inertia of the
bridge's experimental setup. The inertia is an important factor in the analytical cal-
culation of the natural frequency and this value can explain a difference between the
experimental and analytical frequency. The area moment of inertia can be found by
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Figure 3.8: Locations of the striking points and the accelerometer for the bogie with the distances in
mm
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Figure 3.9: Locations of the striking points and the accelerometer for the train body with the distances
in mm

rewriting the maximum de ection equation of the beam, which is shown below:

FL3 FL3

max — 2861 I = m (3.1)

with  max being the maximum de ection of the bridge, F being the force at the loca-
tion of the maximum de ection, E being the Young's Modulus and | being the area
moment of inertia.

This experiment is done with a Linear Variable Differential Transformer (LVDT),
which measures the displacement of a structure. An accelerometer can also be used
to measure the displacement, but the found signal is the acceleration and to obtain
the displacement, this signal needs to be doubly integrated. This makes it more com-
plex and less accurate than the LVDT, which gives directly the displacement of the
structure. The LVDT is however limited to the stroke length, but in this research,
only small displacements within the stroke are happening.

The displacement is measured by placing the LVDT under the bridge and then plac-
ing the mass on the bridge. In this research, at thirteen locations the displacement is
measured with the LVDT. This is the same as the striking locations at the frequency
analysis without the two locations at the ends as these are xed and thus the dis-
placement is zero. With these locations, a smooth and accurate result can be found.
This experiment can be done with fewer locations, for example measuring only the
right side as the bridge is assumed to be symmetric. However, this is not done be-
cause the shape of the de ection is wanted and measuring both sides can cancel
outliers of one side. The mass is placed in the middle of the bridge. This way the
maximum de ection of the bridge can be found. The locations of the LVDT, depicted
as green arrows, and the location of the mass can be seenin g. 3.10. In this case, the
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mass is the actuator of the setup. A detailed schematic overview of the total set-up
can be seenin g.B.2.

Xhit

I—bridge

Figure 3.10: Locations of the LVDT and mass on the different designs with the distances shown in
table 3.4

3.4.3 Stationary mass analysis

In this analysis, the frequency of the bridge is determined when a mass is positioned
on the bridge. The frequency of the bridge should decrease when a heavy enough
mass is passing the bridge. To be sure this is happening before doing a dynamic
analysis, a stationary mass can be used. The frequency should be decreased when a
standing mass is located on the bridge. This is the same as Mostafa [5] has done in
the numerical model.

In this experiment, a mass will be placed in fteen different locations on the bridge.
These locations can be seen in g. 3.11. For this and the following analyses, a special
mass has been made which can be placed on the rails and can be seen in appendix C.
These locations have been chosen as these give a smooth graph and an accurate
result. Doing this with fewer points is possible, however, when there is a small
outlier, the experiment needs to be done again because removing this outlier gives
a big gap in data and makes the result at that position less accurate. The bridge is
hit in one location. The location does not matter really as the bridge only needs to
be excited to nd the frequency with the mass. The closer the bridge is struck to the
middle, the better the frequency can be found. The locations of the accelerometer are
the same as in the frequency analysis for the same reason. The hammer will be the
actuator of the setup. This results in the same setup as the frequency analysis with
the roving hammer. The total setup can be seenin g. B.1.

Xhit 2

Acc 1 Acc 2 Acc 3
Xacc1 Xacc2 Xacc1
>

I—bridge

Figure 3.11: Schematic overview of the locations of the mass and the accelerometers with the distances
shown in table 3.5
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Table 3.5: Distances of the mass locations and the accelerometers for all the
designs for the stationary mass analysis in mm

‘Lbridge Xacc1  Xacc2  Xhit 2

Scaled-down and Two-meter | 2000 286 428 714
One-meter 1000 143 214 357

3.4.4 Moving mass analysis

In this analysis, a mass is rolled over the bridge. When a mass is rolled over the
bridge, it is expected that the Instantaneous Frequency of the bridge is decreasing
due to the mass rolling over the bridge. This is the added mass phenomenon shown
in section 2.1. With this analysis, it wants to be seen if a clear interaction is shown
and possible. If an interaction is possible, the interaction can be compared to the
result of the stationary mass analysis to see if the interaction is showing correctly.
This, however, can only be done if both masses are the same. To do this, the same
mass is used as shown in the stationary mass analysis.

The rolling mass is also the actuator for the excitation of the bridge, as in this experi-
ment no hammer or shaker is used anymore. A schematic overview of the setup can
be seen in appendix B.

This analysis is simply done by pushing the mass by hand from the starting location
over the bridge. At the end of the bridge, the mass is stopped by a block that is put
on the bridge. With the ball being pushed by hand, the rolling mass has with each
experiment a different velocity, which is also not constant due to the friction of the
bridge. That the velocity is not constant and different for each run is not a problem,
as long a measurement in time can be linked to a position on the bridge. This is also
needed for the comparison to the stationary mass analysis. It is important to note
that the mass must not be pushed too hard, as there is a change that with a higher
speed the interaction with the Instantaneous Frequency is affected. The interaction
of the rolling mass can be plotted with the WSST explained in section 2.4.2

The locations of the start and end points as well as the location of the accelerometers,
can be seen in g. 3.12 for all the designs. In table 3.4, the corresponding distances
of the accelerometers for each design can be seen. The distance to the begin point
and the end pointis in each design the same. These are 286 and 325 mm respectively
from the traverse part of the bridge.

Acc 1 Acc 2 Acc 3

‘ Xaccl | Xacc2 | Xaccl
\ \ 3 g

I—bridge

Figure 3.12: The locations of the begin and end point of the mass and the accelerometers for the moving
mass analysis on the different bridge designs with the distances shown in table 3.4



3.4. Analyses and Experiments 27

3.4.5 Moving vehicle analysis

A moving vehicle analysis is done to nd the Vehicle-Bridge Interaction (VBI) be-
tween a vehicle and the bridge. In this research, two different vehicles are used, the
bogie and the full train. These are both explained in section 3.2. Both vehicles are
used to get a better understanding of the Vehicle-Bridge Interaction as they are both
different types of vehicles. It is expected that running the bogie gives a simple VBI.
The full train is expected to also show the VBI, however, the frequency of the train
body should also be found.

This experiment is done by moving the vehicle over the bridge, which looks like
what is done in the moving mass analysis. In this case, the vehicle is mounted onto
a driving belt which is also connected to a motor. To determine the position and the
velocity of the vehicle on the bridge, three switches have been used. The start switch
ensures that the vehicle is in the right starting location of the bridge. The begin
bridge switch is triggered when the train is entering the bridge. The last switch is
the end switch. This switch is triggered when the vehicle has exited the bridge. After
this switch is triggered the measurement goes on for a limited time to also capture the
free vibration of the bridge. A schematic overview of the actuation of the bridge can
be seenin g. 3.13. The measurements are still done with the same accelerometers.

[ Startswitch | power | T
[ End bridge switch | supply L]
I DAQ
[ Begin bridge switch | Junction ——>
| Vehicle |— box L >

Figure 3.13: Actuator subset of the moving vehicle analysis

The locations of the switches and the accelerometers can be seen in g. 3.14. Both
the start and the begin bridge switch are in the same location for both vehicles. With
the start switch staying the same, the entrance phase of the bogie will be larger.
However, this does not in uence the results. The end bridge switch is different for
the vehicles as the bogie has left the bridge earlier than the full train. The location
of the accelerometers is still kept the same as the frequency analysis for the same
reason.

Acc 1 Acc 2 Acc 3

‘Xaccl‘ Xacc2 fxaccl
\ g \

I—bridge

Figure 3.14: Location of the switches and accelerometers during the moving vehicle analysis with the
distances shown in table 3.4
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3.5 Closing Remarks

In this chapter, the designs and the experiments used in this research are shown. The
aim is to give details on how and why these designs and experiments are used.

During this research, three different designs have been used in the search for the
Vehicle-Bridge Interaction. The following three are used:

» Scaled-down Boyne Viaduct:
» Two-meter bridge

* One-meter bridge

The scaled-down Boyne Viaduct was designed and used in previous research. In that
research, no Instantaneous Frequency and Vehicle-Bridge Interaction was found. As
this is a continuation of that research, the same experimental setup has been used.
To resolve the problem, two more designs have been made.

In this research, two different vehicles are used. This being the bogie and the full
train. The bogie is a part of the full train. To see a strong interaction, the frequency of
the bogie and the bridge needs to be close. The frequency of the bogie can be changed
by increasing or decreasing the stiffness or the mass. The full train exists out of two
bogies with the train body. The frequency of the train body is also important as this
can interfere with the interaction. Also, this frequency can be adjusted by increasing
or decreasing the mass or the stiffness.

To solve the problem, ve different analyses have been done. All these analyses have
almost the same experimental setup. The following analyses have been done:

« Natural frequency analysis : Inthis analysis, the natural frequency of the bridge
is determined. For the Scaled-down Boyne Viaduct, the analysis is done on a
different location than in previous research to understand the problem better.
Also, a mode shape analysis was done on the total bridge at the found natural
frequencies to see how the bridge is behaving. For the other two designs, a
natural frequency analysis is done as the experimental frequency can change
from the analytically found frequency.

« De ection analysis : This analysis is done to see if the shape of the de ection
is as expected and to calculate the area moment of inertia of the bridge. The
inertia is an important factor in the calculation of the analytical frequency and
knowing this inertia can understand the difference in the analytical and ex-
perimental frequency. The inertia can be calculated with the found maximal
displacement.

« Stationary mass analysis : With this analysis, it is checked if the frequency of
the bridge is decreasing when a heavy enough mass is placed on the bridge.
When this is done with the same mass as in the moving mass analysis, the
result of this analysis can be used to verify the interaction.

* Moving mass analysis : In this analysis, a mass is pushed over the bridge. This
is done to see if a clear interaction on the bridge can be found. The pushing of
the mass will result in inconsistent velocity, but this is not a problem as a time
on the bridge can be connected to a position of the bridge.

« Moving vehicle analysis : For this analysis, the two vehicles are moved over
the bridge. This analysis will show the total Vehicle-Bridge Interaction between
the vehicle and the bridge. Both vehicles are used to get a better understanding
of the interaction. The vehicles are driven by a motor over the bridge.



4 Results and Discussion

This chapter presents the results of the experiments elaborated in chapter 3. The aim
is to try to answer the main research question of this research. This is achieved by
discussing the experimental setup and the Vehicle-Bridge Interaction.

4.1 Experimental set-up

This section is dedicated to identifying the problem of why no interaction was found
at the experimental setup in the previous research and nding a clear natural fre-
quency of the experimental setup. This is done with the previously used experi-
mental setup and two other setups, the two-meter bridge and the one-meter bridge,
explained in section 3.1.

Previous research found that the natural frequency of the Scaled-down Boyne Viaduct
ranged from 162.5 Hz to 189 Hz. In this research, another natural frequency analysis
is done on the experimental setup. The FFTs with the use of either the shaker or the
hammer show a peak at 152 Hz, which can be seenin g. 4.1 and g. 4.2 respec-
tively. However, in Femtools, it is found that this is not the rst frequency of the
bridge, but the third eigenfrequency. The third eigenfrequency is observed in the
range of 150-162 Hz. In g. 4.3, the shape of the found third eigenmode can be seen.

Figure 4.1: FFT from the data from Accelerometer 1 and excited with the shaker

Looking further in Femtools, it is found that the rst frequency is found to be at

a range 75-80 Hz and the second eigenfrequency at a range of 115-125 Hz. In the
FFTs, a small and attened peak can be seen at these frequencies. The rst and the
second frequencies not showing clearly in the FFTs can be due to multiple reasons.
It could be due to the frequencies not being ampli ed enough by striking the bridge.

It can also be that the framework of the bridge is limiting the movement of the rst
eigenmode of the bridge.

Comparing the found rst frequency with the found experimental frequency in the
previous research and the analytical found value gives big differences. In table 4.1,
the differences can be seen. No signi cant difference was expected as the same ex-
periment has been done on the bridge. The only differences have been the locations
and the amount of sticking locations. However, this should not give such a differ-
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Figure 4.2: FFT from the data from Accelerometer 1 and excited with the roving hammer

Figure 4.3: The found mode shape at 160.866 Hz in FemTools

ence in frequency as the bridge is assumed to be a simply supported beam. This
is a strong indication that the parts of the bridge have too much freedom to move
separately from each other. This can also explain why there is such a big difference
between the analytical and experimental frequency.

Table 4.1: The experimental, analytical and the previous found frequency and the difference between
these values

. Experimental | Experimental . Analytical
Experimental . ! Analytical )
previous difference difference
75 Hz | 162.5-189 Hz | 53.85-60.32% | 141.71 Hz | 47.08%

A frequency analysis is also done over the entire experimental set-up with the result
shown in g. 4.4. It can be seen that the top and the bottom sides are moving differ-
ently from each other. The top side shows the rst eigenmode and the bottom side
shows the third eigenmode. This is not as expected as the bridge is assumed to be a
simply supported beam. This result shows that this assumption is no longer valid.
This is another strong indication that the parts of the bridge have too much freedom.

The natural frequency analysis on the two-meter bridge gave a clear frequency at 15
Hz for the experimental setup. The FFT of accelerometer 1 can be seenin g.4.5. This
frequency has also been found in the analysis in FemTools. The results from the other
two accelerometers and the found eigenmode at 15 Hz can be seen in appendix D.

When looking at both the analytical and experimental natural frequency, there is a
difference of 67.4% between both values. In table 4.2, the experimental and analyt-
ical frequency together with the difference can be seen. There are multiple possible
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Figure 4.4: The movement of the scaled-down Boyne Viaduct at 161 Hz

Figure 4.5: FFT of the two-meter bridge using the data from Accelerometer 1

reasons for this difference. One of the reasons is that the bridge is built out of three
distinct parts which has weakened the structure at the locations where it is bolted
together. This could reduce the stiffness and thus the frequency.

Table 4.2: Cross-section and the inertia from the ana-
lytical and experimental calculation for the two-meter
bridge

Experimental Analytical Difference
15 Hz 46 Hz 67.4%

Another reason is that the parameter values used for the calculation of the analytical
frequency differ from the built experimental setup. These are the parameters used
in eq. (2.1). The material and the length are in both cases the same, so the difference
does not come from these parameters. This leaves the cross-section and the area
moment of inertia of the bridge. The cross-section is checked by dividing the mass
of the bridge by the density and the length of the bridge. The mass of the bridge is
0.863 kg. For the calculation of the area moment of inertia, a de ection analysis is
done as shown in section 3.4.2. In g. 4.6, the result of the de ection analysis with

a mass of 100 grams can be seen. In this gure, the black points are the de ections
found at certain positions on the bridge. The dashed and dashed-dotted lines are the
shape of a free-free beam and a xed- xed beam. The maximum de ection found

is 0.323 mm. With the help of eq. (3.1) the area moment of inertia is calculated. In
table 4.3, the analytical and the experimental values of the cross-section and the area
moment of inertia can be seen. The cross-sections are almost similar to each other
and thus the difference cannot come from this parameter. Looking at the inertia,
the experimental value is approximately 20 times smaller than the analytical value,
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which can explain the difference between the experimental and analytical frequency.
The difference can occur due to the three parts of the bottom side of the bridge only
being bolted together at only minimal points while the Section Properties tool in
SOLIDWORKS expects that the three parts of the bottom side are xed over the total
length. With the parts only being mounted at certain locations, there is still some
exibility between the parts which can alter the inertia. Another reason that the
inertia is so different is that the bridge is made of sheet metal which can easily be
bent. A bent in the bridge changes the inertia of the bridge. From g. 4.6, it can also
be seen that the shape of the bridge follows the dashed-dotted line which means the
de ection of the bridge is like a xed- xed beam. This is expected as the bottom side
is xed on both sides.

Figure 4.6: De ection analysis done on the two-meter bridge with a mass of 100 grams

Table 4.3: Cross-section and the inertia from the analytical
and experimental calculation for the two-meter bridge

\ Cross-section  Inertia

Analytical 5411 10 m? 2:867 10 8m*
Experimental | 5:500 10 °m? 1:426 10 °m*

With the inertia used from the de ection analysis, a rst frequency of 13 Hz is found.
This is close to the frequency found from the natural frequency analysis and it can
be concluded that the rst frequency of this setup is 15 Hz.

Now with the rst frequency of the bridge known, the bogie is analyzed to see if
the rst frequency of the bogie can be adjusted to the bridge's rst frequency for an
interaction to occur. The original frequency of the bogie was 163 Hz. In section 3.2.1,
it can be seen how the bogie can be changed. It is found that the bogie cannot easily
be changed to the desired frequency. By decreasing the stiffness as much as possible,
the mass still needs to be increased by 8.2 kg. This is too much weight to add to
the bogie, so no interaction is possible between the designs of the experimental set-
up and the bogie. For an interaction to occur, the design of the bogie needs to be
adjusted or the experimental setup needs to be changed, for example by making the
bridge shorter.

The results of the natural frequency analysis for the one-meter bridge can be seen
in g. 4.7. This experimental setup has a rst frequency of 46 Hz. This frequency
is also found in the analysis done in the FemTools program. The eigenmode at this
frequency can be seen in g. D.10. The analytical rst frequency of this experiment
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Figure 4.7: FFT of the one-meter bridge using the data from Accelerometer 1

is 184.3 Hz which is calculated with the parameters shown in table 3.1. This gives a
difference of 75 % with the experimentally found frequency. With the bottom side of
the bridge being the same as the previous setup, except for the length of the bottom
side, the same reasons for the difference could be valid. The rst reason that the
bridge is weakened by the locations where the different parts are joined can still be
the case. However, the in uence is possibly small as at the two-meter bridge the
difference in inertia is the big reason for the difference. To know if the inertia or the
cross-section is again the cause of the difference, another de ection analysis is done
and the cross-section is calculated. The results can be seenin g. 4.8. The maximum
de ection here found is 0.08 mm. With the use of eq. (3.1), the experimental inertia
is calculated. The found experimental inertia can be seen in table 4.4. It can be seen
that again the experimental inertia is approximately 20 times smaller. This again is
due to the SOLIDWORKS program assuming that the three parts of the bottom side
are xed over the total length. The cross-section of this experimental setup is found
to be the same as that of the two-meter bridge, which is expected. The mass of the
bridge is halved but also the length of the bridge is halved. With these experimental
values and eq. (2.1), a rst frequency of 38 Hz has been found. This is close to the
experimental frequency of 46 Hz, however, there is still a difference between the two.
This can occur due to a small error in the measurement with the LVDT, as the LVDT
can measure with an accuracy of 0.01 mm and the LVDT is xed completely in the
vertical direction. The shape of the de ection is in this case also like the xed- xed
beam, which is expected.

Table 4.4: Cross-section and the inertia from the analytical
and experimental calculation for the one-meter bridge

| Cross-section  Inertia

Analytical 5411 10 >m? 2:867 10 8m*
Experimental | 5:500 10 °m? 1:246 10 °m*

In the FFT, two more peaks can be seen at 130 Hz and 172 Hz. With the help of the
analysis in FemTools, it is found that the peak at 130 Hz is the second eigenfrequency
of the experimental setup. The peak at 172 Hz is found not to be an eigenfrequency.

This peak can occur due to local geometric bouncing of a certain part or due to ex-

ternal noise. At the end at 200 Hz, another increase in magnitude is visible possibly

also occurring due to external noise.
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Figure 4.8: De ection analysis of the one-meter bridge with a mass of 100 grams

For an interaction, the bogie needs to be adjusted to the frequency of the bridge. The
frequency of the bogie is now 163 Hz and needs to be lowered to 45 Hz. It is found
that this is possible by reducing the stiffness by removing the middle wheelset and
increasing the mass of the bogie. An extra mass of 759 grams is needed. The new
mass and stiffness of the total can be seen in table 4.5. It is possible to decrease the
frequency by only increasing the mass. When this is done, an extra mass of 1.2 kg
is needed. It is chosen not to do this as the additional mass will become bigger and
with the available materials this made it more complex. In g. 4.9, an overview of
the altered bogie can be seen.

Table 4.5: The mass and the stiff-
ness of the bogie of the new design

Total mass 0.863 kg
Total stiffness ~ 7:280 10*

Figure 4.9: Schematic overview of the bogie with an extra mass and only 2 wheelsets

From the experiments done on the three experimental setups, it can be concluded
that the framework of the Scaled-down Boyne Viaduct is the cause that no interaction
has been found as the experimental set-ups with only the bottom side can show a
clear natural frequency. To see if the Vehicle-Bridge Interaction can also be found,
more experiments are done on the one-meter bridge.
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4.2 \ehicle-Bridge Interaction

This section consists of nding the Vehicle-Bridge Interaction between the one-meter
bridge and the full train. The Vehicle-Bridge Interaction is divided into three parts.
The Mass-Bridge Interaction, the Vehicle-Bridge Interaction with the bogie and even-
tually the Vehicle-Bridge Interaction with the full train.

4.2.1 Mass-bridge interaction

For the Mass-Bridge Interaction, the moving mass analysis is done. This is done with
a mass of 0.759 kg. A mass with this weight has been used because the weight of the
mass lies relatively close to the weight of the altered bogie. The response of rolling
the mass over the bridge can be seenin g. 4.10. This response has been found with
the help of the Wavelet SyncroSqueezed Transform (WSST), which is explained in
section 2.4.2.

Figure 4.10: The response of the one-meter bridge when a mass of 0.759 gram is rolled over the bridge

The results are shown in a color plot showing the signal's frequency over time. The
horizontal axis represents the time of the signal in seconds and the vertical axis rep-
resents the frequency in Hertz (Hz). The maximum range of the frequency is set to
200 Hz because higher frequencies are not of interest. The color of the plot shows
the coherence between the frequency and the time. Coherence is how much the fre-
guency is occurring at a certain time. The color bar ranges from blue to yellow, where
blue indicates no frequency is showing and yellow indicates a frequency is showing.
The plot is divided into the three phases which occur during an interaction and are
explained in section 2.1.

Throughout the entrance phase, no frequency is shown. This is expected because the
bridge is not excited at this moment due to the mass not rolling over it.
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A lot more can be seen in the traverse and the leaving phases. The dashed line
at 45 Hz shows the rst Instantaneous Frequency of the experimental setup. The
result shows that the rst IF decreases towards the middle of the traverse phase and
after passing the middle, the IF increases again to the rst natural frequency. The
IF stays constant in the leaving phase, as expected. The IF is shown clearly in the
results; however, there are still oscillations occurring. These oscillations can occur
due to external noise but also can be due to signal processing. In this research, the
WSST is the main model where the signal is processed. In this case, the default
settings of the WSST are used. By tweaking these settings, a more accurate and
smooth frequency result may be found. This cannot be said with certainty, as not
much is known of the WSST. The decrease of the IF in the traverse phase shows the
interaction between the mass and the bridge. This interaction is checked with the
result of the stationary mass analysis with the same mass. In g. 4.11, the result of
the stationary mass analysis is plotted over the found result of the WSST. The result
of the stationary mass analysis can also be seen separately in appendix D. It is found
that both responses are similar to each other. From this, it can be concluded that the
experimental set-up can show an interaction correctly.

Figure 4.11: The response of the rst Instantaneous Frequency when a mass of 0.759 gram is rolled
over the one-meter bridge and the results from the stationary mass analysis

At the dashed line at 127 Hz, the second eigenfrequency of the system is visible. A
close-up of this frequency can be seenin g.4.12. In the leaving phase, this frequency
of 127 Hz can be seen. In the traverse phase, it looks like the Vehicle-Bridge Interac-
tion also in uences this Instantaneous Frequency. The IF is here decreasing twice to
just above the green dashed box. It is not known if this is the correct behaviour of
the IF, as not much is known about the Vehicle-Bridge Interaction at higher eigenfre-
qguencies.

Other frequencies are shown in the green box at the top of g. 4.10. These frequencies
match with the earlier found peaks in the FFT of the experimental setup. In this
result, the frequencies are only shown in the rst part of the traverse phase. This
leads to the possibility that these frequencies are occurring due to external noise, as
a vibration of the bridge should be more clear throughout the whole traverse phase
and the leaving phase. This could also be due to local geometric bouncing of separate
parts of the bridge, which was mentioned earlier. Due to the result being limited to
only 200 Hz, it is hard to draw a conclusion about where these frequencies come
from.

In the green dashed box between the two red dashed lines in g. 4.10, it can be seen
that several vertical lines are visible. These are occurring over the total frequency
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