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Summary
Lightweight floor systems for vibration comfort
A shorter functional lifespan of buildings due to increased rate of change of
technological advances as well as the increased awareness of environmental impact of
the building industry are some of the challenges facing the current building industry.
The approach to address these challenges, that received a big audience in the
Netherlands, was the IFD or Industrial, Flexible and Demountable way of building.
Of the three pillars of this way of building the part that addressed flexibility was most
successful. In more recent years IFD has been succeeded by sustainable building with
the focus shifting more to preserving the environment as well as continuing effort to
increase functional lifespan of buildings. Looking at developments regarding floor
systems, using a method developed in this thesis, innovations can be observed that
comply with these strategies. Often these innovations involved incorporating hollow
spaces in the structural layer. This allowed for an increase of flexibility during the
lifespan as well as reducing the amount of material used. But this reduction in material
use resulted in an undesired floor property, namely poor vibration comfort.
Vibration comfort is a relatively undervalued floor characteristic in the current
building industry. Vibrations in floor systems can be caused by vibrating equipment
but also by walking people. Some effort has been made in Europe to define methods
specifically suited to predict vibration comfort in floor systems. The One-step RMS90
method is used in this thesis to quantitatively analyze vibrations in floor systems.
Vibration comfort can be influenced in multiple ways that can be classified in passive
or active methods. Active methods include systems such as tuned mass dampers or
active dampers. These can be considered to be additions to a floor system that
inherently lacks good vibration comfort. The main objective in this thesis is to
develop a passive method that provides a floor system inherently with good vibration
comfort.
The research presented in this thesis into passive methods of providing good
vibration comfort is divided into a couple of steps with increasing complexity using
the most suitable research technique. For this a floor system is characterized by a
single span beam of a unitary width, which is adequate to describe most current floor
systems. Each step is concluded with guidelines for enhancing vibration comfort.
The first step is to analyze the influence of the properties of just a single beam as well
as the support properties on the first mode frequency, an important vibration
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characteristic. A mathematical function is derived that calculates up to the fifth mode
frequency with good accuracy.
Subsequently an analysis is performed on a single beam as well as a set of up to five
beams. Beam properties as well as their structural geometrical layout of how they are
connected to each other are varied. For this a finite element model is used. The results
are used to calculate the vibration comfort using the One-step RMS90 method and
subsequently analyzed to define methods that increase vibration comfort.
Based on the results of these two theoretical approaches, a number of concepts are
defined. The concepts aim at improving properties such as the first mode frequency
and vibration damping. Due to the complexity of these concepts these are evaluated
experimentally to determine the most promising concept. It has been found that a
constrained layer design, which includes a damping layer, provides for a method of
improving vibration comfort in a consistent manner by increasing the damping
capacity. Utilizing such a design always results in increased damping but a
mathematical description is needed to describe how to optimize the benefits of such a
design. The mathematical description of the constrained layer design is developed and
a parameter study is presented to find design guidelines for optimizing damping.
Finally the guidelines provided in the various research steps are used to define a
conceptual floor structure to optimize vibration comfort. Also improvements for
some existing floor systems are provided. This final part is set up in such a way that it
allows for further efforts to optimize designs by others.
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Samenvatting
Lichtgewicht vloerconstructies en trillingscomfort
Een kortere functionele levensduur van gebouwen ten gevolge van steeds snellere
technologische ontwikkelingen en het toegenomen bewustzijn van de milieu-impact
van de bouw zijn enkele van de uitdagingen voor de huidige bouw. De aanpak van
deze uitdagingen, die grote bijval kreeg in Nederland, was IFD oftewel Industrieel,
Flexibel en Demontabel bouwen. Van de drie pijlers waaruit IFD bestaat was het deel
flexibiliteit het meest succesvol. In de afgelopen jaren is de IFD strategie opgevolgd
door duurzaam bouwen waarbij de focus meer verschoven is naar het behoud van het
milieu. Er zijn echter ook nog steeds ontwikkelingen om de functionele levensduur
van gebouwen te vergroten. Als we kijken naar ontwikkelingen op het gebied van
vloersystemen, met behulp van een methode ontwikkelt in dit proefschrift, kunnen
innovaties worden waargenomen die passen in deze strategieën. Vaak hebben deze
innovaties betrekking op het opnemen van holle ruimtes in de constructieve laag. Dit
zorgt voor een verhoging van de flexibiliteit gedurende de levensduur als ook het
verminderen van de hoeveelheid materiaal dat gebruikt wordt. Maar deze
vermindering van materiaalverbruik en daarmee lichtere constructies heeft geleid tot
een ongewenste vloer eigenschap, namelijk een verminderd trillingscomfort.
Trillingscomfort is in de huidige bouw een relatief ondergewaardeerde vloer
eigenschap. Trillingen in vloersystemen kunnen worden veroorzaakt door trillende
apparatuur, maar ook door lopende mensen. In Europa is beperkt onderzoek gedaan
naar methoden die specifiek geschikt voor het voorspellen van het niveau van
trillingscomfort van de vloer. De One-Step RMS90 methode wordt gebruikt in dit
proefschrift om trillingen in vloersystemen kwantitatief te analyseren. Trillingscomfort
kan worden beïnvloed op meerdere manieren en kan worden ingedeeld in passieve en
actieve methoden. Actieve methoden omvatten systemen zoals instelbare massa
dempers of actieve dempers. Deze kunnen worden beschouwd als toevoegingen aan
een vloer systeem waarbij een goed trillingscomfort ontbreekt. Het belangrijkste doel
in dit proefschrift is het ontwikkelen van een passieve methode waarmee een
vloersysteem kan worden ontworpen die inherent een goed trillingscomfort biedt.
Het onderzoek in dit proefschrift naar passieve methoden voor trillingscomfort is
verdeeld in meerdere stappen met toenemende complexiteit waarbij steeds gebruik
wordt gemaakt van de meest geschikte onderzoekstechniek. Hierbij wordt een
vloersysteem geschematiseerd als een of meerdere lijnvormige elementen met een
bepaalde effectieve breedte. Hiermee kunnen de meeste vloer systemen beschreven
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worden. Elke stap wordt afgesloten met richtlijnen voor het verbeteren van trillingen
comfort.
De eerste stap is het analyseren van de invloed van de doorsnede eigenschappen van
slechts een enkele balk, evenals de ondersteuningen, op de eerste natuurlijke
frequentie, wat een belangrijke trilling eigenschap is. Een wiskundige functie wordt
afgeleid waarmee tot aan de vijfde harmonische de frequentie nauwkeurig berekend
kan worden.
Vervolgens wordt een analyse uitgevoerd van een tot maximaal vijf balken. Doorsnede
eigenschappen als ook hun geometrische lay-out en de onderlinge connectie zijn
gevarieerd. Voor dit onderdeel wordt een eindige elementen model gebruikt. Aan de
hand van de verkregen resultaten en de One-Step RMS90 methode wordt het
trillingscomfort berekend en vervolgens geanalyseerd om eigenschappen die het
trillingscomfort verhogen te definiëren.
Op basis van de resultaten van deze twee theoretische benaderingen, zijn een aantal
concepten gedefinieerd. De concepten zijn gericht op het verbeteren van
eigenschappen zoals de eerste natuurlijke frequentie en trillingsdemping. Vanwege de
complexiteit van deze concepten zijn deze experimenteel geëvalueerd om de meest
veelbelovende ontwerpprincipes te bepalen. Gebleken is dat een constrained-layer
ontwerp, waarbij een dempingslaag in een balk wordt toegevoegd, zeer geschikt is
voor het verbeteren van trillingscomfort , door op een consistente manier de demping
capaciteit te verhogen. Gebruik makend van een dergelijk ontwerp resulteert altijd in
een verhoogde demping. Een wiskundige beschrijving van het werkingsprincipe wordt
gepresenteerd om te beschrijven hoe zo'n ontwerp kan worden geoptimaliseerd. Aan
de hand van een parameter studie worden ontwerp richtlijnen voor het optimaliseren
van demping gegeven.
Als laatste stap worden de richtlijnen die gevonden zijn in de verschillende
onderzoeksstappen gebruikt om een conceptuele vloerconstructie te definiëren om zo
het trillingscomfort te optimaliseren. Ook verbeteringen voor een aantal bestaande
vloer systemen zijn besproken. Dit laatste deel is op een zodanige wijze opgezet dat
het mogelijk is voor anderen om ontwerpen van vloersystemen verder te
optimaliseren met betrekking tot trillingscomfort.
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Symbols and abbreviations
The list below gives the explanation of the symbols and abbreviations that are
frequently used in this thesis.
Abbreviations
DFT
FEM
FFT
IFD
MAUT
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RMS

Discrete Fourier Transform
Finite Element Model
Fast Fourier Transform
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Root mean square
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Greek symbols
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difference operator, delta
phase shift
dimensionless parameters for sandwich equations
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Introduction

Chapter

1

Introduction
Abstract
This chapter gives an introduction into the topic of this thesis. A short historical
overview of relevant aspects and the thesis outline are presented.

1.1 Floor structures
Floor structures can be considered to be the central component for users of a building
structure. This is most true for residential and office buildings. Over time more and
more functions of a building are combined with the floor structure. Traditionally the
floor structure had only the function of bearing people and furniture or other loads.
Because of this single function the floor structure could be simple in design and was
typically made up of wooden beams with wooden sheeting, see Figure 1.1. With the
development of reinforced concrete new floor structures became possible of higher
quality. Because of the higher mass, inherently better comfort properties such as
acoustic insulation and low frequency vibration comfort became the standard.
With the introduction of electrical installations into residential and office buildings
these installations became more and more integrated with the floor structure by
pouring them into the concrete floor structure. More installations were integrated, like
air conditioning and water piping, followed by data wiring for computers and other
1

Figure 1.1, (a) Traditional wooden beam floor, (b) solid concrete floor, (c) hollow core concrete floor

appliances. With the integration of these systems the floor structure became an
integrated floor system.
But these are not the only influences that lead to the designs of the currently available
floor systems. When looking at the solid concrete floor system which can weigh up to
500 - 800 kg/m2 it is obvious that a lot of raw materials are used. Looking at the price
development of a commonly used material like steel, which has had an increase of
79% over the period 1997 - 20101, it is economically very interesting to reduce the
amount of materials needed to make up a building. Looking at the weight distribution
of a traditional concrete structure, the floor structure makes up a large part of the total
weight of the structure. Some efforts have been made to reduce the weight of the
floor systems. In Figure 1.1c the hollow core floor slab is shown as a successful
exponent of this weight reduction approach. Such a floor system however still weighs
around 300 – 500 kg/m2, which means a reduction of about 35% compared to a solid
core concrete floor.
A floor system nowadays is one of the most complex and even more important parts
of a building structure. It is good to realize from this short and by no means complete
historical overview that the design of complex floor systems that are used in today’s
building practice is a result of the repeated introduction of new technologies into the
existing building methods. This does not mean that the existing floor structures have
necessarily the most optimal design. Especially the attempts at achieving weight
reduction introduced problems with the standard of comfort that was established by
the high weight floor systems. In recent years several new floor designs were
developed to address specific problem areas in the existing floor systems, but often
introduced problems in other areas. A comprehensive overview and analysis of these
developments is discussed in chapter 2.
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Source: MEPS-EU Carbon Steel price index. 1997 =100
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1.2 Motivation and relevance
Looking at the building practice in the Netherlands, it becomes clear why especially
now the floor system development is relevant. A large part of the building stock has
been build just after the Section World War which means they reach an age of around
50 years. Keeping in mind the developments and the additional functionality, which
has been described in the previous section, which has become a standard it is clear
that the current building stock has difficulty meeting current standards on quality.
Among others a large part of the building stock consists of four-storey apartment
buildings, Figure 1.2.

Figure 1.2, Typical four-storey apartment buildings

These apartment buildings have a concrete structure with solid concrete walls and
floors and allow for little integration with additional comfort systems and are
therefore increasingly less functionally viable. Several strategies of dealing with
modernizing this type of buildings have been investigated. The IFD-flatbouw (1)
research project where only the foundation of these buildings is reused and a research
project (2) called “Flexibele doorbraak” which translates into “Flexible
Breakthrough”, where the structure a partially altered by removing a separating wall in
order to create larger living spaces in the existing structure. Other developments into
modernizing the residential building methods can be considered to be the Industrial
System of Building, or ISB-way of building (3) where a radical new method of bearing
structure consisting out of profiled sheet steel elements, see Figure 1.3.
3

Figure 1.3, Industrial System of Building

These research projects all concluded that the floor system would be a central part of
the bearing structure including services demanded by the market. The most promising
method of achieving this was to build in such a way that there would be space inside
the floor system for the necessary piping of the needed comfort systems. Several
strategies have been developed over the years and will be addressed in Chapter 2.

1.3 Problem statement and research goal
From the introduction in the previous sections it is clear that the development of
floor systems has been a continuing effort, mostly fueled by the building practice in
order to get a competitive edge. New developments were often a continuation of or
addition to existing floor systems which is logical from a business perspective as this
reduces the cost of the developments. With the focus of the building practice in
general at reducing the use of materials new problems were introduced, especially
vibration related comfort levels, that did not exist with heavier floor systems or were
not considered an issue with the earlier wooden floor structures.
Although some very innovative developments were made in the building industry,
these often lack a systematic approach and are governed mostly by an economical
incentive. While this can lead to useful and creative developments a scientific
approach to these challenges will be a valuable addition and possibly a completely new
approach at meeting the challenges posed by the current building climate.
Several goals are formulated in this research to address these challenges
 Describe the functions and demands posed on a modern floor system and
develop a method to analyze objectively a certain design of a floor system.
This analysis method is then used to define relevant research areas that are
not addressed by developments in existing floor systems.
 In advance of the results of this analysis that will be done in chapter 2, one of
the research areas is determined to be a light weight floor system with
acceptable vibration comfort. This research should lead to a full
4



understanding of aspects influencing vibration comfort on a light weight floor
system
This research should provide design guidelines and design concepts for
achieving acceptable vibration comfort in lightweight floor systems

1.4 Research approach
As described in the previous section first an inventory has to be made of available
floor systems. By analyzing them, weaknesses or missing functions or properties can
be identified. This analysis will be used to define which aspects to research further,
which is determined to be vibration comfort of lightweight floor systems. The aim of
the next part of the research is to gain a full understanding of the aspects influencing
the vibration comfort of lightweight floor systems. A method to objectively assess
vibration comfort will be chosen. In order to research the various aspects influencing
vibration comfort, several methods will be used, including analytical analysis, finite
element calculations as well as experimental work. This process will be an iterative
process with increasing complexity where the aspects researched will be based on the
conclusions of the previous part. Based on the intermediate findings an experimental
program will be carried out where several design concepts will be studied. The
experiments can only contain a limited number of variants. Therefore for the most
successful design will be further studied to form a theoretical foundation on which
further analysis will be carried out. The theory will be validated with the experiments.
A final step will be to develop a concept of a floor system that will be able to meet the
demands concerning vibration comfort.

1.5 Thesis outline
The thesis is divided into 9 chapters according to the thesis outline shown in Figure
1.4. In the current chapter the topic of the research has been introduced. Chapter 2
gives an overview of the trends in the building industry as well as an overview of the
available floor systems. A method of evaluating characteristics of modern floor
systems is presented. Chapters 3 to 7 discuss the various aspects of vibration comfort
of floor systems with increasing complexity. In every chapter design guidelines for
improving the vibration comfort with regard to the specific aspect of the topic of the
chapter are presented. Chapter 3 presents a method of determining the vibration
comfort. Chapter 4 discusses the influence of the floor properties on the first mode
frequency or natural frequency and presents a closed form solution function for
determining the mode frequencies of the floor system that is represented by a beam.
In chapter 5 two dimensional configurations of beam structures with various
connections and their influence on vibration comfort are presented. Chapter 6
presents experimental work on damping in various beam configuration and damping
5

strategies. In the last chapter concerning vibration, chapter 7 a theoretical model for
determining damping of a sandwich beam is presented. Chapter 8 gives an overview
of all design guidelines from the previous chapters. By example these design guidelines
are explored and design concepts given. The final chapter concludes this thesis with
the conclusions and recommendations for further research.

Figure 1.4, Outline of thesis
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State of the art on structural floor systems

Chapter

2

State of the art on structural floor
systems
Abstract
This chapter describes the state of the art on structural floor systems. Trends are
identified as well as the challenges that are facing the building industry. Also the
method of addressing these challenges is discussed, called the Industrial, Flexible and
Demountable method of building. In order to find the missing knowledge in the
structural flooring industry an analysis tool is being created in this chapter to identify
interesting fields of research as well as find solutions found in the current industry.
The results of this analysis lead to a design focus on which further research is based in
the remainder of this thesis.

2.1 Trends in the building industry
Before elaborating on the state of the art on structural floor systems, the
developments in the building industry, as introduced in chapter 1, will be further
described here for a better understanding of the reasons behind some of the specific
developments regarding structural floor systems.
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Research has been done describing primarily the building industry in the Netherlands
(4) but also the international building industry. In the Netherlands a large part of the
available residential buildings were built after the Second World War and are now
around 60 years old. When these residential buildings were built the principal demands
were to build a large number of them quickly to replace the lost or damaged building
stock. Fast building techniques and processes were developed during these times,
resulting in quickly build housing stock, but with little variety.
This was already recognized by Habraken (5) in 1961 where he advocated to separate
the structural structure from the infra structure, allowing for more flexibility and
individuality in building designs. From this point on flexibility as one of the aspects of
sustainability has become more and more incorporated into the building industry and
altering it.
The building industry after the Second World War can be described as a supply
market. The market today is more and more a demand market with the following
important characteristics.




Increased demand for individual requirements of housing owners. A large
variety in building stock is therefore called for.
Due to shifting into a demand-market the future owner has gotten a larger
influence in the building process and official regulations are pushed back.
The building processes and techniques are more refined and more flexible
over the years and are able to provide for small series production

Index[-]

The standard of living has increased substantially after the Second World War which
also meant an increase in wages of workers.
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Figure 2.1, Cost of labour in building professions, Source CBS2

Over the years the trend has been that manual labor is getting more expensive. A
trend that up to the present day continues, see Figure 2.1. Besides the increase in labor
2

CBS: Centraal Bureau voor de Statistiek, (Statistics Netherlands)
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cost also a shortage of skilled laborers can be observed, mainly due to a reduced influx
of young professionals and the retirement of older skilled workers3. This means that in
order to keep the capacity for building on a high enough level more and more skilled
labor is done by automated processes. Besides the shift in the building market also
environmental aspects are becoming more and more important. Two aspects play a
key role in this. The first one is the amount of waste that is produced. A survey in the
Netherlands showed that a total of about 18 million tons of building related waste is
produced yearly, with the distribution as shown in Figure 2.2. A large part of this
waste is used as low grade recycled material mostly for road foundation. It would be
more environmentally friendly to use these materials in high-grade applications, so no
new natural materials would have to be used. This relates to the second aspect which
is the rapidly declining availability of natural resources of materials. The shortage of
natural materials will lead to increased prices, as was reported in section 1.1 for the
steel prices.

masonry
25%

metal
1%

aggregate
2%
concrete
40%

packing
1%
asphalt
25%

wood
1%

various
5%

Figure 2.2, Building waste composition, source: (6)

These trends call for a revised vision on how the building industry should work. In
many developed countries similar issues can be identified, with each country trying to
find a suitable solution for its specific situation. The solution promoted in the
Netherlands by the government during the last decade, and also successfully
introduced with the building practice, is called IFD which is discussed further in the
next section. The solutions in other countries have similar directions.

2.1.1 Industrial Flexible and Demountable building
In the Netherlands a concept has been introduced, called IFD, which stands for an
Industrial, Flexible and Demountable way of building. This concept has been a natural
evolution of 30 years of sustainable building awareness. With IFD the Dutch
3

Source: Hoofdbedrijfschap Ambachten, December 2008
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government and the building contractors try to improve the way of building to
address the problems caused by the trends in the building industry.
The strategy that received the most attention in IFD is flexibility. By creating flexible
buildings it is possible to meet individual demands on every scale. Also new trends
that are introduced at an increasingly faster rate can be introduced in existing buildings
more easily when they are designed with flexibility as a key concept. A natural way of
making something flexible is to use discrete and demountable parts so they can be
changed more easily, which aligns the demountable way of building nicely with the
flexible way of building. When we assume a building consists out of discrete parts or
building blocks, it becomes clear that these building blocks can be more economically
produced in an industrially way at a larger scale and then combined in various ways in
order to meet the varying demands. As the IFD approach grew in popularity the
definitions of what could be considered IFD watered down a bit. Therefore in this
thesis these concepts are defined conform (4) as follows :
Industrial:

The project independent manufacturing and application of building
parts, under controlled circumstances and by way of repeatable
processes.
Flexible:
The providing of provisions so the building parts are relatively easy
adaptable to user requirements.
Demountable: The providing of provisions so building parts can be removed from the
building with little damage, little contamination of other materials,
without damaging other building parts and suited for reuse or recycling.
Industrial
The meaning of the term ‘Industrial way of building’ has changed over time when
other possibilities and circumstances arose. In the past this term meant mostly that the
production process was carried out in a factory and that the work was done by
machines. It was often understood that the benefit of an industrial process was to be
found in mass production, which meant that big investments had to be made in order
to get the manufacturing line running. This manufacturing line was then to be earned
back in the course of several projects. Due to modern-day technical possibilities and
consumer demands, the term ‘Industrial way of building’ in this thesis is to be
understood as follows.


Non-project-bound manufacturing of building parts

Building parts are manufactured independent of the project in that they are used.
The design of the building part should be such that it can be used in that form in
all allowable designs. Another characteristic of such a building part is that it could
be kept ‘in stock’.
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Manufacturing under controlled circumstances

The manufacturing and assembly of the building parts should be carried out under
controlled circumstances in order to guarantee a constant and high quality. These
circumstances can be created in a factory or at the building site itself.


Manufacturing by way of repeatable processes

The manufacturing process should be the same every time a single building part is
manufactured. In this way the manufacturing process can be executed by as well a
machine as a human.
Flexible
Every user of a building has its own set of requirements he wants that building to
fulfill. Nowadays these requirements for a building change faster, due to owner
change, or to facilitate other functionalities. To facilitate these different sets of
requirements it is necessary that the building and its parts have an inherent quality to
make it possible to meet these new requirements. With regard to IFD two aspects
have a prominent role:
 Variation on layout and use of material for the first user
Two types of first users can be distinguished by the moment in the building
process they are involved in, early and late involved users. Usually, for residential
buildings, these first users are only involved when the plans are more or less
finished. At most there are some pre-made design options available to them. IFD
tries to stimulate that these users have a stronger influence in the design process.
Looking at a floor plan the bearing structure and by this also the floor system plays
an important role in how much variety is possible. For instance positioning of
separating walls, staircases and electrical outlets depend on the floor system.
 Possibility of changing the layout and used materials during service life to meet
changed requirements of users.
During service life the building probably has a couple of different users, each
having his own set of requirements for the layout and functionalities. Ideally all the
choices the first user has should also be available during service life. However it is
unlikely that every design possibility will be used in the same frequency. For
instance changing the wiring occurs more frequently than changing the floor plan.
Additional to this kind of flexibility during service life new technology or different
regulations may come along, that pose new requirement onto the floor system.
Ideally the floor system could be modified in such a way that these new
requirements can be met. The difficulty in this is that it is obviously unknown
during the design- and building phase what these new requirements will be.
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Demountable
As was argued above a demountable structure or building parts allows for a more
flexible building. Continuing this reasoning a building has to be demountable to be
optimally flexible. But also demountability determines how much a material or a
building part can be reused and therefore posing less strain on the environment. From
Figure 2.2 it can be seen that the amount of building waste that is produced is large
for which a demountable way of building could provide some relief.
IFD-lifecycle
In every phase of the buildings’ lifecycle the different aspects of IFD play a role.
These aspects however don’t have the same importance in every phase, as is illustrated
in Figure 2.3. When designing a specific building part this should be helpful for
deciding what characteristics are important in that case.
Design

Assembly

Service

Demounting

Industrial

Large influence

Flexible

Average influence

Demountable

Small influence
Figure 2.3, Influence of IFD aspects on life stages of a building

2.1.2 Environment and building process
As the IFD approach had many successes it became clear that the part that received
the most attention was the flexible part during the service life. Examples of this
regarding floor systems are given in the section 2.2. This allowed a building to cope
better with changing technologies, changing owners or other influences that required
the building to be adapted. The approach of IFD is very much aimed at a product
level. In continuation of the effort of improving the building industry two major
directions can be identified.



Sustainable products and manufacturing
Optimizing building processes

The environmental awareness is increasing, not only in the building process. For
example the food industry has an ever increasing number of labels indicating the green
aspect. But also in the building industry there are labels and strategies in use as the
carbon footprint4, usage of renewable resources5, life cycle thinking6.
The most recent developments address the building process itself. It became clear that
not only the product itself but also the building process is in need of improvement.
website: www.carbonfootprint.com
website: www.sustainablebuilding.info
6 website: lct.jrc.ec.europa.eu
4
5
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Currently the building process is highly fragmented where only small parts of the
whole building process are given to a single contractor or supplier. High levels of
failure costs are reported up to 20%(7;8). Combined with low margins and a tendency
that only the lowest price determined who would get the contract leaves little room
for innovation. It became clear that a change is needed. Several initiatives are
developed such as Slimbouwen (9), Living building (8) in the Netherlands. This topic
is also active in other countries such as Great Britain under the title of “rethinking
construction” (7).

2.2 Trends in structural flooring practice
In chapter 1 it was argued that the floor system was one of the most complex building
parts. This has become clear by the developments that can be observed relating to the
floor system. Motivated by the more general trends in the building industry the
developments in the floor systems that are available now focus mostly on two aspects:



Reduction of material use (reduction of dead load)
Provisions for including technical services within the floor system instead of
positioning them under or over the floor system to reduce total height.

In a student report (10) a complete overview is given of the floor systems available in
the Netherlands. They are evaluated with regard to the level they conform to IFD
aspects. In Appendix A.1 product sheets of the most influential floor systems in the
Dutch market concerning IFD are included. In Figure 2.4 a collection of the relevant
floor systems is shown. Looking at these floor systems it is clear that most of these
floor systems focus on the two aspects mentioned above. This is not surprising when
realizing that the two aspects of reduction of material use and creating provisions for
technical services enhance each other. As the most effective method of reducing
weight is simply removing material from the cross section this automatically results in
available space for technical services. The different floor systems have different
amounts of weight reduction and how flexible the floor system is with regard to the
layout of the technical services. The Matura and ISB design, Figure 2.4a and b, can be
regarded as a first generation of solutions for technical services. These floor systems
never became a commercial success but showed there were possibilities for the
technical services problem. This has spawned a great number of new or enhanced
floor systems that focused on the technical services. The hollow core floor system,
Figure 2.4c, was first developed to reduce the material use, but it was enhanced by
allowing limited space for technical services.
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(b)

(a)

(c)

(d)

(e)
(f)
Figure 2.4, Floor systems, Matura (a), ISB (b), Hollow core (c), SlimLine (d), Multi Flexfloor (e), Wing
floor(f)

Other floor systems like the SlimLine floor system, Figure 2.4d, were new
developments specifically aimed at solving the technical services problems. The
Wingfloor, Figure 2.4f is a combination of a wide slab and a hollow core floor system,
also allowing limited space for services. The Multi FlexFloor is an evolution of the
Wingfloor to allow even more room for the technical services. Over the years the
floor systems have been developed further with the introduction of concrete mass
activation to enhance the climate control of a building.
There are many more floor systems that have been developed over the past years, but
already from this selection it is obvious that there is a great variety in the designs.
Looking closer at the functionality and the level of IFD of the floor systems it
becomes clear every floor system answers to a specific need in the market. When
using the IFD approach to address the problems in the market it is very useful to
compare these floor systems to each other. Therefore in the next section an IFD
evaluation tool is presented in order to identify strengths and weaknesses of existing
floor systems and to determine in what areas more research is needed.

2.3 IFD Evaluation method for floor systems
In this paragraph the IFD-evaluation method used in this thesis for comparing floor
systems is presented. This method is based on MAUT or Multi Attribute Utilization
Theory (11). This method allows for comparing different items in a meaningful
manner. In this case the floor systems are the items that are to be evaluated. These can
14

be very different not only by layout but also in functionality. One has to find a set of
quantities that can describe a floor system which can be used for all floor systems. In
this case a set of functions that a floor can perform was defined. On the other side a
list of IFD-characteristics was defined which describe various aspects of IFD. These
two sets cannot be linked directly. This is illustrated by a small example. For instance
the bearing function of a floor can be performed by a combination of different parts
in a floor system. These different parts do not necessarily perform equal on for
instance the industrial aspect of IFD. In this case it is clear that it is very difficult to
determine objectively a rating on the industrial aspect for the bearing function as one
has to weigh the different parts in relation to the function as well as the industrial
aspect.

Figure 2.5, Overview of the IFD evaluation method

The approach used in this thesis, which is outlined in Figure 2.5, starts by dividing a
floor system into its parts and rates them on an IFD scale. On the other side a matrix
is composed to define how each part contributes to a specific function. In a traditional
MAUT application weighing factors are used to factor in the relative importance of
the different aspect and is then processed to a single value that describes the rating of
the object at hand. In this case it is more interesting to make various cross sections of
the evaluating matrix to find out more of the distribution of the ratings, which provide
more inside into the strength and weaknesses of the floor systems under investigation.

2.3.1 Subdivision of floor system into parts and provisions
The first step in the evaluation is to divide the floor system into its individual parts.
These parts make up the floor system which as a whole has to perform various
15

functions. These parts, e.g. beams, plating etc., are the physical parts of the floor
system. Besides these physical parts, a floor system can contain provisions. These
provisions can provide the floor system with added functionality without being a
physical part. An example of provisions found in a floor system is free space in a floor
for technical services. To clearly define what is understood by a part or provision they
are defined as follows:
Definition: An individual part is a part that entirely consists of the same material or
material mix and is produced as a single element.
Definition: An individual provision is one or more of the same added functionality
in an individual part.

2.3.2 Assigning contribution level to functional aspects
The second step requires linking the list of Parts and Provisions, which were defined
in the previous paragraph, to the list of functional aspects. The functional aspects are
categorized into three groups namely: structural aspects (S), building physics
aspects(B) and services aspects (R). Each functional aspect group is subdivided into
several functional aspects that are characteristic for floor systems conform Table 2.1.
Table 2.1, List of functional aspects of a floor system

Code Name
Structural aspects
S1
Load-bearing
function
S2
Stabilizing function
S3

Supporting function

Building physics aspects
B1
Sound insulation
B2
Vibration
Services aspects
R1
Gas, water,
electricity
R2
computer network,
television
R3
Air-conditioning
R4

Sewerage
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Description
Carrying of vertical loads acting on the floor system to the
main bearing structure.
Carrying of horizontal loads due to wind forces, second
order and tilting, to stability elements of the building.
Transferring loads from the floor system to the load-bearing
structure.
Sound insulation between adjacent storeys.
Response to dynamic loads.
Holding ducts that have a small diameter (< 30 mm) and a
long time interval for change, replacement or maintenance.
Holding low voltage installation that has a short time interval
for change, replacement or maintenance.
Holding ducts that have a big diameter (> 100 mm) and a
long time interval for change, replacement or upkeep
Holding ducts that have medium diameter (> 30 mm and <
100 mm), are sloping and have a long time interval for
change, replacement or upkeep.

The linking of the set of parts and provisions to the list of functions is described by a
matrix, c 10f , PnP , which links each part or provision to a function. The part or provision
which contributes most to the functional aspect at hand, called the main PnP, will
receive the maximum contribution factor of 10, as listed in Table 2.2. Every remaining
part or provision is assessed and rewarded a relative contribution level ranging from 0
to 10, in relation to the main PnP.
Table 2.2 Description of contribution levels

Contribution level
0
10

Description of contribution levels:
No contribution at all on the regarded functional aspect
The part or provision has the highest contribution relative to all parts
and provisions that contribute to the regarded functional aspect. It is
possible that more than one part or provision gets the same
contribution level.

Normalizing the contribution levels
The contribution levels, c 10f , PnP , with the score base of 10 are normalized using
equation (2.1), so that the sum of all contribution levels with regard to one functional
aspect equals one which allows for uniform comparison.

c 1f , PnP 

c 10f , PnP
n

c

PnP 1

(2.1)

10
f , PnP

In which,
f:
regarded functional aspect
PnP: regarded part or provision
n:
total number of parts and provisions

2.3.3 Assigning scores on each part or provision for every characteristic
The third step of the evaluation requires that each part or provision be given a score
with regard to the set of IFD-characteristics. The characteristics are grouped into
Industrial, Flexible and Demountable characteristics according to Table 2.3.
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Table 2.3, Definition of IFD characteristics

Phase IFD-characteristic
Industrial
[D] [I1] Standardized parts
[D] [I2] Modular measurements
[D] [I3] Number of parts
[A] [I4] Controlled manufacturing
conditions
[A] [I5] Reproducible production
process
[A] [I6] Simple assembly protocol
[A] [I7] Little waste
[S] [I8] Changing of parts
Flexible
[D] [F1] Freedom of design

Description of positive characteristic
consists of subparts that are manufactured in series
has a measurement system that is modular
consists of a small number of parts
has been manufactured under controlled manufacturing
conditions
is manufactured or assembled by means of a
reproducible production process
can be assembled on site by means of simple actions and
lightweight equipment
produces little waste during manufacturing and assembly
changable during service life by standardized parts

can be changed according to new requirements during
the entire design process
[A] [F2] Adaptable during assembly can be changed according to new requirements during
the assembly process
[A] [F3] Freedom of assembly
is not depending on a strict assembly planning
[S] [F4] Changing of function
supports the possibility of changing the functionality of
the room with little disturbance to other parts.
[S] [F5] Changing of layout
supports the possibility of changing the layout of the
floor field with little disturbance to other.
[S] [F6] Mentally
has been designed in such a way and is provided with
such good documentation that the user can be aware of
the possibilities of flexibility.
Demountable
[D] [D1] Re-use from other buildings can be used in another building without alterations after
demounting the original building
[A] [D2] Dry connections
are connected to the rest of the floor system and
construction through dry connections
[S] [D3] Demounting of parts
can be demounted without disturbing this or other parts
so it can be used in other buildings
[M] [D4] Demounting without waste can be demounted without creating waste materials.
[M] [D5] Reuse of materials
can be treated in such a way that the materials of this
part can be used as new raw materials
[M] [D6] Reuse of building parts
supports the reuse of the entire floor system in other
buildings.

Furthermore a code is given to reflect in what phase of a buildings lifetime the specific
characteristic is of the greatest importance, [D(design), A(assembly), S(service),
M(demounting)]. The description of the characteristic is formulated such, that if the
regarded part or provision meets this description the maximum positive score should
be given according to the rating system from Table 2.4.
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Table 2.4, Rating system

Rating
+2
+1
0
-1
-2

Description
Description of the regarded characteristic is met for 80–100% for the rated part or provision
Description of the regarded characteristic is met for 60–80% for the rated part or provision
Description of the regarded characteristic is met for 40–60% for the rated part or provision
Description of the regarded characteristic is met for 20–40% for the rated part or provision
Description of the regarded characteristic is met for 0–20% for the rated part or provision.

The IFD characteristics are very diverse and difficult to be assigned an exact
quantitative value. To avoid a meaningless high precision of quantitative values a
limited number of rating levels are defined. A matrix  R PnP , IFD  , is constructed in
which the ratings are assigned for each part or provision for every characteristic. With
this final matrix all elements of the input of the IFD-evaluation method for floor
systems are available and are ready to be processed.

2.3.4 Processing of the scores
With all data available these it can be processed to create an overview suitable for the
evaluation. In the previous paragraphs a total of three lists and two matrices have been
defined.




A list of functional aspects (Table 2.1)
A list of parts and provisions (unique for every floor system)
A list of Industrial, Flexible and Demountable characteristics (Table 2.3)

The first two lists are linked through the set of contribution levels, c 1f ,PnP  , and the
last two are linked by the ratings matrix,  R PnP , IFD  . In words this means that the
functional aspects are indirectly linked to the IFD-characteristics as both are based on
the list of parts and provisions. The final processing step, consists of constructing a
matrix that lists ratings for the functional aspects on each IFD characteristic directly.
A worked example of this complete method is included in appendix A.2. This is
achieved by calculating the rating of a functional aspect on the regarded characteristic
by summing up the contributions of every part and provision considering their
contribution levels. Because the contribution levels have been normalized we can
simply multiply the contribution level with the rating and add them for all the parts
and provisions, according to equation (2.2).
 R f , IFD    c 1f , PnP    R PnP , IFD 

(2.2)
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This final rating matrix, R f , IFD  , is then rounded to closest multiple of 0.5 in order
to obtain a list of ratings ranging from +2 to –2 with 0.5 intervals. This rating is
calculated for all combinations of functional aspects and IFD characteristics.

2.3.5 Weighing factors
The previously defined functional aspects and IFD characteristics are not found to be
of equal importance with regard to the building process. To reflect this, two sets of
normalized weighing factors are introduced, one for the functional aspects,  w *f _ N  ,
and one for each of the IFD characteristics,  w (*I ; F ; D ) _ N ;  . Each set of weighing
factors has a combined weight of 1, which allows for the two sets to be multiplied
finding the combined weight,  w *f _ N ;( I ; F ; D ) _ N  for a combination of a functional
aspect and an IFD-characteristic. These weighing factors can be used to reflect
different viewpoints. A building contractor might assign different weights as opposed
to an owner.

Weighing factor distribution
Industrial

Flexible Demountable

0.30
0.25
0.20
0.15
0.10

D1
D2
D3
D4
D5
D6

Attributes

F1
F2
F3
F4
F5
F6

0.00

I1
I2
I3
I4
I5
I6
I7
I8

0.05
S1
S2
S3
B1
B2
R1
R2
R3
R4

Weighingfactor [Normalized]

Functional

Figure 2.6, Weighing factor distribution for IFD evaluation tool, including average weight factor per
attribute

For the purpose of this thesis the weighing factor are determined by interviewing a
panel of experts in the field of IFD in the Netherlands, working in the academic world
as well as in the industry, allowing for a set of contribution factors representing the
combined interests. The technique called “indirect numerical ratio judgments of
relative attribute importance” (11), is used for this. This technique asks a panel
member to first rank-order the items in a list, called attributes, with the most
important attribute at the top of the list. This attribute is assigned a relative weighing
factor value of 100%. The second attribute on the list is assigned a weighing factor
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value that reflects the relative importance to the first attribute. The next attribute is
compared with the second and this is continued until all attributes of the list are
assigned a weighing factor value. The expert panel consisted of a total of ten people
from academic background (3), from building practice (3) and a combined
background (4). The overview of weighing factors, shown in Figure 2.6, shows that
there is a certain level of spread in the weighing factors between panel members, but
there is a good agreement of the general distribution. Using the average value of the
weighing factors for an attribute as determined by the panel members the spread is
fairly consistent.

2.3.6 Graphical representation
The rating determined using equation (2.2) results in a two-dimensional table with
ration value ranging from -2 up to +2, with intermediate steps of 0.5. In this table the
rows correspond to the functions while the columns correspond to the IFDcharacteristics. The graphical representation is based on displaying the results of six
subsections, being the three function categories and the three components of IFD.
The ratings in such a subsection are plotted on an axis ranging from -2 up to +2. For
each value on the axis the weighing factors are summed that have a rating
corresponding to the value on the axis.

Figure 2.7, Graphical representation of IFD floor evaluation

This summation is then plotted on the vertical axis resulting in a line that indicates
how often a certain rating is given taken the weighing into account. For ease of
reading this line is than mirrored with regard to the rating axis which results in an area.
The six axes are plotted in one graph with each graph rotated 60 degrees. In Figure 2.7
the resulting graph is shown for the ISB-floor system.
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2.4 Analysis of available floorsystems
A broad range of floor systems are available in the building industry. Each floor
system has its strength and weaknesses which makes it more or less suitable in a
certain plan. In this section an analysis is presented in which these floor systems are
evaluated to accommodate the trends in the market as outlined in section 2.2 as well
as fulfill the IFD criteria as outlined in section 2.3.
One of the major trends is to reduce the amount of material used in the building
industry as thus build lighter. If the floor systems that have been developed that aim at
reducing the weight of a floor system and combine them with the IFD criteria some
interesting problem areas can be observed. For this part the weight of a floor system
in order to be considered lightweight should be less than 350 kg/m2, which is
approximately 50% of the weight of the traditional concrete floor system. The floor
systems that fall in this category and are evaluated here are listed in table
Table 2.5, Evaluation lightweight floor systems

Name
Slimline
Ribcassette
IDES
Starframe
*Most

weight
[kg/m2]
200-300
250-350
22-30
175

IFD*
strength
weakness
F4, F6, D2 F2, F5, D1
I1, I5, D2
F2, F4, F5
I1, I5, F4
I3, I6, F5
I1, F1, F4
I6, F5, D1

Function*
strength
weakness
R1, R2, R3
B2, S2
S1
R1, R2, R3, R4
R1, R2
B1, B2,S2
R1, R2, R3
B1, B2, S2

important strength and weaknesses indicated by codes as defined in, Table 2.1 and Table 2.3

Other floor systems can be added to this list as shown in Table 2.5, which strengthens
the trends that can be observed in this list. The modern floor systems that have been
developed, aim to be lighter in weight and introduce a cavity in the floor system to
allow for services. These are the main strengths of these floor systems on a functional
and IFD point of view. There is also a definite trend to be seen in the weaknesses of
the floor systems. Mainly comfort-related functions, such as vibration and sound
comfort, appear to be the weak points in these types of floor systems. Also other
combinations of functions can be found to appear not to be compatible. It can be
seen that the flexible layout is mentioned with the top IFD weaknesses in all floor
systems. This is due to the highly optimized bearing structures in these floor systems.
It is difficult to allow for new load to act on the bearing structure if it was not planned
for at the design phase. The last combination of functions and IFD which is discussed
here and that appear not to be implemented successfully into one floor system is the
stability function with demountability. Mostly the stability function is achieved by
creating a shear plate that stabilizes the structure. The plates consist in all floor
systems of separate plates that have to be combined together. These connections have
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to be rigid and solid to be able to handle the loads involved. The ease of demounting
them is therefore rather little.
This analysis reveals for major combinations of IFD demands and functionality
required from a floor system that are not being implemented successfully into one
floor system.
Lightweight
Lightweight
Flexible layout
Stability

-------------

Acceptable vibration comfort
Sound insulation
Bearing function
Demountable

Figure 2.8, IFD and function combinations not present in current floor systems

2.5 Results and design focus
In this chapter the trends and problems that can be observed in the building industry
have been discussed. These trends have lead to a new approach for addressing them
called IFD. Several new floor systems have been developed during the last decade that
address these problems. A method has been described to analyze these floor systems
on their accordance with IFD and compare them on a functional level. Four
combinations of IFD aspects and function were defined. All four combinations are
interesting to address further but cannot be included all into this research. The most
prominent combination can be considered to be the combination of a lightweight
floor system and acceptable vibration comfort, and will be the design focus in this
thesis. This is a combination affecting all lightweight floor systems as well as one of
the least appreciated design condition in the building practice, which is indicated by
the very small size of the paragraph on this in the current Dutch building code (12).
Design focus:

Design a lightweight floor system with acceptable vibration comfort.

To address this field of research the research is organized as displayed in Figure 1.4
where first a literature overview is given including the current state of the art
concerning floor vibrations. This is followed by investigating possible angles to
addressing the improvement of the vibration comfort with increasing complexity after
which this is condensed into design solutions.
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3

State of the art on vibrations in floor structures

Chapter

3

State of the art on vibrations in floor
structures
Abstract
The design focus as presented in chapter 2 puts forward the question to research if
and how it is possible to design a light weight floor structure with acceptable vibration
characteristics. This chapter introduces the basic theory of vibration that is used
throughout this thesis. The phenomena that define vibration analysis are introduced
such as natural frequencies of beam structures, analysis methods using the Fourier
theory and damping by using simplified examples and gradually working towards real
world vibration analysis. The state of the art concerning vibration comfort
classification for floor systems in standards and guidelines is presented. A method to
define vibration comfort is introduced and the research approach used in this thesis to
investigate all relevant aspects concludes this chapter.

3.1 Introduction to vibrations
Vibrations have been of interest to people ever since the first musical instruments
were developed and used by civilizations like the Chinese, Japanese and Egyptians and
dates back as early as 4000 B.C.(13) Although the observations revealed definite rules
governing the vibrations it can hardly be called scientific. The first person to approach
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musical vibrations scientifically is probably the Greek philosopher and mathematician
Pythagoras (approx. 580–500 B.C.) and performed experiments on string instruments
and flutes, see Figure 3.1. The person to first describe vibrations is Galileo Galilei
(1584-1642 A.D.) and can be considered the founder of modern experimental science.
In ‘Dialogues concerning two new sciences’ (14) he discussed vibrating bodies like a
pendulum and vibrating strings and identified phenomena like resonance which he
called sympathetic vibrations.

Figure 3.1, Pythogoras' experiments
(source: F Gafurio Theorica Musice, 1492, rep. (15))

One of the most important works following Galilei is that of Sir Isaac Newton with
‘Philosophiae Naturalis Principia Mathematica’(16), published in 1686, in which he
published the three laws of motion. Together with the conception of differential
equations in mathematics, this forms the basis of mathematically describing vibrations.
More and more scientists contributed to the understanding of vibration and over the
course of the last five centuries the field broadened to include vibrations like light
waves, earthquakes, electro-magnetic vibrations, etcetera. The vibrations that are
described throughout this thesis are structural vibrations of relatively low frequencies
that can be perceived by humans.

3.1.1 Vibrations with single degree of freedom
Vibrations in general can occur in all structures and can be described as an oscillation
around some equilibrium. A vibration can be created when a force, Fi, moves some
mass out of its equilibrium, the so called initial state. This can occur in every
mechanical system. In Figure 3.2(a) this is illustrated by a simple structure, a
horizontal pendulum which consists of a rod with a concentrated mass at the end. The
force will cause a vertical displacement of the mass and results in a opposite force in
the rod, Fr, acting on this mass that points towards its equilibrium state. When the
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initial force is released the only force remaining is the force pointing towards the
equilibrium and the mass will start to move in a harmonic vibration.
M

equilibrium state Fr
initial state

M

(a) initial state

2xi

xi

M

Fi

(b) vibration

Figure 3.2 Vibration of a mass M at the end of a cantilever rod

Removing the force will cause the mass to start moving towards the equilibrium. This
movement is generally described in displacement, velocity, or acceleration denoted as
x, v, a respectively. This is illustrated in Figure 3.3.

Figure 3.3, Relation between displacement (x), velocity (v) and acceleration (a) for vibrations

Because these three ways of describing a vibration concern the same vibration they
can mathematically be related as follows,

x ( t )
 x ,
v( t ) 
t

v( t ) 2 x (t )

 x
a( t ) 
t
t 2

(3.1)

The vibration of a pendulum as described above or any other vibration has some
properties that are of use when describing such a vibration and that are used
throughout this thesis.





f
T



RMS Root Mean Square



A

Frequency
Period
Phase shift
Amplitude

[Hz]
[s]
[rad]
[m]
[-]

The number of full cycles per second
Duration of a single cycle, T=1/f
Number of radians the cycle is shifted
The maximum absolute displacement from
the equilibrium during a full cycle
Root of average of values of a collection of
x raised to a square
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Besides these properties there is one more important property, i.e. damping. This
describes the decay of an otherwise harmonic vibration. Damping will be discussed in
more depth in section 3.4.

3.1.2 Vibrations in a beam structure
A more special case of vibration and more adequate for describing vibrations in floor
structures is the case of a beam. Beam structures with various support conditions,
mass distributions, non prismatic and other variation are well described in literature
(17-23). The case of a simply supported prismatic beam will be analytically described
hereafter. In Figure 3.4 the schematic for this beam is shown.

Figure 3.4, Schematic of vibration of a simply supported beam (left) and forces acting on a slice of the
beam with lengthe dx (right)

Where:
x
y
L
EI
ρA
V
M

[m]
: Distance from left support (origin)
[m]
: Vertical displacement at position x
[m]
: Length of the beam between the supports (span)
[Nm2] : Bending stiffness of the beam
[kg m-1] : Mass per unit length, acting as a uniformly distributed load
[N]
: Shear force
[Nm] : Bending moment

The differential equation (3.2) governing this system describes the vertical position, y,
of every point of the beam, along the x-axis at a certain moment, t, in time:

EI

4 y
2 y


A
0
x 4
t 2

(3.2)

Introducing the parameter ap,
ap 

EI
A

[

N 0,5 m 1,5
]
kg 0,5

(3.3)

equation (3.2) can be rewritten as

4 y 1  2 y

0
x 4 a 2p t 2
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(3.4)

The first part in this equation deals with the time independent part of vibration while
the second part deals with the time dependent part. When the beam vibrates
transversely in one of its natural modes, the deflection at any location varies
harmonically with time as follows:

y( x , t )  Yn ( x )( A cosn t  B sinn t )

(3.5)

Where n = angular velocity for the nth mode and Yn (x) represents the deformation
of the nth mode of vibration. Using equation (3.4) and (3.5) the time dependent part
can be eliminated from the equation and can be rewritten as follows,

d 4Yn n2
 Yn  0
dx 4 a 2p

(3.6)

Introducing the notation:

n4 

n 2
a

2
p

 n 2 (  A / EI )

(3.7)

we obtain,

d 4Yn
 n4Yn  0
dx 4
Where
n
n

A
E
I

[rad0,5m-1]
[rad s-1]
[kg m-3]
[m2]
[Nm-2]
[m4]

(3.8)

parameter as a measure for the natural frequency
angular velocity
density
area of section
Young’s modulus of elasticity
moment of inertia.

The general solution of (3.8) is given in (3.9) where Yn (x) represents the deformation
shape of the beam in the nth mode of vibration,

Yn (x )  An sin n x  Bn cos n x  Cn sinh n x  Dn cosh n x

(3.9)

An .. Dn in equation (3.9) are unknowns that have to be solved for by fulfilling the
boundary conditions under consideration. For the simply supported beam the
boundary conditions are formulated in Table 3.1:
Table 3.1, Boundary conditions of a simply supported beam

vertical displacement
Bending moment

x=0

x=L

y(0, t )  0
EIy(0, t )  0

y( L , t )  0
EIy( L , t )  0
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Using the boundary conditions with equation (3.9) we can solve the equation and get,

sin(n L )=0

(3.10)

In this equation only n, which is a measure for the natural frequency, is unknown and
has to be solved for. In most cases it’s impossible to find an analytical solution and
numeric methods have to be applied to find suitable values for n. In this case one can
see that equation (3.10) will be zero for several values, namely:

sin( n L )  0

for n  n / L [n  1..]

(3.11)

The solutions represent different modes of vibration. Actual natural frequencies can
be calculated by using (3.7) in the form of

fn 

n
n4
1

2 2 (  A / EI )

(3.12)

Fourier analysis
The vibrations discussed up till now concern a single vibration of a simply supported
beam. These are relatively simple and are well described in literature. However in realworld situations the dynamic behavior is more complex and an analytical solution will
not be possible to find. Also when analyzing vibrations from measurements it proves
difficult to get useful information out of it about properties of vibration such as
frequencies present in the measured data or the amplitude at these frequencies. These
properties of a vibration form the basis of guidelines for vibration comfort as will be
discussed in 3.2. These properties are often determined by transforming the calculated
or measured time data into the frequency domain by using a Fourier transformation,
which uses the property that any data set of two variables can be converted into a set
of two different variables. In this case the time domain signal, which is a function of
time, is converted into a frequency domain signal, which is a function of frequency.
N 1

Sk   s n e

2 ik

n
N

k  0,..., N  1

Discrete Fourier Transform

(3.13)

n 0

This equation appears in many forms in literature adapting to the special needs for
that particular case for which (24) gives a good overview. The form used in this thesis
is best suited for analyzing measured or calculated data which is discrete by definition.
Appendix A discusses more details of the Fourier transform method.
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3.2 Standards and guidelines
As mentioned before the field of vibration subjects is almost endless. In the particular
case of floor vibrations, there are several standards and guidelines of interest. Most of
these provide the three necessary ingredients for assessing of human comfort.




Frequency weighing curve
Some equivalent vibration magnitude
Vibration limits indicating levels of human comfort / discomfort.

The first standards to note are the International Standards, ISO 2631 part 1 and 2
(25;26) in which methods are given for measurement of vibrations and how to
translate these measurements to be meaningful for human comfort assessment.
Although these standards do not typically apply to floor vibrations they are used as a
basis for human vibration comfort in most guidelines and provide ways for combining
vibrations in more than one direction. Other standards such as BS 6472:1992, DIN
4150-Teil 2, VDI Richtlinie 2057-Blatt1, SBR-guideline (27-30) provide other ways
for determining comfort levels that will be discussed and compared in the next
section. Besides the standards mentioned here, also multiple publications investigate
human reactions on vibrations in floor systems over the past 40 years, such as (31-33).
These can provide good insight but also lead to the conclusion that it is very difficult
to match human reactions to prediction models for vibration comfort. The method
used in this thesis for comfort analysis will be discussed in depth in section 3.3.

Weighing factor [-]

Frequency weighing
The vibrations data used in the standards (25;26) are mostly expressed in terms of
accelerations and are weighted with a suitable weighing factor. It is also possible to
express the magnitude of the vibrations in other terms such as the velocity, see section
3.1. The weighing can be achieved by defining a frequency dependent weighing curve
or perform some averaging in the time domain data.
1
0.9
0.8
0.7
ISO 2631(2003)(acceleration)
0.6
0.5
ISO 2631(1989)/BS 6472/DIN
0.4
4150/SBR (velocity)
0.3
0.2
0.1
0
0
20
40
60
80
Frequency [Hz]
Figure 3.5 Frequency weighing curves found in standards
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Mostly however the first method is used and from these standards the two most
frequently used curves are shown in Figure 3.5. The standards further uniformly state
the frequency of interest for human comfort in residential and commercial buildings
to be from 1 Hz to 80 Hz.
Equivalent vibration magnitude
Several methods are provided in the standards for determining the equivalent
vibration magnitude depending on the vibration characteristics such as the running
RMS method, used in ISO 2631-1/2, VDI 2057, SBR (25;26;29;30) that takes into
account occasional shocks and transient vibration by use of a short integration time
constant. The higher power vibrations dose methods, used in ISO 2631-1/2 and BS
6472 (25-27), which are more sensitive to peaks and averages over a longer time
interval, are in use as well.
Vibration limits
The equivalent vibrations magnitude has to be compared to some limit value to
ascertain whether or not the level is acceptable. There is not a single value for this
limit possible as human perception of vibrations depends greatly on the environment
in which the vibrations are perceived and also on the frequency and duration of the

Dancing, outdoor bridges

16.00

peak acceleration [m s-2 ]

8.00
4.00

Commercial, indoor footbridges,
dancing

2.00

Offices, residences

1.00

Operating rooms

0.50
0.25
ISO baseline curve

0.13
0.06
0.03
1

2

4
8
16
frequency [Hz]
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Figure 3.6, Limits for acceptable acceleration levels for various usages of floors(25;26)
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vibration. These limits are also dependent on the method of obtaining the vibration
magnitude. The ISO 2631-1/2 standards are commonly used as a basis for the limits
used to define human discomfort. For various functions of the floor area peak
acceleration values are defined as is shown in Figure 3.6.
Besides official standards other sources provide for guidelines for designing floor
systems. These are often based on one of the official standards and provide for in
depth tools for specific floor structures or materials (34-36) and often use a simplified
method of obtaining a suitable measure that is highly dependent on the floor structure
which it applies to. One simplification that is often used is to only take the first natural
frequency into account. This leads to the possibility to link this frequency to the
deflection of a structure as is done for example in the Dutch building code NEN 6702
(12) and the ATC design guide 1 (36).

Dutch building code (NEN 6702)
fe 

a
d st

a  0.315 (value for simply supported beam)

(3.14)

d st  Static deflection due to modal loading
ATC Design guide
fe 

3.54
 j   g  c

 j / g / c : deflection of joists, girders, columns

(3.15)

The Dutch building code and the ATC design guide 1 use the approach shown in
equations (3.14) and (3.15) respectively. This leads to a method most engineers can
use, but one needs to be careful of over-simplifying. These methods are highly
dependent on the assumptions with which they are developed. For instance
lightweight floor systems often will fail to meet the expectations of occupants of a
building with regard to vibrations although they meet the strict guideline based on the
deflection of the floor.
Another way of determining limits for acceptable levels of vibration is given in a
ECSC report (31) which is shown in Table 3.2., where the comfort levels in available
codes and standards are compiled. The values in Table 3.2. are compiled in such a way
that they can be compared for vibrations measured in terms of accelerations as well as
velocity by the application of a suitable weighing curve. In practice the RMS methods
are used most often (31) as they provide for good flexibility and can be used in the
frequency domain as well as in the time domain.
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Table 3.2, Criteria for human comfort levels (acceptable range of acceleration in m s-2).

Residential

ISO 2631
DIN 4150
SBR
Dutch practice
SCI
NS 8176

day
0.2–0.4
0.15–3.0
0.2–0.8
0.4–0.4
0.2–0.4
0.1–0.6

night
0.14–0.14
0.1–0.2
0.2–0.4
0.4–0.4
0.14–0.14
0.1–0.6

Office
day
0.4–0.4
0.4–6.0
0.3–1.2
0.8–0.8
0.4–0.4
–

night
0.4–0.4
0.3–0.6
0.3–1.2
0.8–0.8
0.4–0.4
–

Critical working
area
day
night
0.1–0.1 0.1–0.1
0.1–3.0 0.1–0.15
0.1–0.1 0.1–0.1
–
–
0.1–0.1 0.1–0.1
–
–

The method used in this research is based on the recommendations put forward by
the ESCS report. These recommendations are aimed at the specific needs of such a
method to be used for vibrations in floor systems that are excited by walking people.
Other methods are either aimed at a more general case of human vibration comfort or
lack the specific force distribution of walking people. The method used in this
research will be described in 3.3 and makes use of the RMS method and is expressed
in terms of velocity.

3.3 OS-RMS90
The method used in this thesis for determining the human vibration comfort is called
the One-Step RMS90 method, or OS-RMS90 method and has been proposed by a
European Commission project group to be a good measure for assessing the comfort
level of floor vibrations (31). TNO7 headed a project in collaboration with SBR8
aiming to introduce this method in the Netherlands (29;37). The OS-RMS90 represents
the comfort level of a floor structure with a single value based on the RMS-value of
the velocity of the vibration resulting from a single step, containing the essential
ingredients for such a method as described in section 3.2. The method is suited to be
used in the design phase as well as in a finished building as it can use different input
typically available in different building phases.

3.3.1 Classification of vibration comfort levels
The classification, based on the OS-RMS90 comfort value, is listed in Table 3.3 and
Table 3.4 lists the lower and upper limit values for the OS-RMS90, for the six comfort
classes A through F. As can be seen from these tables a lower value for the OS-RMS90
comfort value indicates better comfort.

7
8

TNO: Organization for applied scientific research in the Netherlands
SBR: Stichting Bouw Research, Rotterdam, Netherlands
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Table 3.3,

Minimal comfort class based on
function

Function of floor
Critical work floor
Medical function, research
Medical function, treatment
Medical function, nursing
Educational function
Residential function
Prison function
Lodging function
Shopping function
Meeting room function
Office function
Other service function
Industry function
Sports function

Class
A
B
C
D
D
D
D
D
D
D
D
D
E
E

Table 3.4,

Class
A (Best)
B
C
D
E
F (Worst)

Limit values OS-RMS90 [mm/s]

Lower limit Upper limit
0.0
0.1
0.1
0.2
0.2
0.8
0.8
3.2
3.2
12.8
12.8
51.2

3.3.2 Determining the OS-RMS90 comfort value
The method for determining the OS-RMS90 comfort value consists of three steps
(Input/Processing/Output) that are shown in Figure 3.7.

Figure 3.7, Overview OS-RMS90 method

The OS-RMS90 method is based on the assumption that the floor system under
investigation behaves nearly linearly, which means that the response amplitude
changes linearly with the level of the excitation force. Using this property a series of
calculated responses to different walking behavior of peoples is obtained which leads
to a single value for the comfort. The OS-RMS90 method as is described in (29) is not
completely ready for use, therefore the method is discussed in this paragraph and the
omissions are included.
Input
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As input for calculating the OS-RMS90 comfort value, a time-series of the exciting
force, F(t)[N], and the corresponding time-series of the velocity, v(t) [m s-1], are
needed, called an excitation-response set. Usually the response time-series is acquired
as accelerations, so this has to be converted by integration to velocity. For this type of
analysis the integration is usually performed in the frequency domain by dividing the
Fourier transformed signal by i2πf . For more details on this procedure see Appendix
A. These excitation-response sets can be obtained either through experiments or finite
element calculations. In case of experiments at least six valid repeated experiments are
needed, while for finite element calculations one set is sufficient as there will be no
variance in the results. For an excitation-response set to be valid the level of linearity
is determined by calculating the coherence estimate. The coherence estimate should
have at least a value of 80% for the relevant frequency range between 3 and 30 Hz.
This range is chosen differently from the earlier mentioned range of 1 to 80 Hz that is
of interest when determining vibration comfort for humans. This range can be smaller
as this is the range in which the exciting force will introduce the vibrations. The
magnitude squared coherence estimate, Cxy(f), is to be determined by:

C xy  f  

Pxy  f



2

Pxx  f  P yy  f



[ ]

(3.16)

Cross spectral density
Where Pxy:
Pxx, Pyy: Auto spectral density
For the remaining valid excitation-response sets the transfer function, H(f), that is
calculated by dividing the fast Fourier transform, or FFT, of the response signal by the
excitation signal.

H f  

FFT (v( t ))
[mN-1s-1 ]
FFT ( F ( t ))

(3.17)

This transfer function is a characteristic of the structure under investigation. The
transfer function as shown in (3.17) is not weighed for human sensitivity as a function
of the frequency. Therefore the H(f) has to be multiplied by the weighing-function:

H( f ) 

Where v0:
f0:

1

v0

1
 f 
1  0 
 f 

2

H( f )

(3.18)

1 mm s-1
5.6 Hz

Special care has to be taken to calculate the weighing function at the same frequency
points as H(f) is, see Appendix A. The frequency weighed response function is one of
the two inputs for the OS-RMS90 comfort value.
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The second part of the input is the walking force function, Fstep, which simulates the
forces applied by walking people to the floor by constructing a force signal that
approximates actual walking people. Furthermore people walk in different ways which
results in a different impact on the floor. The variation in the way people walk is
expressed by the walking force function being a function of pace-frequency and body
weight. In order to obtain the walking force signal first a single step, F1-step (fp,mp,t), has
to be calculated, that is dependent on the pace frequency, fp, mass of a person, mp,
and time, t. The function F1-step(fp,mp,t) is given by a 8th order polynomial function
(3.19) also called the walking force function.
8

F1-step ( f p , m p , t )  m p g  Kn ( f p )n t n

(3.19)

n 1

m p =30, 35.....125 kg

-2

f p =1.64, 1.68....3,00 Hz g = 9,81 ms

The walking force function makes use of a parameter Kn, that is dependent on fp and
has been fitted on experimental data (31).
Table 3.5, Coefficients Kn(fp) for walking force function (3.19)

K1
K2
K3
K4
K5
K6
K7
K8

fp ≤ 1.75 Hz
-8*fp
+38
376* fp
-844
-2,804* fp
+6,025
6,308* fp -16,573
1,732* fp +13,619
-24,648* fp +16,045
31,836* fp -33,614
-12,948* fp +15,532

1.75 Hz < fp < 2 Hz
24* fp
-18
-404* fp
+512
4,224* fp
-6,274
-29,144* fp +45,468
109,976* fp -175,808
-217,424* fp +353,403
212,776* fp -350,259
-81,572* fp +135,624

fp ≥ 2 Hz
75* fp
-120.4
-1,720* fp
+3,153
17,055* fp
-31,936
-94,265* fp +175,710
298,940* fp -553,736
-529,390* fp +977,335
481,665* fp -880,037
-174,265* fp +321,008

Figure 3.8, Normalized walking force function of a single step

Figure 3.8 shows the normalized walking force function of a single step as a function
of the time. With the single step resulting from equation (3.19) a whole series of steps
can be constructed by aggregating the resulting force of the successive single steps. It
should be noted that one step takes a little longer than 1/fp which results in a small
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overlap of the successive steps that corresponds with the time a person has 2 feet in
contact with the floor at the same time, see Figure 3.9.

Figure 3.9, Normalized force function of a series of 10 steps

Equation (3.19) has to be calculated for all thirty five pace frequency steps and linearly
combined with regard to the mass steps, which results in a total of 700 walking
functions. Each one should consist of a number of steps that is large enough. A value
of 15 steps is advised in (29), but it was found in this research that a minimum of 50 is
more appropriate to remedy influence of start and stop effects on disturbances in the
frequency domain. From each of these 700 walking functions the FFT has to be
determined for further use in the procedure. As with the weighing function special
care has to be taken to calculate the FFT of the walking function at the same
frequency points as |H(f)| has been calculated.
Processing
Resulting from the input we have two sets of data, the frequency weighed transfer
function, |H(f)| and a set of 700 walking functions in their FFT form. Multiplying
|H(f)|with each walking function returns the calculated velocity response.
v res ( f )  F50  steps ( f ) * H ( f )

[ms 1 ]

(3.20)

From this response the RMS has to be calculated, which means the average level of
velocity during a single step. The RMS has to be calculated with equation(3.21):
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n

x

* conj x i
1 i 1 i
n
n
where x i can be expressed in its real and imaginary part

RMS 

(3.21)

n

1

n

 Re( x )  Im( x ) *  Re( x ) - Im( x )
i 1

i

i

i

n

i

[ms1 ]

For this calculation the response has to be calculated over enough steps to exclude
starting discrepancies. Table 3.6 shows the influence of the number of steps on the
calculated RMS-value. The generated signal is used for this comparison, which is
defined in the time domain. The calculated RMS value in the time domain, for the
middle step, can be considered the exact value. From Table 3.6 it can be seen that for
a signal containing 50 steps the RMS values approach the RMS value for the middle
step very well (within ca 1%).
Table 3.6, Boundary effect RMS-value in time and frequency domain

Time domain
Frequency domain
# steps
middle step
full
full
1
3.147
2.231
2.231
3
3.405
2.878
2.878
5
3.405
3.064
3.064
10
3.405
3.223
3.223
20
3.405
3.311
3.311
50
3.405
3.367
3.367
The major advantage of calculating the RMS in the frequency domain is that this will
be more efficient than transforming it back to the time domain first. The processing
step results in 700 RMS values that are used in the final step of this procedure.
Output
As discussed before the OS-RMS has to be calculated for combinations of 35
different pace-frequencies and 20 different masses. Every combination results in a
different OS-RMS value with a certain probability of occurring. The distributions of
probabilities for the pace-frequencies and masses as well as the cumulative
probabilities are given in Figure 3.10. Using the distribution of probabilities a matrix
can be constructed containing the probabilities of a certain combination of mass and
pace-frequency occurring together. This is done by multiplying both probabilities
(3.22). The sum of all the 700 probabilities has to be equal to 1.
Pmass , f p  p mass * p f p

(3.22)
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The probability distribution of pmass, and p f are given by the graphs in Figure 3.10.
p
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Figure 3.10, Probability distribution of mp (top) and fp(bottom)

A matrix, OS-RMSmass,fp containing the corresponding OS-RMS values can be
constructed and has the same number of columns and rows. From these two matrices
the necessary statistical information can be calculated in order to calculate the OSRMS90 comfort value. To find the 90% upper limit of the calculated set of OS-RMS
values, the set is sorted from high to low. The corresponding probability matrix
Pmass , f p is sorted accordingly and is cumulatively summed starting from the lowest
value. The 90% upper limit is found when the cumulative sum reaches a value of 0.90.
For this the bounding values around this limit are linearly interpolated. The
accompanying OS-RMS value is defined to be the OS-RMS90 value.
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3.4 Damping
The previous sections discussed the vibration of structures without damping included.
If this would be the case in real structures these structures would keep vibrating
infinitely. Intuitively we can feel that this cannot be true as all vibrations eventually
stop. All structures have a certain amount of damping. Typically a damped vibration
will look like the diagram of Figure 3.11. The parameter often used to describe the
amount of damping is the damping ratio ., which is defined as:



c
c cr

(3.23)

where
c:
damping constant [Nm s-1]
critical damping = 2mn
ccr:

Figure 3.11, Damped vibration

The equation for a damped one-mass-spring system looks like equation (3.5) and is:

y(t )  Asin(d t   )e nt

(3.24)

with:
d  n 1   2
n = angular velocity and d = damped angular velocity [rad-1]
 = phase shift [rad]

The last part defines the decay function which defines the envelope of the amplitude
over time as is shown in Figure 3.11. For small damping ratios d and n are almost
equal and will be assumed to be the same.

3.4.1 Mechanisms for damping
Damping results in the loss of vibration energy of the structure. This can be caused by
several phenomena that can grouped into three categories (38):




Internal damping or material damping, due to internal friction within the
material itself
Structural damping, due to external friction or other loss systems
Fluid damping, due to bodies moving at moderate speed through a liquid.
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Internal damping
Internal damping or material damping can be described by the conversion of the
vibration energy into heat. The microscopic composition, local defects and impurities
all affect the amount of energy dissipation of the material. There is no single model
that can describe internal damping for all materials, but there are two types of internal
damping that cover the gross of all the internal damping phenomena.




Visco elastic damping
Hysteretic damping

Figure 3.12, typical hysteretic curve for internal damping

A typical hysteretic curve for internal damping is shown in Figure 3.12. The shape of
the hysteretic loop as plotted can be explained by the following reasoning. If there
were no hysteretic loop then the stress would be dependent only on the strain. For
one complete load cycle this results in a stress-strain diagram that is identical for
loading and unloading resulting in zero work done and no energy dissipation. As there
is always damping in materials there must be some kind of difference in the up and
down curve for there to be energy dissipation and this results in the hysteretic loop
observed. Typically for construction materials internal damping is very low, in the
order of promilles, see Table 3.7.
Table 3.7, Damping factor: (loss factor) and Young’s modulus: E (39;40)

Material
Polysulfide rubber
Tin
Steel
Neoprene
Concrete
Zinc
Aluminum
1: loss factor = 2
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 [-]1 lit(39)

5.0
2.0 x 10-3
(1.0 – 6.0) x 10-4
0.6
3.0 x 10-4
1.0 x 10-4

lit(40)

(2.0 – 10) x 10-3
0.1-1.0
0.02 – 0.06
(2.0 – 200) x 10-5

E [Nmm-2]
30.0
6.7 x 104
2.1 x 105
86.7
(10 – 40) x 103
8.0 x 104
6.7 x 104

The internal damping model is based on a material behavior in which a parameter, for
instance the modulus of elasticity, E, or the stress, , are dependent on the change rate
of the strain at a point in a structure. The most commonly used model is the KelvinVoigt model, that describes the relation between stress, , and strain, , according to
equation (3.25).
d
dt
Young’s modulus of elasticity [N m-2]
Visco-elastic modulus of elasticity [Ns m-2]

  E  E *

With

E:
E*:

(3.25)

In this equation the term E does not contribute to damping as this stress-strain
graph for one load cycle is a non-hysteretic curve and thus fully reversible, so the
work done equals to zero. The damping capacity, dv, is only determined by the second
part of equation (3.25) and damping capacity per unit volume is given by the circular
integral:
d v  E * 

d
d
dt

(3.26)

Here ε is a function of time and therefore also on the vibration frequency. Because of
this the damping capacity value is also dependent on the frequency. This type of
material exhibits therefore different damping values at different frequencies.

Structural damping
Structural damping in building structures is by far the most important category of
damping. Structural damping is created by two mechanisms:





Friction due to relative displacements at the interfaces of neighboring masses
Impact contact at joints
Added external damping devices such as
a. Passive dampers (TMDs and visco-elastic damping systems)
b. Semi active (hydraulic) control dampers, mostly used in automotive
industry
c. Active Mass Dampers (AMDs)

These mechanisms can be created in an endless number of ways and therefore it is not
possible to present a uniform analytical model. Nevertheless it is possible to give some
guidelines for the design of damping in the structure. Friction damping usually is
modeled as Coulomb friction, see Figure 3.13.
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Figure 3.13, Idealized Coulomb friction

The friction force, Ff, can be determined with equation (3.27)

F f   Fn

(3.27)

with :
:

friction coefficient
force perpendicular to interface surface

Fn:

This coulomb friction, like the internal damping, creates a counter force to the motion
of the vibrating structure which leads to a hysteresis loop. In Figure 3.14 some typical
hysteresis loops are shown.

Figure 3.14, Hysteresis loops for idealized Coulomb friction model (a) and typical structural damping (b)

In order to make use of this type of damping, elements of a structure should perform
large enough motions to overcome the threshold force, Ff, for the joint to start sliding.
This is the situation when most effectively the energy will be dissipated. In a general
way this is represented by the formula using the sign function which is either +1 or -1.

F f  c  sgn( x )
With

c:

x :

(3.28)

friction parameter [Ns m-1]
relative velocity at the joint [m s-1]

The above described method of damping is more or less a system property which
cannot be adjusted to specific needs very much. When this behavior is needed in a
building, devices can be added such as a tuned mass damper (TMD) or active mass
dampers (AMD). Although these devices are not within the scope of this thesis they
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are briefly addressed here as they have a prominent role in vibration control in
buildings. A TMD is a passive damping system tuned to provide damping to a specific
structure, meaning it can typically damp a single frequency. A TMD consists of a mass
attached to a vibrating structure. The added mass is tuned in such a way that it
vibrates at a different frequency as the vibrating structure. This difference in vibration
is utilized to create damping by dissipating energy in a dashpot that is connected
between the vibrating structure and the added mass. Instead of a dashpot a viscoelastic material can be used. When the motion of the vibration is used to apply shear
forces to this material it can achieve damping in a broader range of frequencies. An
AMD reduces vibrations by countering the force that is causing the vibration. The
vibration is sensed by instruments and a computer controlled device moves a large
mass to generate a force countering the motion the structure is undergoing. An active
control damping for office floors was developed by Hanagan and Murray (41).
Although an AMD provides better control over damping it is significantly more
expensive and requires skilled maintenance.
Fluid damping
The third category of damping is when a structure moves through a fluid and by this
encounters resistance or a dragging force. This damping mechanism is not compatible
with structural elements but is included in this overview to be complete
This mechanism can be expressed as:
F f  21 c d  x 2 sgn( x )

With

(3.29)

x :

relative velocity [m s-1]
drag coefficient [m2]
cd:
:
fluid density [kg m-3]
The damping effect is generated by boundary layer effects and turbulence in the wake
of the body..

3.5 Research approach for vibrations
In this chapter relevant properties and phenomena have been introduced. In chapter 2
we have concluded that there is a demand for lightweight floor structures. In
designing light weight floor systems specific problems are encountered. Especially
comfort demands of such a lightweight floor system are more difficult to meet, as has
been shown in the review of currently available floor systems. Especially vibrations
related demands in combination with lightweight floor systems are not yet successfully
combined. This research will focus on this combination of qualities in a floor system,
with the focus on the low frequency comfort.
To elaborate on why lightweight floor systems are more prone to vibrations induced
by walking people or other excitations which leads to uncomfortable floors an
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example using a simple one-mass-spring model is used as is shown in Figure 3.15.
Although a floor structure is often much more complex than such a one mass-spring
system some basic characteristics are very similar.

Figure 3.15, Influence mass on vibration for constant load case and step load case

If one is to apply an initial force (Fi), conform F1, the mass (m), will be pulled down a
certain amount solely depending on the spring stiffness (k) and thus equal for both
masses. The time the load is applied is so long as to let the resulting vibration decay
fully. When the force is released the mass will start to vibrate with a frequency, f1,
which is dependent on the values for the mass, m, and spring stiffness, k, according to
equation (3.30)
f1 

1
2

k
m

[Hz]

(3.30)

The translational displacement over time for such a system is displayed in Figure 3.16.
As can be seen in this figure, the top graph shows that the mass does not influence the
amplitude of the vibration, but only the frequency. Most codes and design guidelines
use the acceleration or velocity of a vibration to quantify the comfort of a structure
with regard to vibration, see section 3.2. From Figure 3.16 it can be seen that the slope
of the displacement curve is steeper for a smaller mass than for a bigger mass, which
is determining the velocity and acceleration level.
One other very important difference between a floor system and the one-mass-spring
system as discussed above is that the force characteristic is not a constant force like
F1. A floor is excited by people walking which is much better represented by a step
load like F2 in Figure 3.15. This results in a displacement curve as is shown in Figure
3.16 in the bottom graph. The duration of t is chosen to be smaller than ¼T but the
same for both systems so meaning the energy input is the same for both systems.
From the graph it can be seen that the absolute displacement is much smaller for the
higher mass. For the acceleration and velocity signals this is even a more pronounced
effect. This means however that for lower masses the acceleration and velocity levels
are adversely affected.
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Figure 3.16, Translational displacement of one-mass-spring system with different mass (m) and long
duration force (top) and step force (bottom)

To make this matter even more complex there are several other factors of influence
on comfort levels that are included in design guides as presented in section 3.2.




humans do not react the same to all frequencies
incidental peak vibrations are less discomforting than longer lasting vibrations
duration of vibration and thus damping have great influence on comfort level

By establishing this behavior it is clear that a systematical research is needed for the
particular field of vibration research for floor systems in relation to human comfort.
Research has been done in this field by others and guidelines are developed for
specific cases such as wooden floors (32;35), or steel joist floor systems (42;43).
Although a large number of methods are proposed it is also clear that no single
vibration criteria is best in all situations and is very much dependent on the situation it
is used in (33). Most research has been focused on timber floor structures.
The research presented in this thesis continues the research for the case of lightweight
floor structures that are not material dependent. The results will be evaluated using the
OS-RMS90 comfort value which is a very suitable criterion as it is specifically
developed for the use of human induced vibration in lightweight floors. The various
aspects that have a significant influence are presented in chapters 4, 5 and 6 and
discuss aspects with increasing complexity. In chapter 4 a single beam will be
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investigated and design criteria based on the natural frequency of a single beam are
proposed and can be used as a first estimation of the resulting vibration comfort. This
is followed by the study of multi-beam floor layouts which are common in lightweight
floor systems in chapter 5 in order to find the properties that are of most importance
to vibration comfort. In chapter 6, experimental research is presented on design
solutions for increased damping.

3.6 Conclusions chapter 3
In this chapter the research focus of this research concerning vibrations is presented.
Referring to the conclusions from chapter 2 and using an example, it has been shown
that lightweight floor systems are prone to have less than adequate vibration comfort.
This is valid for the whole frequency range of vibrations floor systems are subjected
to, but this research is focused on the low frequency range, between 1 and 80 Hz. This
frequency range is dominant with regard to for the human discomfort in relating to
tangible vibrations.
The concepts of vibration, such as ways of describing vibrations, Fourier transforms
and damping, which are used throughout the remainder of this thesis, are introduced.
Various ways of quantifying vibrations and relating them to comfort levels have been
addressed. The method chosen for quantifying human comfort due to vibrations in
this thesis is the One-Step-RMS-90 method. This method has been developed
especially for floor systems that are subjected to vibrations due to people walking and
is therefore especially suitable. The two main parameters influencing the vibration
comfort are the natural frequency and damping. Increasing these two parameters will
increase vibration comfort. Furthermore this method can be used in numerical
simulations, experimental setups and design situations.
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4

Vibration characteristic of a beam, an analytical approach

Chapter

4

Vibration characteristic of a beam,
an analytical approach
Abstract
In this chapter the first part of the analysis of vibrations in floor structures is
presented, as outlined in section 3.5. This part describes the influence of floor
properties on the natural frequency. The natural frequency is a good first estimate for
determining vibration comfort. The analysis is done using a closed form
approximation function that will be derived in this chapter which is not yet available
in literature. Using this approximation function a thorough analysis of the influence of
the floor properties on the natural frequency is given.

4.1 Beam simply supported by hinges with rotational stiffness
In this chapter the influence of floor properties on the natural frequency is discussed
and a unique closed form solution is presented which incorporates all the properties
that make up a floor system that are of interest regarding vibrations (44;45). The
closed form solution can then be used for an estimate of floor comfort by calculating
the natural frequency of the floor system, as a higher natural frequency corresponds
generally to a better vibration comfort. For this the floor structure is simplified to a
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simply supported beam. This is a valid approximation as most floor systems span in
one direction and are uniform in there cross sectional properties. To include support
effects rotational stiffness is taken into account at the supports. In Figure 4.1 the
properties of interest are depicted.

Figure 4.1, Scheme of beam structure

This is similar to the simply supported beam discussed in section 3.1.2 but with the
difference of adding rotational spring stiffness, C1 and C2 [Nm rad-1], to the supports.
A solution to this particular case is available in literature (17) but it does only provide a
solution that has to be solved iteratively which is cumbersome for practical use.
Analyzing the presented values in literature also reveals some errors which leads to
wrong values for the natural frequency. For these reasons a new calculation method is
developed.
The analysis is similar to the one presented in section 3.1.2 up to equation (3.9) which
says

Yn (x )  An sin n x  Bn cos n x  Cn sinh n x  Dn cosh n x

(4.1)

with n indicating the mode number and

n4 

n 2
a2

 n 2 (  A / EI )

(4.2)

As in this model also rotational spring stiffness is added to the supports the boundary
conditions will be different as in the simply supported case. To incorporate these
properties two new parameters, u1 and u2 are introduced that group the parameters
that influence the boundary conditions.

u1 

C 1L
C L
[ rad -1 ], u 2  2 [ rad -1 ]
EI
EI

(4.3)

With these new parameters the boundary conditions can be written as follows.
At x = 0

At x = L
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deflection:

Y (0)  0

moment force: C 1Y '(0)  EIY ''(0) 
deflection:

u1
Y '(0)  Y ''(0)
L

Y(L )  0

moment force:  C 2Y '( L )  EIY ''( L )  

u2
Y '( L )  Y ''( L )
L

(4.4)

(4.5)

Combining equation (4.1), with the boundary conditions (4.4) and (4.5) there are now
four equations with four constants, An to Dn, to be solved for. This is not
straightforward however as the four equations are not all independent. Therefore first
this set of equations is solved for only three constants. This results in the constants
being expressed in the fourth constant, in this case Dn.
D u cos n L  u1 cosh n L  2n L sinh n L
An  n 1
u1  sin n L  sinh n L 

Bn  Dn

(4.6)

2Dn n L sin n L  u1 cos n L  u1 cosh n L
u1  sin n L  sinh n L 
The last boundary condition in equation (4.5) can now be rewritten solely depending
on Dn.
Cn 



2u 2 n Dn [ u1 cos n L cosh  n L  n L cos  n L sinh  n L  u1  n L cos n L sin n L ]
u1 L (sin n L  sinh n L )
Dn [ u1 cos  n L  u1 cosh n L  2 n L sinh n L ]n2 sin n L
u1 (sin n L  sinh  n L )


Dn [2 n L sin n L  u1 cos  n L  u1 cosh  n L ] n2 sinh n L
u1 (sin  n L  sinh n L )



(4.7)

 Dn  n2 cos  n L

 Dn n2 cosh  n L

Examination of equation (4.7) shows that it can be divided by Dn on both sides of the
equation, thus eliminating this constant. This should be the case as the four original
equations proved not to be independent. By substituting Rn=nL, equation (4.8)
depending on only 3 variables is found with Rn [rad0,5] as a measure for the natural
frequency, and with u1 and u2.
2

-u1R n sinh(R n )cos(R n )+2R n sinh(R n )sin(R n )+u1R n cosh(R n )sin(R n )
- u1u 2 cosh(R n )cos(R n )+u 2R n cosh(R n )sin(R n )+u1u 2 -u 2 R n cos(R n )sinh(R n )=0

(4.8)

This equation cannot be explicitly expressed in Rn prohibiting it to be solved
analytically, so it has to be solved numerically. This solution is only valid for the
simply supported beam by hinges with rotational spring stiffness. For other boundary
conditions different equations can be derived which are included for reference in
appendix B.2.
By solving it numerically multiple values of Rn are found for the same set of u1 and u2.
The multiple values of Rn represent the multiple modes of a vibration, with the
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superscript ‘n’ indicating the mode number. The solution of the first five modes is
shown in Figure 4.2.

Figure 4.2, Exact solution for equation (4.8) for mode 1 to 5

With the now calculated value of Rn the natural frequency, fn, can be determined using
the equation (4.2). This can be rewritten into equation (4.9) for convenience.
fe 

( R n )2
2 L2

EI
A

(4.9)

4.2 Closed form approximation function
The solution for the free vibration of a beam supported by unsymmetrical hinges with
rotational stiffness, as discussed in the previous section, produces accurate results.
This solution however is not a particular easy solution to work with in an engineering
practice. In recent years an increasing number of publications can be found regarding
closed form solutions for vibration cases not available previously (46-53). Despite
these efforts there is not yet a closed form solution for the case mentioned in this
chapter and therefore a closed form approximation function will be developed and
presented in this section.
The procedure for the derivation of the closed form approximation function will be
given in detail for the first natural frequency. The higher modes are derived in similar
fashion but for these modes only the results will be given. It proves to be possible to
find a very accurate approximation function where Rn is indeed explicit. The
n
approximation function for Rn, called R , is a function of the parameters u1 and u2,
and will be taken in the form of

S ( u  u )  S 2 ( u 1u 2 )  S 5
R n ( u1 , u 2 )  1 1 2
S 3 ( u 1  u 2 )  S 4 ( u 1u 2 )  1
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(4.10)

This function results in generally the same type of graph as with the exact formula.
This function has the ability to fit the curve of Figure 4.2 by choosing adequate values
for the five constants, S1 to S5. These constants can be found by examining the limit
cases as will be shown below. In this approximation function five constants have to be
determined. This function also has the useful characteristic that switching the left and
the right side of the modeled structure, resulting in swapping u1 and u2, yields the
same value for R . Therefore the constants for u1 and u2 of the same order have to be
equal and thus are grouped together.
n

4.2.1 Solving constant S5
The first constant to be solved is S5 by examining the limit case where u1=u2=0. This
1
reduces equation (4.10) to R (0,0) = S5. Numerically solving equation (4.8) for

u1=u2=0, results in the value S5=, which is obvious as this represents the case of an
unrestrained beam.

4.2.2 Solving constants S1 and S3
The constants S1 and S3 can be solved by looking at the limit state where u1 = 0 which
represent a beam fixed at one end by a certain spring stiffness and freely supported at
the other end. This leaves only two constants to be solved for which two equations
will be formed. The quotient S1 / S3 can be found by examining the limit state where
u1 =0 and u2 → . Solving (4.8) numerically for this case (4.10) reduces to:
S
R 1 (0,  )  1  3.92660
(4.11)
S3
Expressing S1 as a function of S3 and assign u1=0 we can rewrite (4.10) as follows for
an intermediate value of u2:
3.92660S3 ( u 2 )  
R 1 (0, u 2 ) 
(4.12)
S3 ( u 2 )  1
By choosing a value for S3 it is possible to move the value for R (0, u 2 ) and achieve a
close fit to the exact function. In Figure 4.3 the exact solution is plotted versus two
lines of the approximation function using different values for S3.
1
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Figure 4.3, Influence of S3 on fit

The optimal value of S3 can be found by choosing a suitable value for u2 for which
you can calculate the exact solution and solve equation (4.12) for S3 by using this exact
solution. The accuracy level of the fit can be evaluated by calculating the error of the
approximation function compared to the exact function. The error is calculated with
equation (4.13) and the graphical representation of this error is shown in Figure 4.4.

Err ( u1 , u 2 ) 

R n ( u1 , u 2 )2 - R n ( u1 , u 2 )2
100%
R n ( u1 , u 2 )2

(4.13)

Choosing the value for S3 influences the distribution of the error, but the general
characteristic is always as shown in the graph where there will be some range of values
of u2 where the approximation results slightly lower values compared to the exact
solution and vice versa.

Figure 4.4, Error of the approximation function compared to the exact function calculated with eqation
(4.13), for u1=0

The graph is truncated at a value of 40 but at higher values of u2 the graph will
asymptotically converge to the u2-axis. There are several ways to optimize the error
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distribution such as minimizing the total area below the graph or equaling the area for
negative and positive values. Neither way is chosen for this particular situation
because this would lead to a relatively large error in the first part of the graph, with
negative error values, as this area is relatively small compared to the area above the u2axis. Another way to optimize the error distribution is to have equal positive and
negative values, which is used here. It proves possible to choose a value for u2 for
which to solve S3 where both the maximum and minimum errors have the same
absolute value. For larger values of u2 the error approaches zero as is to be expected
because at very large values of u2 the approximation function converges to equation
(4.11) for which the error should be zero by definition. By using a bisection method
the suitable value of u2 is found to be 3,047. This results in a value for S3 of 0.20047
with a maximum absolute error of 0.038%. Using equation (4.11) S1 can be calculated
as 0,78716. This results in equation (4.10) taking the form
0,78716( u1  u 2 )  S 2 ( u1u 2 )  
R 1 ( u1 , u 2 ) 
0, 20047( u1  u 2 )  S 4 ( u1u 2 )  1

(4.14)

4.2.3 Solving contants S2 and S4
The third step in the solution of the approximation function is to solve for the two
remaining constants, S2 and S4. In the previous step we looked at the line in the u1, u2
field where one of the two equaled zero. In this step we will look at the line where
u1=u2. This reduces equation (4.14) to

1,57432( u 2 )  S2 ( u 2 )  
R 1 ( u 2 , u 2 ) 
(4.15)
0, 40094( u 2 )  S4 ( u 2 )2  1
To solve for S2 and S4 again two equations will be formed using equation (4.15) at two
different values of u2. The first point will be u2 → . Calculating the exact value at
this point and combining it with equation (4.15) results in:
2

S
R 1 (  ,  )  2  4.73004
S4
Substituting the ratio of S2 and S4 into equation (4.15) results in:

1,57432( u 2 )  4,73004S4 ( u 2 )2  
R 1( u 2 , u 2 ) 
0,40094( u 2 )  S4 ( u 2 )2  1

(4.16)

(4.17)

Similar to the procedure for finding the optimal values of S1 and S3 a suitable value of
u2 has to be chosen to optimize the resulting approximation value. Examination of the
55

error plot of the fit on the u1 = u2 line shows there are three local maxima, Err(A),
Err(B) and Err(C), see Figure 4.5.

Figure 4.5, Error of the approximation function compared to the exact function calculated with equation
(4.13) for u1 = u2

Similar to the method used for the values of S1 and S3 the criterion used is based on
limiting the maximum absolute error anywhere in the u1-u2 field. The local maximum
absolute error should be equal for two maxima while the third should be smaller. The
bisection method results in a value of u2 of 4,177 for which the minimum and
maximum Err(B) and Err(C) are equal while the Err(A) is smaller. The resulting values
for S2 = 0,15922 and S4 = 0,03366 with a maximum error of 0,0501%. This error is
also the overall maximum error. We now have determined all constants for the first
mode and the resulting function is
0,78716( u1  u 2 )  0,15922( u1u 2 )  
R 1 ( u1 , u 2 ) 
0, 20047( u1  u 2 )  0, 03366( u1u 2 )  1

(4.18)

To verify that this function represents a correct value the error distribution over the
entire u1 and u2 field has to be verified. Up till now only the error distribution on two
distinct lines in the u1-u2 field have been verified. Figure 4.6 shows this error
distribution for a u-value of 0 up to 150. This graphs shows that the errors found in
Figure 4.4 and Figure 4.5, are indeed the maximum error occurring in the entire u1-u2
field.
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Figure 4.6, Error distribution in u1-u2 field

4.2.4 Solution for higher modes
Using the procedure described in section 4.2.2 the coefficients for mode 2 up to and
including mode 5 are calculated. The maximum error is calculated for each mode and
proves to be small for every mode although about 3-4 times higher than the
approximation of the first mode. Table 4.1 lists the constants for the first five modes.
Table 4.1, Constants in approximation function for modes 1 - 5

Mode
1
2
3
4
5

S1
0,78716
0,74844
0,73488
0,72823
0,72395

S2
0,15922
0,07852
0,05266
0,03957
0,03169

S3
0,20047
0,10588
0,07198
0,05454
0,04389

S4
0,03366
0,00999
0,00479
0,00280
0,00183

S5
π
2π
3π
4π
5π

Err [%]
0,0501
0,2150
0,1980
0,1735
0,1505

4.3 Verification of results
In the previous section the results obtained with the approximation function will be
compared to the results published by Hibbeler (17) and compared to a finite element
calculation. The comparison will be based on the frequency of a mode for various
combinations of rotational spring stiffnesses of the supports. As stated in section 4.2
n

the value of R ( u1 , u 2 ) is a measure for the mode frequency, fn, of mode n and the
relation between the two is given by:
fn 

R n ( u1 , u 2 )2
2 L2

EI

A

[Hz]

(4.19)
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This relation is true for both the approximation function and the implicit function
published by Hibbeler. The finite element calculation is done using the FEM-program
ANSYS. A modal analysis is performed on a beam with a large number, i.e. 501, of
intermediate nodes in order to accurately describe the first five modes.
The verification is done on a single beam geometry, as shown in Figure 4.1, and
material properties that reflect a realistic beam configuration. These properties are
partly included in the values for u1 and u2 and only the ratios of the parameters are
relevant. The parameters not included in the values for u1 and u2 are a simple factor in
the equation (4.19) and are not relevant for the calculation of R. Parameters are
chosen in such a way that they represent a realistic beam configuration and the
frequencies found will be in the range found in normal floor structures, i.e. < 10 Hz.
Table 4.2, Beam parameters

parameter
Length
Mass

L

A

value
8
400

Stiffness

EI

7,0 x 106

unit
m
kg m-1
Nm2

Table 4.3, Frequency for mode 1 to 5 by ANSYS

modes
u1

u2

0
1
10
100


1
1
1
10
100



0
0
0
0
0

1
10
100
10
100
10
100

1

3.247
3.525
4.418
4.976
5.072
7.360
3.800
4.702
5.275
5.681
7.087
6.457
7.221

2

12.987
13.290
14.712
16.134
16.437
20.288
13.589
15.007
16.436
16.435
19.556
18.258
19.918

3

29.220
29.531
31.281
33.680
34.293
39.772
29.841
31.587
33.990
33.329
38.378
36.418
39.066

4

5

51.945
52.260
54.228
57.623
58.640
65.742
52.575
54.540
57.937
56.495
63.504
60.968
64.610

81.160
81.478
83.600
87.970
89.478
98.202
81.796
83.915
88.286
86.023
94.951
91.950
96.558

In Table 4.3 the results are given of the calculation of the frequency for the first five
modes using the FEM-program ANSYS. The top half of the table lists the results for
extreme cases of rotational stiffness, i.e. one of them being either zero or . The
bottom half lists the results for intermediate values for the rotational stiffness.
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Table 4.4, Frequency mode 1 to 5 by Approximation function and literature (17)

Modes
u1

u2

1

2

3

4

5

0

0 3.247

3.248

12.987 12.987

29.221

29.223

51.949

51.946

81.170

81.171

1

0 3.523

3.524

13.300 13.290

29.549

29.534

52.286

52.269

81.513

81.492

10

0 4.420

4.419

14.711 14.715

31.294

31.286

54.267

54.236

83.669

83.607

100

0 4.976

4.975

16.124 16.133

33.650

33.685

57.585

57.633

87.927

87.985



0 5.072

5.076

16.438 16.439

34.290

34.300

58.650

58.648

89.505

89.519



 7.361

7.360

20.323 20.288

39.760

39.777

65.701

65.747

98.651

98.219

1

1 3.799

1

3.129

13.611 12.937

29.875

29.186

52.621

51.921

81.855

81.150

1

10 4.704

7.4633

15.019 23.8973

31.616

47.2543

54.599

76.8782

84.013

112.8592

1

100 5.276

5.484

16.440 17.106

33.977

35.383

57.918

60.338

88.279

91.978

10

10 5.682

8.9673

16.443 25.8073

33.355

49.3263

56.566

79.0662

86.185

115.1372

100

100 7.085

7.376

19.554 20.355

38.304

39.951

63.375

66.119

95.102

98.903



10 6.457

6.456

18.273 18.259

36.427

36.421

60.997

60.972

92.150

91.967



100 7.221

7.221

19.933 19.917

39.023

39.071

64.525

64.617

96.847

96.578

1

error > 15%,

2

error > 30%,

3

error > 45% compared to numerical results in Table 4.3

Table 4.4 lists the first five modes for the calculated cases according to the
approximation function (4.18) presented in this thesis and the results in italics from
literature (17) (Hibbeler). From this table it can be concluded that all methods provide
close agreement for the calculated mode frequency when looking at cases that have at
least one of the supports at an extreme value, i.e. completely free or fixed. For
intermediate cases the approximation function has, with a maximum error of 0.5%,
very good agreement while for some combinations of rotational stiffness the Hibbeler
function results in much larger errors to up to 60%.

4.4 Evaluation of beam properties on natural frequency
With the verification of the closed form approximation function to be accurate it can
be used to generate insight into the influence of the various parameters that
characterize a beam-like floor structure. In this section relationships between the
parameters will be determined. For this a suitable range of values for these parameters
will be determined so that these reflect most of the values found in the actual building
practice. In this case the values will be chosen to reflect office and residential
buildings, but other types of buildings can also be investigated by choosing a different
set of values. For clarity the list of parameters that make up the approximation
function is listed here again in Table 4.5.
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Table 4.5, Parameters of approximation function
Parameter
L
EI
A
C1, C2

unit
range
description
[m]
5 – 14
Length of the beam between the supports
[Nm2]
0,9 – 125 [x106]*
Bending stiffness of the beam
50 – 1000
Mass per unit length
[kgm-1]
-1
8
Rotational
stiffness of left and right support resp.
0
–
10
[Nm rad ]
* For the graphs in Figure 4.8 this range has been reduced to 0,9 – 10 [x106] for clarity of results

For this evaluation a strip of a typical floor is regarded. In order to facilitate the
analysis of various parameters, the parameters chosen are mathematical parameters
that have no direct physical representation. This strip has a chosen load bearing width
of 1,0 m for which relevant parameters are determined.

Figure 4.7, Scheme of floorstructure for parameter analysis

Parameter L
The parameter L describes the length of the single span of the floor system. Typical
spans in buildings are ranging from a minimal of 5 meters to a maximum of 14
meters.
Parameter ρA
This parameter describes the mass per unit length. Traditionally wooden floors are the
lightest (ca 50 kg m-2) in normal practice while concrete slab floors are the heaviest,
traditionally up to a thickness of 300 mm which corresponds with 750 kg m-2.
Depending on the use of additional materials this can be increased by added weight of
roughly 250 kg m-2. Considering a beam with a width of one meter it results in a
minimum value of A of 50 kg m-1 up to 1000 kg m-1.
Parameter EI
This parameter describes the stiffness of the floor system. Traditionally the required
stiffness depends on the requirements for maximal deflection allowed for the floor
and will be used here to determine the range. The weight of the floor system
combined with the live load determines the loading of the system, defined as qx. The
live load can vary between 175 kg m-2 up to 400 kg m-2 for the building types under
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consideration. The criterion for the maximum deflection that has been chosen is ymax
= 0.004 * L.
The deflection under a distributed load of a simply supported beam is given by:
5 q x L4
(4.20)
y max 
 0.004 * L
384 EI
Rewriting this equation we get an equation to directly calculate the minimum value for
EI:
5 q x L3
(4.21)
EI 
 3.255q x L3
384 * 0.004
The distributed load, qx, which is a combination of the weight and the live load ranges
for the chosen width of 1 meter from 225 kg/m up to 1400 kg/m, or 2.25 – 14
kN/m. Combined with the already defined range for parameter L of 5 – 14 m, this
results in the range for the stiffness of EI = 900 kNm2 to 125000 kNm2
Parameter C1 and C2
These parameters describe the amount of rotational stiffness of the supports. The
extremes for these parameters are unconstrained or fixed. The unconstrained
condition corresponds to a value of 0 Nm rad-1 while the fixed condition corresponds
with a value of ∞ Nm rad-1. The completely fixed condition will not be practical to
achieve, and further examination of the influence of this parameter learns that a
maximum value for C = 108 Nm rad-1 gives nearly the same results as a completely
fixed support.

4.4.1 Results
In Figure 4.8 the effect is shown of every combination of two parameters on the first
natural frequency. For each graph the other parameters are taken constant and this
value is the average of the range listed in Table 4.5 for that parameter. This results in
the center of the graph being at the same level for each graph, so the relative effect of
the parameters can be examined.
Examining the separate graphs in Figure 4.8 some interesting behavior can be
observed. The first one discussed here is the influence of the mass, A in the graphs,
on the natural frequency. Lowering the mass will increase the natural frequency of the
floor structure, graph (a), (b) and (c), as can also be derived from the basic
equation(3.30). This effect is stronger when there is a higher bending stiffness of the
floor, see graph (b) and (c) respectively. A higher stiffness of the floor can be achieved
either by increasing the EI or by increasing the rotational stiffness, C1 and C2, of the
supports.
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Figure 4.8, Results overview parameter influence on 1st natural frequency

Furthermore from graphs (d), (e), (f), (g) and (h) it can be observed that relatively
small values for the rotational stiffness result in roughly the maximum increase of the
natural frequency and this is independent of the influence of other parameters. This
increase is in the order of 50% when only the rotational stiffness of one support is
increased, while it will double the effect when the rotational stiffness of both supports
are increased. Another interesting characteristic can be found in graph (i) where it can
be seen that the influence of the stiffness, EI, is more significant at shorter spans than
on larger spans. With regard to the other graphs that show the span of the floor
system it can be concluded that in floors with larger spans it is increasingly more
difficult to achieve a higher natural frequency. Therefore it can be expected that for
lightweight floor systems there will be some limit for the span for which it is still
feasible.
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Further elaborating on the influence of length of the span shows that shortening the
span has a huge positive effect on the natural frequency, as could be expected. Off
course the span is often determined by the design and cannot be easily modified in the
engineering phase. But it is a very important characteristic to keep this in mind when
designing for vibration.

4.5 Conclusions Chapter 4
The natural frequency is one of the main parameters that influence the vibration
comfort level of a floor structure. This chapter discusses the characteristics of a beamlike structure related to the natural, or first mode, frequency. A closed form
approximation function has been derived that includes all relevant beam
characteristics including some combination of rotational spring stiffness at the
supports. The approximation function is compared to the implicit solution (17) and an
finite element calculation. It was found the implicit solution was not correct for all
values of rotational spring stiffness.
Using the derived approximation function an evaluation of beam properties has been
presented that shows the influence of the parameters on each other in terms of mode
frequencies. Some interesting results have been presented that can be used to design a
floor system for vibration comfort.

63

5

Vibration comfort of assembled floor systems, a numerical approach

Chapter

5

Vibration comfort of assembled
floor systems, a numerical approach
Abstract
In this chapter the second part of the vibration research is presented as outlined in
section 3.5. A numerical study is presented in which the influences are studied of
material and geometrical properties of a floor system that consists of discrete beam
elements. A numerical approach has been used in order to determine the effect of
changing the various parameters over a wide range, which cannot reasonably be
achieved experimentally or analytically. The choice to use the Mode superposition
method is explained and a clear overview of the variants that are chosen to be
included is given. The most important results are included in this chapter, while the
complete set of results are collected in appendix C.1

5.1 Introduction
In chapter 4 the simplified representation of a floor system as a simply supported
beam has been used to assess the influence on the natural frequency of the various
geometrical and mechanical parameters that represent a floor system. Using the results
presented in that chapter you get a good understanding of the absolute influence on
the natural frequency of a single parameter as well as the relative influence of that
parameter in relation to the other parameters. These results can be used to get a first
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estimate on the dynamic behavior of a floor system. This simple model however does
not include all aspects of vibrations in a floor system. The floor consists of more parts
than just the uniform beam. Often floor systems, especially light weight ones, consist
of discrete structural elements that are connected to other parts of the floor system
like floor coverings, ceilings, separation walls etcetera. Modeling these would result in
a wide range of additional element types upon the main beams. In this chapter a
highly discretised model will be used to first understand the implications on a more
simple model. Afterwards these results could be used to extrapolate results for the
specific types of couplings. The model used is shown in Figure 5.1 and consists of 5
main beams coupled by a cross coupling beam, which can be regarded as a real beam
or a discretization of a floor slab or ceiling. When the force F is applied on the middle
main beam, not only this beam deforms but also the adjacent beams deform
depending on the stiffness of the coupling beam.

Figure 5.1, Multi-beam floorsystem with 5 main beams and one coupling beam

Figure 5.2, mode shape interaction

The interaction of the beams due to the coupling beam will have an effect on the
vibration characteristics as well. In this case the two most obvious mode shapes to
take into consideration are shown in Figure 5.2 and can be determined by calculating
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the deflection from the dead weight of the structure. The first method used when
determining the vibration characteristics, the Dunkerley’s method (34) which is a
frequently used approximation method, looks at the component mode shapes and
combines them to find the system mode. With this mode shape the mode frequencies
can be calculated as has been done in section 4.1 for the case of a single beam. The
component mode shapes are shown in Figure 5.2 for the main and coupling beam.
Combined these will give the system mode shape. The relative contributions are
dependent on the flexural stiffnesses of the components. The system frequency can be
obtained by combining the component frequencies using Dunkerley’s method:

1
f

2
system



1
f

2
main beam



1
f

2
coupling beam



1
f

2
other components

(5.1)

As can be seen from (5.1) the lowest of the component mode frequencies will be
dominant in the systems mode frequency. In the case with only two components
when the higher mode frequency is two times the lower mode frequency the system
frequency is only 4 5  0,89  f lowest , so only 11% lower, which decreases even more
when the difference between the various component mode frequencies is greater.
When the stiffness of the main beams however is not so large in comparison with the
coupling beam a good estimate of the mode shape can be obtained by looking at the
deflection due to the mass of the floor, see the combined mode in Figure 5.1. As can
be seen this results in a different mode shape of the coupling beam, and thus in a
different mode frequency.
As can be seen from the above considerations the system mode frequency will be
depending on the configuration of the system as a whole. In this chapter the various
aspects of a multi-beam floor system on the vibration characteristics will be
investigated.

5.2 Numerical model
There are basically three methods to analyze the component interaction for a structure
in two directions like is shown in Figure 5.1, which are experimental, numerical and
analytical. In order to decide which method is used first the type of results that are to
be gathered have to be defined. This will be a more complex analysis compared to that
of the single beam in Chapter 4, which was focused on the first mode frequency of a
single beam structure. For the 2D-structure as is to be analyzed in this chapter the
parameters that were investigated are being supplemented by those of the coupling
beam as well as the influence of one or more extra beams to model the influence on a
larger part of the floor system. Furthermore it will be of interest that besides the first
mode frequency, which is an indirect measure of vibration comfort, the OS-RMS90
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comfort values for variations in the structure are derived. For this a certain amount of
damping has to be included in the model as well as to calculate the transient, i.e. the
deformation as a function of time. These results should be mainly qualitative in nature
as this will be sufficient to make design directions based on these models. For this a
large number of variations in parameters are to be analyzed.
The most efficient method to achieve the above mentioned goals is to make a
numerical model that can model the various topologies and material properties and
return a transient of the vibration. An overview of the variants that will be investigated
will be given in section 5.3. It suffices to indicate at this point that these variants are
based on the structure shown in Figure 5.1. From the resulting transient the OSRMS90 comfort value will be calculated using the method described in section 3.3.
This way not only the natural frequency will be determined of the system but also the
comfort level.

Figure 5.3, (a) Full numerical model, (b) numerical model components

The numerical setup of the components is shown in Figure 5.3 where a single main
beam with a connection to a coupling beam is shown. The model is three dimensional.
Although the structure is in a two dimensional plane, it will vibrate out of this plane.
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For this reason 3D beam elements are chosen for the model. To prevent in-plane
vibration of the main beam, which is not desirable, it is supported in the Z-direction at
every node, which corresponds to most floor systems that consist of such a beam like
structure due to the presence of a slab that functions as a plane to walk on. Such a
slab will effectively couple all beams in its in-plane direction. The end supports are
fixed in all directions except the rotation around the Z-axis as is shown in Figure 5.3b
To provide for rotational spring stiffness at the end supports of the main beams,
which is required for some variants, the end support with the COMBIN14 spring
element is used. For this an extra node is modeled at the same position as the standard
end support. This extra node is fixed in all directions and forms a rigid point on which
the spring element is fixed.

5.2.1 Exciting force
The structure will have to be excited in some way to introduce a vibration. This can be
done using a certain force-time curve or an initial displacement. As one of the results
to be obtained is the OS-RMS90 comfort value, which needs the transient and the
force-time curve as input, the choice is made for a force-time curve, shown in Figure
5.4a. It makes sense to load every structure model in the same way for easier
comparison of the results. The loading characteristic that was chosen is a Dirac pulse
which is basically a certain load over the smallest possible time interval, which is the
sample frequency. Looking at the FFT of a Dirac pulse you see that the pulse
introduces a constant amount of force at every frequency, see Figure 5.4b.

Figure 5.4, Dirac pulse in time domain (a) and frequency domain (b)

Loading the model with such a pulse load guarantees all frequencies are being excited
in the structure and you will not miss any modes of vibration in the structure. The
maximum frequency that will be introduced into the structure also depends on the
sample rate chosen. In Appendix A this relation is further explained. Here it will
suffice to state that the maximum frequency, also called the Nyquist frequency, can be
calculated with fnyquist = fsample / 2. In this case we are interested in the frequency domain
of 1 to 80 Hz as resulting from requirements of the OS-RMS90 method. Therefore the
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minimum sample rate to be used is 80 x 2 = 160 Hz. However preliminary
investigation showed that a higher sample rate resulted in more consistent results that
are due to boundary effects in the FFT-algorithm. Therefore a sample rate of 1024 Hz
(=210 Hz) is chosen for the calculation of the numerical transient. This has the
additional benefit that the FFT-calculation is more efficient for sample rates that are a
power of 2.
Numerical calculation of dynamic behavior of structures can be performed in multiple
ways. In this research the FEM-software used is ANSYS v10.0. This software package
has three different methods of calculating the transient. Every method has its
advantages and disadvantages and possibilities. In Table 5.1 the various methods are
described.
Table 5.1, Numerical methods for calculating transients

Method
Full method

Reduced method

Characteristics
 Can include all non-linearities
 Full matrices are used
 All types of loads are allowed
 Slow and memory expensive
 Full solution available with single solution step.
 Time step not required to be constant over transient






Mode
superposition
method






Faster than the full method and less memory expensive
Expansion pass needed to calculate complete
displacements, stress and force solution
Loads only at master nodes
Only linear solution (except gap-condition)
Time step constant over transient
Very fast, accepts modal damping,
Only linear solution (except gap-condition)
Multiple solution steps required (Modal solution,
Transient, Expansion pass)
Time step constant over transient

The choice of the method used for this analysis is based on several considerations.
Firstly one of the results to be obtained is the OS-RMS90 value. This method is based
on the linear characteristic of the load and the transient. For this reason the non-linear
capabilities of the full method are not needed. Also the procedure of calculating the
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OS-RMS90 comfort value is based on the assumption that the sample rate is constant
over the entire transient.
The reduced solution method requires you to perform one more step after obtaining
the solution, which is the only step needed for the full method. During the solution
phase only the results for the chosen master degrees of freedom are solved for.
During the extra step, expansion pass, these results are mapped over the remaining
nodes and elements. The mode superposition method requires an extra step compared
to the reduced method. Before the load steps are solved for, the modes must be
calculated during a modal calculation. The effort this extra solution step costs is far
less than the time gain achieved with the mode superposition method. Comparing the
results for the models to be calculated all methods result in the same transient with
only a very small difference. The choice therefore is made to use the fastest method
available which is the mode superposition method.

5.2.2 Mode superposition method
The method chosen to calculate the transients is the mode superposition method. The
method is based on the assumption that the structure behaves linearly and is explained
in depth in literature such as (40). Here we will suffice by giving a qualitative overview
of the method. A structural system has a limited number of modes, also called
eigenvectors for numerical purposes, in which it prefers to vibrate as is shown in the
example of a simply supported beam in Figure 5.5.

Figure 5.5, discrete modes of a simply supported beam

Every mode vibrates at a certain frequency. When the structure is excited in that mode
shape it will only vibrate in that mode, which results in a harmonic vibration. During
one vibration cycle the mode is conserving the relative shape of all points on the
displacement curve. The mode shape expressed as a vector, is multiplied by the
harmonic time dependent function using the angular frequency  that corresponds
with the mode under investigation to find the transient displacement, y, of a point at
location x in the structure.

y   *sint

(5.2)

When only one mode is incorporated into the transient the mode shape contributes
for 100% to the transient. However when more than one mode shape contributes to
the transient then every mode shape contributes a certain amount, corresponding with
the contribution factors, to the resulting transient. The contribution factor is
71

dependent on the characteristic of the exciting force and the affinity of the mode
shape with the actual structural displacement. The transient of a multi-mode
calculation is the summation of all separate modal transients with each transient
multiplied by the contribution factor.
In order to use this method you have to make sure to excite the structure in such a
way that the vibration characteristic you want to be included is indeed excited. For a
beam that is excited with a point load mid span, the even numbered modes are not
excited and thus aren’t included in the transient. This is not a problem in this case
because the contribution of these modes, if they were to be excited, to the transient of
the node at mid span is also zero. So the exclusion of these modes does not affect the
results of the nodes at mid span.
The numerical model used for this analysis has the characteristics as are listed in Table
5.2. These properties allow for a sufficiently accurate description of the lower modes
that make up the main part of the resulting transient.
Table 5.2, Model properties

Property
Nodes in main beam
Nodes in coupling beams
Element type

Dynamic numerical method
Modes extracted
Output sample rate
Exciting force
Connection main-coupling beam
Boundary conditions main beam

value
61
21
BEAM4-elements for main and coupling
beams
COMBIN14 elements for rotation springs
Mode superposition method
20
1024 samples / second
10 kN
rotational and translational fixed
simply supported at both ends with
rotational springs

5.3 Overview parameters
The choice of parameters is aimed at determining the major parameters that can be
chosen to influence the vibration comfort positively. The secondary aim is also to
exclude parameters that do not influence the vibration comfort significantly or even
negatively. The model shown previously in Figure 5.3a forms the base model on
which this numerical study is based. For unambiguous reference the numbering
convention of the various parts is given in Figure 5.6.
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Figure 5.6, Structural scheme for numerical model and numbering convention

The variants will consist of 1, 2, 3 or 5 main beams to study the influence of additional
coupled beams, see also (54-56). The beams are included in the model according to
their number. A model with 3 beams will only have beams 1 to 3 in the model. Using
this numbering convention, beam number 1 is always in the middle position, for ease
of comparison across variants. Beam number 1 will be excited at mid-span by a Dirac
pulse. This will introduce a vibration in beam number 1 which in turn will excite the
other beams through the coupling beams.
A base configuration is used for comparison of all variants, from which never more
than one parameter will be changed in order to study the effect of this parameter on
the OS-RMS90 comfort value. All parameters will have a range of values which will be
investigated. The base structure has base values for the material properties for the
main beams and coupling beams. If not defined otherwise the beams are coupled at
mid-span using a beam with a flexural stiffness ratio of 10% compared to the main
beams.
The parameters of influence on vibration comfort are divided into two categories:



Main beam / coupling beam properties
Geometrical configuration of coupling beams

For each variant a single parameter will be varied over a range of values. For each sub
step in this parameter range the OS-RMS90 value at the mid-span of the beams will be
calculated. This will illustrate the influence of that particular parameter on vibration
comfort and a comparison between absolute values of different parameters is possible.
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Figure 5.7, FFT of walking function

Preliminary investigations showed that using parameter values as defined in chapter 4
were not adequate for this numerical study as the resulting first mode frequency was
relatively low. In the procedure for determining the OS-RMS90 comfort value in
section 3.3.2, the walking function is used. Analysis of this function shows that there
are dominant frequencies present up to 9 Hz as shown in Figure 5.7. The effect of this
is that when a variant in this numerical study has a frequency in this range it will result
in a non-proportional OS-RMS90 comfort value, resembling resonance. In order to
have an unbiased comparison the base configuration is determined in such a way that
the natural frequency is higher than this frequency present in the walking function.
Table 5.3 lists the base values for the properties of the reference structure that have
been defined.
Table 5.3, Overview properties with standard base values
Property

Description

EIm
Mm
Lm
C1,2
EIz
It
EIc EIz;c It;c

Flexural stiffness main beam
Mass main beam
Length main beam
Rotational stiffness at supports
Flexural stiffness in weak direction main beam:
Torsional moment of inertia of main beam:
Flexural / Torsional stiffness values coupling beam

Mc
Lc
DMPRAT

Mass coupling beam
Length coupling beam = distance between main beams
Damping (constant damping ratio ANSYS)

Standard base value
(s.b.v.)
1,04 x108 Nmm2
100 kg m-1
7,50 m
0 N rad-1
7,6 x 106 Nmm2
3,13 x105 mm4
10% of corresponding base
value of main beam
0 kg m-1
1,2 m
1%

5.3.1 Category 1, Main beam / coupling beam properties
The parameters investigated in the first category are split into two parts, models
consisting of only one beam, category 1a, and models consisting of multiple beams,
category 1b. The variants in category 1a determine the influence of main beam
properties on the OS-RMS90 and is similar to the setup used in section 4.4 regarding
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the natural frequency. In each analysis a single parameter is varied while all others will
be kept at their standard base value (s.b.v) from Table 5.3. The parameter that is
varied varies over a certain range around its base value or if this is not possible
another suitable base value which is indicated in the analysis overview in Table 5.4.
Every parameter range is subdivided into a suitable number of substeps so the trend
will become evident.
Table 5.4, Overview analyses in category 1a, main beam properties1, single main beam
Param.
d.f.2
base4
Range [α]
Code3
EIM1
EIm
α
s.b.v.5
0,5 ..2,0
MAM1
mm
α
s.b.v.5
0,5 ..2,0
LEM1
Lm
α
s.b.v.5
0,5 ..2,0
α-1
106
1,0 ..2,0
RTS1
C1,2
DMM1
DMPRAT α
s.b.v.5
0,2 ..5,0
1resulting parameter value for selected beam equals: distribution factor x base value.
2d.f.: distribution factor
3number in codes identifies number of beams in model, first two letters in code identifies parameter and
third letter the component that it applies to: (M)ain or (C)oupling beam, (S)upport
4base value (usually s.b.v. from Table 5.3), or other suitable base value.
5s.b.v.: Standard base value

To illustrate the way to interpret the overview of category 1a and subsequently also
the other categories, we take a look at the analyses with the code LEM1. The code
indicates the parameter that is varied. LE stands for (LE)ngth of the beam and the M
indicates it is the (M)ain beam. If necessary small deviations on this rule are applied.
As the base value for the parameter that is to be analyzed, in this case Lm, the s.b.v.
value from Table 5.3 is used. The range over which the parameter Lm is to be varied is
indicated by the distribution factor (d.f.), in this case , which results in the absolute
range for the parameter using equation (5.3) that is evaluated for LEM1 as well as
RTS1 which uses an alternate base value.

 min  s.b.v  Parameter   max  s.b.v.
LEM1 :

0,5 x 7,50m  3,75m  Parameter  2, 0  7,50m = 15 m

(5.3)

RTS1 : ( min  1)  10  0 Nm rad  Parameter  ( max  1)  10  2  10 Nm rad
6

1

6

6

1

Table 5.5, lists all variants regarding main beam properties where the model contains
multiple main beams. The aim for this series is to vary the distribution of the specific
property while keeping the total value summed over all beams constant. This means if
the flexural stiffness is varied, in the EIM series, alternate beams will collectively gain
some flexural stiffness while the other beams will collectively have a lower flexural
stiffness by the same amount. This is done this way as to be able to get inseight in the
results of changing the distribution of a certain property.
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Table 5.5, Overview category 1b, for main beam properties2, multiple main beams
Param. type1 Distribution factor (d.f.) per beam base3 Range [α] Unit
[beam nr] Model value: d.f. x base
group 1
group 2
EIM2
EIm
cst
[1]
1+α
[2]
1-α
s.b.v. -0,5 .. +0,5 Nmm2
EIM3
EIm
cst
[1]
1+α
[2,3] 1-0,5α
s.b.v. -0,5 .. +0,5 Nmm2
EIM5
EIm
cst
[1,4,5] 1+α
[2,3] 1-1,5α
s.b.v. -0,5 .. +0,5 Nmm2
4
EIC2,3,5 EIc
ncst [all]
α
s.b.v. 10-7 .. 101
Nmm2
MAM2
mm
cst
[1]
1+α
[2]
1-α
s.b.v. -0,5 .. +0,5 kg m-1
MAM3
mm
cst
[1]
1+α
[2,3] 1-0,5α
s.b.v. -0,5 .. +0,5 kg m-1
MAM5
mm
cst
[1,4,5] 1+α
[2,3] 1-1,5α
s.b.v. -0,5 .. +0,5 kg m-1
MAC2,3,5 mc
ncst [all]4
α-1
100
1,0 .. +3,0
kg m-1
ncst [all]4
1+α
s.b.v. -0,5 .. +0,5 m
LEC3,5
Lc
LEW3,5
Lc
cst
[1,3]4
1+α
[2,4]4 1-α
s.b.v -0,5 .. +0,5 m
RTS2,3,5 C1,2
ncst [1,4,5] +max(α,0) [2,3] -min(α,0) 106
-1,0 .. +1,0 N rad-1
RTM2,3,5 C1,2
ncst [all]
α
106
0,0.. +1,0
N rad-1
1type: “cst” means constant total value, “ncst” means not constant total value
2resulting parameter value for selected beam equals: distribution factor x standard base value, see eq. (5.4)
3base: s.b.v. means standard base value from Table 5.3
4beam nr indicates coupling beam nr.
5number in codes identifies number of beams in model, first two letters in code identifies parameter and
third letter the component that it applies to: (Main) or (C)oupling beam, (S)upport, exception LEW that
stands for constant total (W)idth.
Code5

This overview is illustrated by the analysis with the code EIM5. The coding is similar
to the variants in category 1a. The main difference is that there are two defined groups
of beams where the beams in one group have identical properties. The changes in
both groups are coupled by the range indicator . This results in the following range
for both groups in EIM5:
EIM5 :

d.f.group ( min )  s.b.v  Parameter  d.f.group ( max )  s.b.v.

 Group 1 (beams 1, 4 and 5)
(1-0,5)  1, 04  108  0,52  108  Parameter  (1+0,5)  1, 04  108  1,56  108
 Group 2 (beams 2 and 3)

(5.4)

(1+0,75)  1, 04  10  1,82  10  Parameter  (1-0,75)  1, 04  10  0, 26  10
8

8

8

8

Total sum: (3 x 0,52 + 2 x 1,82)  108  (3 x 1,56 + 2 x 0,26)  108  5  1, 04  108
In equation (5.4) is also showed that the total value of the property is constant over
the whole range as is intended as indicated by “cst” in the type column. When it does
not have to be constant, as indicated by “ncst” in the type column the total sum is not
constant.
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5.3.2 Category 2, Geometrical configuration of coupling beams
The parameters analyzed in the second category only influence the geometrical
configuration of the coupling beam or beams. By using coupling beams between the
main beams it is possible to distribute the vibration energy over multiple beams. The
variants in this category are designed to analyze the effect of how the configuration of
these coupling beams influence the vibration characteristic and how they can reduce
the vibration of the excited main beam. Besides the standard coupling in the middle of
the main beam, as was used in the category 1 variants, also multiple coupling beams
configurations and rotation angle of these coupling beams in relation to the beam
span are investigated. The variants are listed in Table 5.6. The code used in this table
is to designate the variant with three letters whereby the number references the
number of main beams in the (sub)model. For every submodel a small picture is
included to explain the geometrical configuration and to show how the parameter  is
used to define the range of this variant. As these variants focus solely on the
geometrical configuration the material properties used are the same as used for the
reference model as listed in Table 5.3.
Table 5.6, Overview configuration variants of the coupling beams
Code
Parameter1
RCC2,3,5

Description
s.b.v. Range []
Rotation angle of one
L
-¼ .. +¼
coupling beam fixed at
center

PDC2,3,5

Position double
coupling beam

L

0 .. 1

PTC2,3,5

Position triple
coupling beam

L

0 .. 1

PPC3,5

Position partial triple
coupling beam

L

0 .. 1

RPC3,5

Rotation angle of
partial triple coupling
beam

L

-¼ .. +¼

1Range

of variation of parameter: min · s.b.v. < parameter < max · s.b.v.
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5.4 Results
The full results from the variants, listed in Table 5.4, Table 5.5 and Table 5.6, that
have been numerically calculated are included in appendix C.1. The graphs are all laid
out in a similar way and this is illustrated by first looking at the results for variant
EIM1. The OS-RMS90 comfort value is calculated at nine positions, p1 to p8 and pc on
the beam, see Figure 5.8. The center point is of special interest as this is the point
where the force is applied, indicated by pc.

Figure 5.8, Position of points on a beam where the OS-RMS90 comfort value is caculated

In section 5.3 a list of base values for the properties have been given and the aim was
to achieve a natural frequency above 9 Hz , see section 5.3. Figure 5.9 shows the OSRMS90 comfort value as a function of , which is a factor by which the base value of
the flexural stiffness of the main beam is multiplied.
The range at the lower end of  is enlarged in comparison to what is listed in Table
5.4 to illustrate the choice of the base values. On the vertical axis on the left side of
the graph the OS-RMS90 comfort value is shown. The graph of the various positions
on the beam are shown with the graph for the center position colored black and the
positions further away from the center with increasingly lighter shades of gray. Due to
the symmetry of the variant it is logical that positions at equal distance from the center
will result in the same OS-RMS90 comfort value and are therefore grouped and shown
as the same graph.
For lower values of  the lines can be seen to be jagged and increase dramatically. This
behavior is not desired for a fair comparison and so the results that are taken into
account for comparing the influence on the OS-RMS90 comfort value are limited to
values listed in the tables. The vertical axis on the right side shows the distribution of
the first natural frequency that is shown with the dashed line. Above a natural
frequency of 9 Hz the behavior is more or less proportional to the value of  and will
be contributed to the systematic effect of the parameter that is changed in the graph.
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Figure 5.9, OS-RMS90 for variant EIM1 at various points on the beam

Figure 5.9 also shows that the OS-RMS90 comfort values of the other positions on the
beam are proportional to the values at position pc, with the value at the center being
the largest. This behavior can be understood by realizing that the first natural
frequency is dominant in the overall vibration. This means that the overall deflection
curve during a vibration cycle will be similar to the mode shape of this first mode
which can be described with a good approximation as the deflection under a constant
distributed load. The frequency of the vibration at the various positions on the beam
is the same so the only difference is the amplitude of the vibration, which is the largest
at the center of the beam. Earlier we have seen that a smaller amplitude results in
lower velocities and accelerations which relates directly into lower OS-RMS90 comfort
values, i.e. a better vibration comfort. Knowing this, only the results at the center
positions are included in the graphs of the other variants.

5.4.1 Normalization of results
The aim of this part of the study into properties that influence vibrations is to find the
properties that are of interest when designing a floor for acceptable vibration comfort
and also to find the properties that do not significantly or negatively influence the
vibration comfort. For the results of the variants to be compared to each other they
are normalized using two sets of normalization factors. One factor, named Base
Normalization Factor or B.N.F., normalizes the numerical models based on the
number of main beams in the model, i.e. 1, 2, 3 or 5 main beams, designated Base 1 to
5. It normalizes the OS-RMS90 comfort value at the center beam to the comfort value
of the Base 1 model. The second normalization factor, N.F., normalizes each beam
present in the model to that of the center beam in that model. The center beam always
has number 1 and is the beam that is excited by the Dirac pulse. All normalization
factors are based on the comfort values determined from the numerical model using
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the standard base values for the various properties. In Table 5.7 the values for the OSRMS90 comfort value at the center of the main beams are listed with the
corresponding normalization factor.
Table 5.7, Base results and normalization factors

beam nr
1
2
Model [B.N.F.]1 OS-RMS90 - [N.F.]2
type
Base 1 [1,00]
15,0 [1,00]
Base 2 [0,97]
14,6 [1,00] 2,4 [0,16]
Base 3 [0,33]
5,0 [1,00] 5,0 [1,00]
Base 5 [0,29]
4,3 [1,00] 3,2 [0,74]
1
2

3

4

5

5,0 [1,00]
3,2 [0,74] 4,3 [1,00] 4,3 [1,00]

B.N.F.: Base Normalization factors with regard to Base 1 model type
N.F.: Normalization factors with regard to center beam in model

5.4.2 Overview results
The variants listed in Table 5.4, Table 5.5 and Table 5.6 are numerically calculated and
analyzed for the ranges of the parameters as listed in these tables. In this section an
overview of the maximum and minimum OS-RMS90 – comfort values are listed in
Table 5.8 for all variants. The results are grouped per variant on one line in the table.
If the variant has been calculated for a range of main beams these are separated per
variant by the vertical dashed lines and the results are shown for all beams in those
variants. The values shown are the normalized values with regard to the normalization
factors from Table 5.7. These values give a good understanding of the properties that
are of most importance. Especially the minimum values are of interest as it indicates
the lowest OS-RMS90 – comfort value and thus the best vibration comfort. These
values are off course dependent on the base-values and ranges chosen. For this, not
only the minimum and maximum values are to be analyzed but also the values across
the entire range. The full results in graphical form are included in appendix C.1 and
only the most significant ones are included in this chapter.
In Table 5.8 the variants with the lowest values for the OS-RMS90 comfort value for
the excited beam, beam number one, are highlighted for variants that can lower the
OS-RMS90 comfort value to 70% or less and values between 70% and 85% as
compared to the reference model of the chosen number of beams. The ranges defined
are roughly equivalent to half a comfort class, 70%, and a quarter comfort class, 85%
as defined in section 3.3.1. Lastly variants with minimum and maximum that are
further apart are highlighted by a dashed box as these variants indicate a great
sensitivity for the value of this parameter and if used in the wrong way in a floor
system might actually worsen the vibration comfort. These highlighted values indicate
the most important properties for improving the vibration comfort.
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Table 5.8, Maximum/minimum normalized OS-RMS90 comfort values

Variant1
EIM
MAM
LEM
RTS
DMM

number of Beams in model [Normalization factors. from Table 5.7]
1 [ 1,00]
2 [0,97]
3 [0,33]
5 [0,29]
(1)[1,0]
(1)[1,0] (2)[0,16]
(1)[1,0] (2,3)[1,0] (1)[1,0] (2,3)[0,74]
2,00/0,40 2,11/0,52 0,17/0,01 1,38 / 0,80 1,15/0,85 1,46/0,90 1,28/0,62
1,32/0,71 1,16/0,72 0,38/0,09 1,32/0,74 1,31/0,71 1,13/0,70 0,96/0,53
7,37/0,06
1,00/0,67 1,00/0,69 0,17/0,07 1,03/0,76 1,00/0,69 1,01/0,80 0,76/0,60
1,19/0,43

EIC
MAC
LEC
LEW
RTM

1,05/0,99 0,17/0,00
1,00/0,67 0,81/0,17

RCC
PDC
PTC
PPC
RPC

1,01/0,96 0,26/0,17
1,05/0,99 0,19/0,02
1,02/1,00 0,20/0,17

[#]
(#)
1

1,00/0,68 0,20/0,08

3,01/1,00
1,40/0,92
1,31/1,00
1,17/1,00
1,03/0,71

1,36/0,00
1,32/0,89
1,12/0,38
1,37/0,43
1,00/0,67

3,50/ 0,70
1,24/0,92
1,21/0,70
1,06/1,00
1,01/0,72

1,56/0,00
1,07/0,69
0,86/0,69
0,98/0,61
0,77/0,50

(4,5)[1,0]
1,02/0,21
1,08/0,65
0,99/0,70
1,05/0,00
1,00/0,73
1,05/0,71
1,14/0,77
0,99/0,62

1,42/0,99 1,06/0,93 1,35/0,92 1,05/0,72 1,02/0,47
2,83/0,99 1,36/0,58 2,65/ 0,77 1,49/0,69 1,07/0,37
1,01/0,99 1,00/0,99 1,18/1,16 1,16/1,15 0,99/0,73
1,00/1,00 1,00/0,99 1,21/0,84 1,16/0,74 0,99/0,00
1,04/0,94 1,01/0,92 1,13/0,76 1,06/0,67 1,01/0,56
Normalized OS-RMS90 – comfort value less than 70% of reference value [N.F.]
Normalized OS-RMS90 – comfort value between 85% and 70% of reference value [ N.F.]
Normalized OS-RMS90 – comfort value maximum / minimum bigger then 1,5
Normalization factors
Beam number
Coding according to Table 5.4 through Table 5.6

Before discussing the results more in depth in the next sections, one should notice
that coupling more beams increases vibration comfort greatly, see table Table 5.7.
Five coupled beams have an OS-RMS90 comfort value of only 29% compared to the
single beam model. This amount depends of course on the flexural stiffness of the
coupling beam. The values in Table 5.8 should be multiplied by this number to get the
overall difference compared to the single beam model. Some of the variants could be
combined as well which leads to even larger reductions of the OS-RMS90 comfort
value. Basically it is possible to find the combined reduction by multiplying the values.
One should be careful though of combining the results from Table 5.8 to estimate the
combined value when the variants are not fully independent. For example most
variants influence the frequency of the vibration which directly influences the OSRMS90 comfort value. The change of frequency has an influence on values you would
find for the variants you want to combine. Variant DMM, that shows the influence of
damping on vibration comfort, is almost fully independent of all others and could be
combined with all others. Increased damping only slightly changes the frequency of a
vibration but for the purpose of estimating the effect on the vibration comfort this
effect is negligible. By combining for instance the DMM and the EIC5 model you
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would get a combined normalized OS-RMS90 comfort value compared to the
reference single beam model as calculated in equation (5.5)
N.F. = EIC51  DMM11  N.B.5  0,70  0, 43  0, 29  0, 09

(5.5)

Some variants however show almost no influence on the OS-RMS90 comfort value
and should not be used to improve the vibration comfort of a floor system. In the
next sections a more detailed analysis of the results is given.

5.4.3 Category 1, Main beam / coupling beam properties
The results of the category 1 variants are grouped according to Table 5.4 and Table
5.5. The complete results are included in appendix C.1. and the numerical results are
shown in Table 5.8. Figure 5.10 graphically shows the main results of category 1a, the
single beam.

norm. OS-RMS90 [-]

The variants are all single beam variants without any coupling beam and are therefore
comparable to the results obtained by the approximation function presented in section
4.4. The horizontal axis shows the values for  that indicate the factor by which the
base value of that parameter is multiplied. The OS-RMS90 comfort values for the
variants are normalized according to the method described in section 5.4.1. The
normalization factor is also shown in the graph. The effect of some of the parameters
shown concurs with the intuitively expected behavior. Intuitively you would expect
that a beam with a larger span or a lower value for the flexural stiffness, variant LEM1
and EIM1 respectively, will have worse vibration comfort compared to a beam with a
smaller span or higher flexural stiffness. The results from this study are in agreement
with those expectations as a larger value of the OS-RMS90 comfort value is found, that
indicate worse vibration comfort, in those situations. Interesting however is the
OS-RMS90 - comfort values for Category 1a
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Figure 5.10, OS-RMS90 comfort values for category 1a
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relative influence on the OS-RMS90 comfort value. Changing the span is relatively
more effective that changing the flexural stiffness. The results for the RTS1 variant
confirm the findings in chapter 4 that a relatively small value of rotational stiffness at
the end of the main beam will increase vibration comfort to the maximum increase
possible. Variant MAM1 shows that changing the mass of the main beam does not
significantly influence the vibration comfort. This can be explained by realizing that
increasing the mass has two opposing effects. The first effect is that an increase in the
mass of a beam will lower the first natural frequency, see equation(4.9), which will
result in a higher value for the OS-RMS90 comfort value. The second effect is that a
higher mass will have a higher resistance, due to the increased inertia, to the induced
vibration resulting in vibration with smaller amplitude, see section 3.5. This has a
positive effect on the OS-RMS90 comfort value as a smaller amplitude will result in a
lower velocity which is the measure for the comfort value. From the results of this
study it can be concluded that these two effects have a comparable size which results
in the conclusion that changing the mass itself has a negligible effect on vibration
comfort. Damping shows a consistent increase in vibration comfort with increasing
damping. In appendix C.1 the results for the complete range are given as in practice
the damping ratio can very more than the range shown in this overview. Damping
ratios of 5% are obtainable by use of suitable materials(29). Damping can be
considered to be an important parameter for influencing the vibration comfort of a
floor system as it is not related to other properties and can reduce the OS-RMS90
comfort value to approximately 50% of the value found with the base value. Often
traditional lightweight floor systems have lower damping values than used in this study
as a base value so the decrease of the OS-RMS90 comfort value can even be greater
than 50% in those cases.
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*Range of MAC2 is shifted by -1 to achieve better readability
Figure 5.11, OS-RMS90 comfort values for category 1b-part 1
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norm. OS-RMS90 [-]

The variants listed in Table 5.5 show similar results as shown in Figure 5.10 and the
most important results are shown in Figure 5.11. One should keep in mind when
comparing results that not all variants change the distribution of a certain parameter
over the complete structure while keeping the total value constant. In the results for
category 1b the variants listed that do not have a constant total value are the MAC2
and RTM2 variants. This means there is weight or stiffness added or removed to the
system as their base values are zero. Looking at the graph the EIM2 variant shows a
similar graph compared to the EIM1 variant and can be explained by the fact that
although the total stiffness of both beams is constant the interaction is very limited as
all interaction has to be achieved by torsion of the beam which is a very weak coupling
mechanism. When looking at the graphs of EIM3 and EIM5 in Appendix C.1 you can
see that for more beams coupled by a flexural stiff coupling beam the variation when
changing the distribution of flexural stiffness is nearly gone. The variants MAC2,
RTS2 and RTM2 all show a similar effect. Adding stiffness or mass in these variants
increases vibration comfort. Although variant series MAM show good results in
absolute values there is not a clear trend that adding or rearranging weight modifies
the vibration comfort in a coherent way.
OS-RMS90 - comfort values for Category 1b
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Figure 5.12, OS-RMS90 comfort values for category 1b-part 2

In Figure 5.12 the results for the EIC variants are shown. The value 1 on the x-axis
indicates the reference structure from which the flexural stiffness is varied for the
coupling beam. It is very clear that changing it does not influence the vibration
comfort in case of only two coupled beams while it greatly effects the vibration
comfort when connecting more than two beams. The chosen reference value of 10%
of the flexural stiffness of the main beam proves to be a good value for which a
significant increase of vibration comfort is achieved compared to a coupling beam
with less or almost no flexural stiffness and should be a good practical value for
choosing the stiffness of the coupling beam. For the lower values of  the effect
flattens off and coming close to the value of no coupling at all.
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5.4.4 Category 2, Geometrical configuration of coupling beams

norm. OS-RMS90 [-]

The variants in category 2 are aimed at looking at the geometrical configuration of the
coupling beams without changing the material properties of the elements in the
structure. In the results overview table, Table 5.8, none of the variants score in the
best group and just three of them in the group between 70% and 85%. The results of
these are shown in Figure 5.13. Variant RPC5 with two rotated coupling beams shows
that rotating this beam has some influence and when the beams line up they have the
lowest OS-RMS90 comfort value. In this case the lined up beams form an extra beam
in the structure which positively influences the vibration comfort by adding more
flexural stiffness to the floor system. Variant PDC5 shows a significant increase in the
OS-RMS90 comfort value for the higher values of . These higher values of  result in
a model where the coupling beams are closer to the supports, which reduces their
effectiveness to transfer the vibration of beam 1 over to the other beams. In case of
vibrations the effectiveness of the coupling beams is best when they are situated in the
middle half of the main beam. Similar effects occur in variant PPC5 although they are
not that pronounced as there is always a centrally located coupling beam present. The
added effect of the outward lying coupling beams diminishes when they are more
closely positioned to the supports.
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Figure 5.13, OS-RMS90 comfort values for category 2

The effectiveness of the variants for geometrical configuration of the coupling beams
is not very significant. On the other hand placing a coupling in the wrong place
reduces the effectiveness greatly. A coupling beam in the middle of the span is the
best location. As can be seen from the normalized base values (N.B.) coupling more
beams does greatly increase the vibration comfort. But adding more couplings in
addition to the center one has no significant influence.
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5.4.5 Extrapolation of results for other building parts
The obtained results should also hold true for couplings formed by other floor parts
such as floor coverings, ceilings and separation walls as the coupling beams are merely
represented by their sectional properties. This is not fully investigated here, but a small
discussion on extrapolating the results is added here.
The most prominent result is that a coupling is beneficial within certain constraints
concerning position and sectional properties. As long as a coupling element adheres to
these comparable results should be achieved. Care should be taken to evaluate the
specific properties of such a coupling element in relation to a beam and its effects in
relation to the results presented. For instance a floor covering that spans at least 3
adjacent beams it should work as indicated for a beam as long as if the flexural
stiffness is comparable to that of the coupling beam. This would be different for
separation walls were the bending stiffness is typically much higher which could result
in different properties. The vertical position of such an element in relation to the
beam should have little influence as the displacements are all vertically orientated so
ceilings, coverings and separation walls should have in principle the same mechanics.

5.5 Conclusions chapter 5 and design guidelines
From the numerical study presented in this chapter some design guidelines are
proposed. Some of these guidelines match the expectations that are intuitively correct
but not all. The conclusions are grouped for the main beams and the coupling beams.
Main beam guidelines that increase vibration comfort, or lowers the OS-RMS90
comfort value are:






With regard to the material properties of the main beams the flexural stiffness
is the most important
Shorter spans significantly increase the vibration comfort
Increase damping also increases the vibration comfort. This is especially
interesting as this can be changed without adversely affecting both traditional
floor properties as well as vibration comfort in other areas.
Providing for some rotational rigidity at the support improves the vibration
comfort.

With regard to the coupling beams the main guideline is that coupling greatly increases
the vibration comfort by dispersing the vibration from the excited beam over multiple
elements. This reduces the maximum vibration level in the floor system. Connecting
multiple beams, at least three, in the middle half increases the vibration comfort to a
level comparable to the maximum that is achievable this way. The key aspect is that
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this coupling beam should have flexural stiffness across the beams with a flexural
stiffness in the configuration presented of at least 10% of that of the main beams. In
other structures with different spans or distance between main beams this value might
change however.
There are also some properties that do not influence vibration comfort significantly of
which the mass arguably is the most remarkable as the experience with light weight
floor systems indicates otherwise. Also adding more than one coupling beam does not
contribute significantly to the vibration comfort. Also unevenly distributing properties
like flexural stiffness or mass do not influence the vibration comfort significantly.
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6

Experimental determination of damping in floor structures

Chapter

6

Experimental determination of
damping in floor structures
modeled as a beam
Abstract
This chapter includes the experimental part of this research. Resulting from the
theoretical analysis from chapters 3 through 5 three basic designs of floor beams are
introduced in this chapter. The designs are aimed at getting better properties for the
first mode frequency and damping. These designs are experimentally evaluated by
subjecting them to an excitation force which induces a vibration. The results of these
experiments are used to define design guidelines for floor beams aimed at high
vibration comfort.

6.1 Introduction
In chapter 5 several conclusions were drawn about which parameters, that define a
multi-beam floor system, have a significant influence on vibration comfort. For most
of these parameters like length, mass and flexural stiffness, it is possible to determine
them in a real structure in non-ambiguous and generally well understood way. These
parameters can also be included in a numerical model in a clearly defined way.
Knowing how these parameters influence vibration comfort other structures can be
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examined and evaluated with the methods used in this thesis. Damping was also
found to be of significant influence on vibration comfort. The influence on the
vibration comfort has been evaluated numerically in chapter 5. Although it is relatively
easy to model a different level of damping numerically it proves very difficult to
determine the level of damping of a real structure, in this case a multi-beam floor
structure. In literature there are data available on material damping values for various
materials (39;40;57), but these do not always agree on the level of material damping. In
Table 3.7 a list is given of material damping values found in this literature. These
values are only valid for a structure that is completely made up of a single material for
which the damping level is known. For structures with more than one material
determining the damping is even more difficult. Especially when not only material
damping accounts for the damping of the whole structure but also structural damping,
which in general can have a higher level of damping around 10-100 times of that of
material damping, it proves difficult to predict damping based on a design.
In this chapter a number of beam designs will be evaluated that are aimed at
maximizing damping in a beam-like structure, bearing in mind a structural layout of
the floor system similar to the ones analyzed in chapter 5 i.e. discretized multi-beam
floor systems that can be coupled in various places.

6.2 Set up experiments
The damping of the various designs is determined experimentally. First an overview of
the setup will be given here before addressing the various aspects of the setup in more
detail. As the first natural frequency is the most important in determining the overall
dynamic behavior of the structure, see also section 5.1, the experiments are designed
to determine the first natural frequency and the corresponding damping. The mode
shape corresponding to the first natural frequency corresponds to a deflection of a
beam simply supported at the ends, which will be taken as the basic design for the
experiments.

Figure 6.1, Mechanical scheme of experimental setup with initial deflection

The structure will be pre-loaded to introduce an initial deflection, see Figure 6.1, in
order to approximate the deflection consistent with the mode shape of the first
natural frequency. When the force, Fi, will be released the structure will start to vibrate
consistent with the first mode and this vibration will be recorded. From this recorded
vibration the level damping will be determined. The most significant results will be
discussed in this chapter while the complete results are included in Appendix D.
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6.2.1 Test frame set up
The test set up, in which the specimens are placed, has to provide for the supports at
both ends of the beam. The supports have to be relatively stiff to prohibit influence
on the vibration behavior of the specimens. If the supports are not stiff enough, the
supports will act as a spring and possibly introduce damping as well which will
influence the measurements. This is achieved by using the steel members of the
special “meccano” system that is available in the Pieter van Musschenbroek
laboratory. These members are calibrated HE300B members with strategically placed
pin holes. At each support a vertical “meccano” member is positioned on top of
which the specimen will be positioned, see Figure 6.2. The member is supported by
the solid concrete laboratory floor which will result in a very high stiffness of the
support. Furthermore both support members are braced at each other in order to
guarantee that the distance between the supports is constant during a test.

Figure 6.2, Test frame set up

6.2.2 Supports
The supports are designed to provide a hinge support to the specimen at both ends.
To provide for the maximum stiffness of the supports, the support have to transfer
the load directly, i.e. by non bending force paths, over to the support member so
minimal energy loss can occur during testing that could influence the results.
Therefore the supports are completely made up of steel, which makes them very stiff.
The contact points of the supports are made of a steel rod mounted on a footing. Any
imperfections in the specimen or misalignment of the supports are to be compensated
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by the supports. Therefore the left and right supports are designed differently to cope
with these demands as shown in Figure 6.3. The left support is a rod rigidly mounted
on a footing that rests on the supporting member. The right support is mounted on a
sphere joint which can allow for a rotation in all directions while translation is
prohibited.

Figure 6.3, Supports used in experiments

Using these supports a perfect alignment of the supports can be achieved also in case
the specimen is slightly warped. Due to the weight of the specimen these supports will
be aligned automatically when the specimen is put into the test frame. The friction of
the sphere joint, due to the slip-stick behavior, provides a rigid support for rotation
during the experiments so that minimal energy is lost through friction.

6.2.3 Excitation force
The objective of the experiments is to excite the specimen so it will vibrate in its first
mode. The method chosen by which to achieve this is to preload the specimen with a
force at mid span which introduces an initial deflection which is very similar to the
mode shape of the first mode frequency. This is shown in Figure 6.4 by the bending
moment distribution of the specimen. When all dynamic disturbances from applying
the load have damped out and the specimen is in a static deformed state this force is
released instantaneously which will make the specimen vibrate in its first mode
frequency.

Figure 6.4, Difference between Mx in first mode (dashed line) and due to actual point force, Fi (solid line)

The load, or drop-weight, is attached to the specimen by use of an electro magnet.
When electrical power is fed to the electro magnet the magnet becomes magnetic and
it can attach itself to the steel specimen. When the power is turned off the electro
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magnet loses it magnetism and the drop-weight falls down. This process is shown in
Figure 6.5.

Figure 6.5, Characteristics of vibration start (data from measurement)

Ideally the electro magnet would release its magnetic field instantaneously but in
reality this is not the case. When the power is turned off the magnet resists against this
change and tries to maintain the magnetic field by maintaining the original current.
Nevertheless the magnetic field will lessen due to dissipation of energy inside the
circuitry of the electro magnet due to the resistance of the wiring, and at a certain
point the magnetic force is unable to hold up drop-weight. This part is indicated in
Figure 6.5 by the time for build off magnetic field. At this point the drop-weight, with
the magnet attached, starts to fall down and a second phenomenon, induction,
influences the magnitude of the magnetic field, which is indicated as the start of the
weight falling. As there is still some magnetic field remaining, a current is generated,
by induction, by the falling of the electro magnet as it moves relative to the metallic
mass it was attached to. The induction increases the current going through the magnet
and thus increases the magnetic field again. This results in a force acting on the
specimen even when the magnet is starting to fall and while the specimen is starting to
vibrate. Unmodified the electro magnet takes around 100 – 150 msec to dissipate the
energy of the magnetic field. This time corresponds with one to two full vibration
cycles of the vibration, which would influence the vibration greatly. Therefore a
electric circuit, see Appendix D.2, has been assembled which will dissipate this energy
much quicker, to around 20 msec or a quarter of the vibration cycle which proves
acceptable for determining damping and the comfort level of a specimen – loading
combination. When this initial part of the experiment is done, the weight is falling in a
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free fall towards the ground until it makes contact, while in the mean time the
specimen vibrates freely. At a certain point the drop-weight fall on the ground, which
is a loosely packed sand bed to cushion the fall. This part of the experiment is
recorded by the load cell attached to the weight under the electro magnet. When the
drop-weight has come to rest, the load cell shows a force that is a little less, mloadcell of
that during free fall. This is caused by the electromagnet which is now pushing down
on the load cell and should be included when determining the force acting on the
specimen at the start of the experiment. The load assembly can be seen in the
overview in Figure 6.2. As can be seen from the graph of the acceleration meter it
does not show a significant indication it is influenced by the drop-weight hitting the
ground.
Coding dropweight
The weight used for the drop-weight in the experiments is coded as V# with #
indicating the added weight to the drop-weight structure. The weight of the dropweight structure is 27,6 kg and the added weight can be increased by increments of 10
kg.

6.2.4 Extra modal mass
The specimens that are tested are abstractions of a real floor system that possess
properties equivalent to a real structure. The most important properties for this are
the flexural stiffness and the modal mass. The dimensions are determined so that
normal deflection and strength demand from the Dutch code (12) are met. The
properties are chosen to achieve a modal frequency of around 7-12 Hz in case of full
modal mass, which corresponds to the frequency measured in real floor structures that
possess acceptable vibration comfort. The specimen itself however does not have
sufficient modal mass for this, so extra mass is attached to the specimen without
significantly increasing the flexural stiffness of the specimen.

Figure 6.6, Extra masses attached to beam to increase modal mass of beam

The effective flexural stiffness will be determined from a three point bending test
before every experiment. The extra mass is added with steel blocks distributed evenly
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over the span. To prevent the extra mass from falling down or rattling during an
experiment they are clamped to the specimen. This setup is shown in detail in Figure
6.6. The added weight is added in several smaller increments with blocks to determine
the influence of this weight.
Coding modal mass
The amount of extra weight, to increase modal mass, used is coded as Qn, with n
indicating the number of small blocks in a stack. The individual stacks are clamped as
shown in Figure 6.6. The weight of the clamps is 1.18 kg and the added weight can be
increased by increments of 1.95 kg being the mass of a small block. The blocks are
placed symmetrical on the beam at intervals of 150 mm. The uniformly distributed
load that these blocks add to the modal mass is calculated using equation (6.1)

Qn 

0

 1, 95n  1.18
kg m 1

0.15

for n=0

(no added modal mass or clamps)
for n=1..5

(6.1)

6.3 Method of analysis
The main objective of the experiments is determining the damping capacity of several
beam designs at the first mode frequency. Secondary objectives are to determine the
frequency at which the specimen will vibrate and determining the comfort factor for
the variants showing the best performance. From the experiments the acceleration as
a function of the time is sampled, also called a transient. This transient is used for
determining the damping using the logarithmic decrement method, which is a time
domain method and is the most suitable for these experiments. Other methods are
available such as the half bandwidth method for the frequency domain. For an
overview of these methods see Appendix 0. The characteristic of the data is such that
in the frequency domain the power spectrum plot shows a very sharp peak, due to the
low damping ratio, which by using a sample rate of 4000 samples per second still
results in only very few points near the peak of the curve which would result in an
inaccurate damping value. Even when increasing the sample rate significantly the
chance of missing the very sharp peak is still very likely. This drawback is not present
for the logarithmic decrement method. This method collects the peaks and the valleys,
or turning points, of the transient and fits the damping curve on it.
The logarithmic decrement method appears in various forms and the one used for
analyzing the sampled data is the half cycle turning point method using multiple
datapoints while the first peak will be omitted due to possible initial disturbance due
to higher modes still present in the vibration, see also appendix 0. In Figure 6.7 the
envelope is shown that indicates the logarithmic decrement. By determining multiple
peaks and valleys influence of an error in determining a single peak is minimized.
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2nd peak

time
Figure 6.7, Logdecrement envelope

The number of turning points that are used depends on the measurements. The
lowest used value of a turning point is no lower than 10% of the first peak.
Furthermore the development over time of the decrement is checked where the
change in decrement should be no larger than 1%. The logarithmic decrement is
calculated from equation (6.2).
  2 ln(1 

x0  xn
)
 xi

i  0,1, 2 n  1

(6.2)

with x 0 and x n both positive values

6.4 Design of variants for damping
As stated in the introduction of this chapter the aim is to find beam configurations
that exhibit good damping behavior. The method chosen is to test multiple possible
designs by experimentally determining the damping ratio of such designs. This
approach makes it possible to test a large number of designs and relatively quickly
select the actual designs with good potential. These selected designs will be further
discussed to gain further insight. The designs tested can be grouped into three sets.




Designs that incorporate pretension of the beam
Designs that are made up of sandwich beams
Designs that use a double beam configuration with a damper in between

For each design set a baseline experiment is performed using the bare elements that
are used to assemble the variant designs and will be included in the section discussing
those designs.

6.4.1 Pretensioned beam
Theoretically several design directions are suitable to increase damping for a beam-like
structure. The first design set is based on using pretension in order to change the
frequency at which such a beam will vibrate in its first mode. This is similar to the
preloading of a string in a musical instrument to change to tone produced or the
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frequency it will vibrate at. As can be seen from the logarithmic decrement method,
the damping ratio is based on the relative height of the vibration curve, between two
cycles. When applying pretension it is possible to influence the frequency. If the
applied pretension increases the frequency also increased. The higher frequency can
result in the vibration being damped out earlier as some materials have a damping
ratio depending on the frequency(13). This will in turn result in a better vibration
comfort according to the OS-RMS90 method, discussed in section 3.3. Besides this
from literature we know that damping can be frequency dependent. In this set of
designs three different designs using pretension are tested that aim at changing the
frequency at which the beam will vibrate, and are shown in Figure 6.8.




Internal pretension fixed in neutral axis (centric, Figure 6.8a)
External pretension parallel to main beam (eccentric, Figure 6.8b)
External pretension in triangle shape fixed to both ends of main beam
(eccentric, Figure 6.8c)

Box 100 x 50 x 5

Fprestress
(a)

300 mm

3000 mm

(b)
3000 mm
1500 mm

1500 mm

300 mm

(c)

Figure 6.8, Designs for damping using pretension

Detailed drawings of the variants are included in appendix D.1. These designs are
tested with several levels of modal mass and excited using drop-weights of various
magnitudes. An overview of the tested configurations is listed in Table 6.1. The base
beam used for the assembly of the pretension beams is a box section of 100 x 50 x 5
mm. The same beam is reused for all pretension beams designs so possible differences
between box girders are eliminated and the difference should be caused by the
amount of pretension.
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Table 6.1, Overview experiments performed in design set using pretension

Code1

Pretension type

K1-L
K2-L
K2-L-VC
K2-L-ER
K2-L-ET

Baseline
Baseline
Centric pretension
Eccentric parallel
Eccentric triangle

1 L:

Span
3m
3m
3m
3m
3m

Pre-tension
range [kN]
0
0
0-5
0-8
0-15

specimen loaded in weak direction

6.4.2 Sandwich beam
The second design set is based on increasing the damping ratio in the beam structure.
As was discussed in section 3.4 damping is based on the area inside the hysteretic loop
of the stress-strain relationship of a material, so maximizing this area should result in a
higher damping ratio for that material. By inserting a material with a higher damping
ratio into the structure, at a position where it would be subjected to high strains, it
could increase damping. This approach has resulted in a sandwich structure that
consists of two strips of steel with a layer of rubber fixed in between them using an
adhesive.

Figure 6.9, Design of sandwich beam for maximized strain on core layer to increase the damping ratio

Looking at a single simply supported beam under bending the top surface is in
compression while the bottom surface is in tension. These stresses result in strains of
these surfaces. When a second beam is placed on top of this single beam and made to
have the same deflection the connecting surface of the second beam would be in
tension. With bonding adhesive between the two beams this results in slipping at the
surface between the two beams and it would result in a displacement at both ends of
both beams, x, as shown in Figure 6.9. This displacement is largest at the ends of the
beam and is zero at midspan. With the rubber glued between the surfaces of the two
beams, called faces in a sandwich, it is subjected to the displacements resulting in
shear strains inside the rubber. As these are largest near the supports, the maximum
benefit for increased damping would be the area near the supports. It is clear that this
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type of design will have a significant and negative influence on the flexural stiffness of
the beam as the rubber weakens the section considerably, compared to a beam with a
solid section with the combined height of the two faces. Therefore it would be better
if the rubber would not be placed halfway the height of the combined beams. Several
configurations are tested where the position of the rubber in the cross section is varied
while maintaining the constant total height of steel, tt and tb, Figure 6.9, various
thicknesses of the rubber and variation of the type of rubber.
Table 6.2, Overview experiments performed in design set using sandwich beam

Code1
S1-L
SW-30-5-30
SW-50-5-10
SW-40-5-20
SW-30-10-30
SW-30-15-30
SW-30-5-30
1 L:

Sandwich design
tt - tc - tb [mm]
Baseline 30 mm
30 – 5 - 30
50 – 5 – 10
40 – 5 – 20
30 – 10 – 30
30 – 15 – 30
30 – 5 – 30

Span
3m
3m
3m
3m
3m
3m
3m

Rubber
SBR
SBR
SBR
SBR
SBR
SBR
EPDM

specimen loaded in weak direction

The rubber material used in the sandwich is SBR which is readily available in the
building industry. It has a good combination of shear modulus as well as strength.
Also one variant is added for comparison where EPDM is used, which has a lower
shear modulus then SBR. There could be more effective materials to use for the core
layer, but at this stage the objective is to determine if the sandwich is potentially a
good design for increased damping.

6.4.3 Double beam with damper
The third set of designs is based on a double beam configuration where top beam is
considerably stronger and possesses greater flexural stiffness than the bottom beam.
These beams are an analogue for a load bearing part of a floor structure and a
suspended ceiling part. When the top beam is excited it will start to vibrate and will
have a displacement relative to the bottom beam. At the location where the relative
displacements are largest, which is at mid span, the damper is positioned.

300 mm

3000 mm

top beam (stiff)
damper
rubber

bottom beam (weak)

Figure 6.10, Design of double beam with damper in between

The behavior of such a system is very much dependent on the damper characteristics
in relation to the properties of the two beams. The two properties of the damper that
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are of interest are the spring stiffness, kd in N m-1, and the damping coefficient cd in
Ns·m-1. The values for the properties can be qualitatively determined conform the
following reasoning. The amount of damping is dependent on the relative
displacement of the two sides of the damper that are connected to the two beams.
This is achieved when both beams vibrate at a different frequency and amplitude. This
is achieved by using beams with different properties where the top beam is very stiff
compared to the bottom beam so the first mode frequency is different for the two
beams.

Figure 6.11, Forces in a damper during a vibration cycle

When the two beams are connected through the damper a force will act from one
beam to the other depending on the properties of the damper. This force is a
combination of two forces, see Figure 6.11. The first of these forces, Fk;damp, which
counteracts the relative displacement of the beams, is proportional to the spring
stiffness of the damper. This means that a lower stiffness will allow for larger relative
displacements. The change in relative displacement, during the course of the vibration,
induces a relative speed between the two beams. This relative speed results in a force,
Fc;damp , that is proportional to the damping coefficient. This force is the force that
occurs inside the damping material which results in actual damping through
deformation of the material interior, see section 3.4. This force however also has the
same effect as the force due to spring stiffness. If it is too large it will prohibit the two
beams from having different vibrations at the position the damper is connected,
which results again in having no relative speed difference.
Now that the mechanisms are understood it can be determined that the damper
should have very low spring stiffness, kd, to allow for maximum relative displacement
and also a relatively low value for the damping coefficient to allow for enough
flexibility while still having a decent damp ratio.
As these are two properties that can be modeled in a finite element model, a study has
been performed into the optimum value for the spring stiffness and the damping
coefficient. The numerical model used consists of two beams that have the properties
actually used in the experiment and which are connected at midspan using a damper
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effective damping ratio [-]

element: COMBIN14 element. A large range of combinations for kd and cd, are
modeled and from the resulting transient the damping ratio using the logarithmic
decrement method have been determined and are shown in Figure 6.12.

0.07

Spring stiffness
kd [N/m]
1024
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4096
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16384
32768
65536

0.06
0.05
0.04
0.03
0.02
0.01
0
0

200
400
600
damping coefficient cd [Ns/m]

800

Figure 6.12, Results analysis optimum combination of kd and cd

From the result in the graph it is clear that an optimal damper between two beams can
increase damping to around 6% which would be sufficient for floor systems. The ideal
properties to be used in the experiments are determined from the graph and are:



kd = 32.000 N m-1
cd = 300 Ns m-1

In Figure 6.13 the design of the damper is shown in more detail and it is indicated
how the spring stiffness is experimentally determined.

F

90mm

10 x 5 mm

uy mm
1.5 mm
Foam rubber
(damping material)
glued

kd = F / uy

Figure 6.13, Design of damper and determining spring stiffness
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When the force F is applied the foam rubber will have a shear deformation. When
adding or removing layers of foam rubber the spring stiffness decreases or increases
respectively. The spring stiffness is determined dynamically as the foam rubber
exhibits some increase in deformation under constant loading, which results in a lower
value for spring stiffness. During a vibration cycle the rubber will not have sufficient
time to show this behavior and the initial stiffness, or dynamic stiffness, is used. It is
determined that two times ten layers of 5 mm foam rubber with a cross section of 90
x 45 mm results in properties close to the ideal properties. The dynamic stiffness is
determined experimentally and for this the damper shown in Figure 6.13 is loaded
with extra mass, mm, of 13,55 kg, and is given an initial deflection, uy;i. Releasing the
damper it starts to vibrate in its natural frequency according to equation (6.3).

kd
 2 f
mm

 kd  4 2 f 2 mm

(6.3)

From experiments the frequency is determined to be on average 8,77 Hz and the
modal mass is equal to the applied load and from this the dynamic stiffness is
calculated:

kd  4 2 8.772 13.55  41,143 N m1

(6.4)

In contrast the static stiffness determined using the deflection measured after the
weight rested for 30 seconds is approximately 15.000 N·m-1, see Appendix D.4. The
damping coefficient is also determined from the dynamic response.
c d   c cr  2 kd m m  2  0.068  41,143  13.55  101.5 Ns m 1

(6.5)

6.5 Results
All the variants mentioned in section 6.4 have been experimentally tested. For each
combination of modal mass, Qn, and drop-weight the variants have been tested five
times to allow for identification of possible measuring faults. The layout of the graphs
containing the results will be introduced using the results of the K2-L - baseline,
which is the unmodified box section beam with a length of 3 m, shown in Figure 6.14.

101

20

0,6

15

fe [Hz]

 [%]

0,8

0,4
0,2

Influence addition of modal weight

0

drop-weight
0 kg
10 kg
20 kg
40 kg
60 kg
fe;theory

10
5
0

0

1

2

Q [n]

3

4

5

0

1

2
3
Q [n]

4

5

Figure 6.14, Results K2-L base line, damping (left), first mode frequency (right)

On the horizontal axis the modal mass is shown in steps of n, indicating the number
of small modal weight blocks, see also equation (6.1). In the right graph, Figure 6.14,
the first mode frequency from the measurements is shown. For every value of Q, 25
experiments are performed and shown in the graph. The theoretical first mode
frequency is also plotted in the graph by the dashed line. The modal mass difference
between Q0 and Q1 is larger than subsequent steps due to the addition of the clamps
in the first step. This explains the discontinuity in this section of the graph. From the
lack of scatter in the results and the excellent agreement with the theoretical
determined first mode frequency, it can be concluded that the experiments result in a
very consistent and accurate value for the first mode frequency.
In the left graph of Figure 6.14 the damping ratio is shown. For these results more
scatter can be observed with the trend that higher values of drop-weight result in a
higher damping ratio. This effect can be seen across all designs that have been tested.
Interesting is that the damping ratio for Q0, is much lower. This can be observed in
all experiments as well. This is attributed to the fact that for this case there are no
added blocks of modal weight. As these blocks are clamped on the beam which is to
be tested, it is practically impossible to rule out all influence of structural damping
caused by friction or movement in this component. When there is no extra weight
only material damping should be found which is usually much lower for steel
structures. The lower values found in this case are therefore the results reflecting the
true damping ratio from the beam itself, which comes very close to the values found
in literature, see Table 3.7. This warrants the conclusion that the test setup itself
introduces very little damping to the structure and all damping is achieved inside the
tested beam. The extra weight introduces an increase in the dampingratio of 0.4 to 0.6
percent, which is consistent throughout the tests with added weight.
Another influence on the vibration behavior to be examined is the influence on the
flexural stiffness of the tested beam by clamping the added weight blocks to the beam.
To minimize the effect on the flexural stiffness the weight blocks are added at discrete
points. To verify that there is little or no influence on the flexural stiffness the
deflection at mid span is measured before every test. In Figure 6.15 the results for the
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baseline tests, K1L and K2L, are shown. The flexural stiffness, EI, is calculated
according to equation (6.6) from the test using the drop weight as a point-load at
midspan, and normalized with regard to the expected theoretical value for EI.

EI exp 

(6.6)

48w1/2 L

Influence modal mass on EI

1,5

EIexp/EItheor y[-]

Fdropweight  3

1
0,5
0

0

1

2
Q [n]
K2L

3

4

5

K1L

Figure 6.15, Influence added mass on flexural stiffness

From Figure 6.15 it can be seen that the measured flexural stiffness is approximately a
constant value with some scatter in the results. This shows that the flexural stiffness is
not influenced significantly by adding modal weight. This holds true also for the case
of Q0 where no extra modal mass and no clamps are added to the structure. This
behavior is also observed in the other tests and validates the assumption that the
adding of the modal mass is working as designed.

6.5.1 Pretensioned beam variants

 [%]

0,8
K2-L-VC
K2-L-ER
K2-L-ET

0,6
0,4
0,2
0
0

3

6

9
12
15
Fpretension [kN]
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Figure 6.16, Damping ratio for different pretension variants

There are three different designs experimentally evaluated as discussed in section
6.4.2. The three variants are characterized by the location and the form of the
pretension strut. The aim of these designs is to increase the vibration comfort by
raising the first mode frequency of the beam. It is not to be expected that the damping
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will increase due to the additional components added to the beam for the three forms
of pretension, although adding components has the inherent possibility of introducing
some structural damping.The results for the damping found in all three variants are
shown in Figure 6.16 and it can be seen that the damping found is almost always
below 0.6% which is comparable to the reference tests shown in Figure 6.14. This
allows for the conclusion that the additional components perform as expected and do
not add significant damping to the structure.The results for the first mode frequency
prove to be greatly depending on the method of pretension, however little on the level
of pretension. Only the K2-L-ET variant shows a slight increase in first mode
frequency with increasing levels of pretension. As the results are fairly constant they
are compared in Table 6.3.
Table 6.3, First mode frequency, fe results of pretension variants

Method of pretension
K2-L-VC Centric
K2-L-ER Eccentric parallel
K2-L-ET Eccentric triangle

Q0
17.0 Hz
25.2 Hz
36.9 Hz

Q5
6.6 Hz
9.7 Hz
15.9 Hz

EI
1.19 x 1011
3.34 x 1011
6.68 x 1011



1.00
1.12
1.09

Normalized ratio between EI and fe.
When comparing the centrically pretensioned beam with the baseline frequencies of
approximately 18 Hz from the experiments K2-L and K1-L in Figure 6.14, it can be
seen that the first mode frequency does not differ significantly between the two types
of beams. However the eccentric pretensioned beams have a significantly higher first
mode frequency. Nevertheless, this higher first mode frequency does not result in a
higher damping ratio, at least not so much as to be detectable within the variation as
found in the experiments. The higher frequency can be explained by realizing that the
externally pretensioned beams have a higher bending stiffness, which can be found in
the Table 6.3. The flexural bending stiffness is shown to be a parameter in the first
mode frequency, according to equations (3.12) and (4.9). The first mode frequency
should change with the square root of the change in flexural stiffness. When this is
compared to the frequency found the ratio, , expressed according to equation (6.7)
should be 1 when the change is exactly according the theoretical change and is also
shown in Table 6.3.



EI1 / EI 0
f1 / f 0

(6.7)

his value of  shows to be roughly 10% higher than expected according to (6.7), but
similar with both eccentrically pretensioned beams. This is attributed here by the fact
that the additional components are not spread out over the beam length evenly, with a
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considerable mass at the center added to allow for the connection with the drop
weight. A concentrated mass at the center will increase the modal mass more than if
that weight would be spread out evenly and will decrease the frequency of the beam.
Without attempting to exactly match the results with theory the order of magnitude of
the influence of a center mass on the first mode frequency the Rayleigh’s quotient
(13), see equation (6.8), is used to determine the first mode frequency with and
without a center mass.
n

Rayleigh's quotient:

1
fe 
2

  A  w( x )
i 1
n

(6.8)

  A  w( x )

2

i 1

Table 6.4, Influence center mass on frequency

Type
Method of pretension Fcenter =0 N Fcenter =50 N
K2-L-VC Centrically
17.0 Hz
16.3 Hz

%
4.2%

In Table 6.4 it can be seen that a small additional mass, similar as introduced in the
experiments, of 50 N decreases the first mode frequency by 4.2%. It can be seen that
adding a small mass can influence the resulting first mode frequency significantly.
Therefore this is not further quantified here as influence of pretension is clearly visible
from the results, taking in mind a constant influence of the center mass. With these
results it is possible to adequately incorporate these finding into a design. It is
recommended that the first mode frequency is evaluated with finite element models
that can include the unevenly spread weight into the model.

6.5.2 Sandwich beam
The main parameters tested, according to Table 6.2, with the sandwich design are:




Position of core layer in the cross section
Thickness of core layer
Material of core layer

The influence of these three parameters on the damping ratio, , and the first mode
frequency, fe, is analyzed in this section. The results will be discussed in this section
while the theoretical description and comparison is included in chapter 7.
First the first mode frequency is addressed using the results for the sandwich beam
with two faces of 30 x 100 mm steel with a 5 mm SBR core layer. It has been assumed
in the design that some structural cooperation is provided for by the core layer. This
should result in a flexural stiffness somewhere between the extremes of no structural
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cooperation and full structural cooperation. The structural cooperation depends on
the shear modulus, Gc, of the core layer which makes it possible to transfer shear
forces between the two faces. The core layer is assumed to be fully bonded with
adhesives to both steel faces. For the extreme situations of cooperation, influenced by
Gc, see Figure 6.17, the theoretical first mode frequency is calculated using equation
(4.9). The flexural stiffness is determined according to equation (6.9)

E b 3 3
 t t  tb 
12
  t t3  t b3 

Gc   EI  E  b  
 t t  at2  t b  ab2 
 12

Gc  0 EI 

with
tt, tb:
at, ab:
z1, z2:
b:

(6.9)

Thickness of top and bottom layer respectively
Distance between centerline of top and bottom layer to the combined
centerline
Distance center of gravity to central line
Width of sandwich beam

Figure 6.17, Graphical representation of effects of amount of shear resistance

The results are shown in Figure 6.18 and it is clear that the experimental results are
indeed between the two defined extremes. Basically the extremes can be regarded as
an offset of the experimental results. This proves to be the case for all variants tested,
see the results included in appendix D.4, which confirms the assumption about a
partly structural connection. The trend that is observed can be put into words by the
following relations:
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Centrally positioned core layer leads to higher structural cooperation
compared to eccentric positioned core layer
Thinner core leads to more structural cooperation
Stiffer core leads to more structural cooperation

fe [Hz]

20

drop-weight

15

0 kg

10

60 kg
90 kg

5

Gc→ 0

0
0

1

2
3
Q [n]

4

5

Gc→ ∞

Figure 6.18, First mode frequency in relation to added modal mass for different drop-weights and
extreme values of Gc, experimental results vs theoretical extremes

Similarly to the discussion in section 6.5 about the flexural stiffness found in the
experiments, which is shown in Figure 6.15, a p lot of the quotient of the flexural
stiffness found either experimentally or theoretically can be made as is shown in
Figure 6.19. In this graph similar to Figure 6.18 the experimental results are compared
to the extremes, indicated by Gc. The values compared to small values of Gc, show a
resulting quotient larger than one. This means that the value of Gc at this extreme is
too low. The opposite argument holds for very large values of Gc. In this case such a
value of Gc results in an overestimation. The values of the quotient have a range of up
to 15% variation from the medium value within a single test setup and approximately
20% across series. This large range does not allow for a single value for Gc to be
determined from the experiments. On the other hand it can be clearly seen, regardless
of the large uncertainty that the actual value should be found in between the extremes.
How this value of Gc is assumed to influence the flexural stiffness will be addressed in
chapter 7.

EIexp/EItheory[-]

2

Stiffness for sandwich beams

1.5
1
0.5
0

0

1

2
3
4
Q [n]
Gc→ 0
Gc→ ∞

5

Figure 6.19, Comparison of flexural stiffness between experiments and theory for the extremes of Gc. At
each Q[n] the three columns represent from left to right the sandwich sections of SW-30-5-30, SW-4050-20 and SW-50-5-10.

Concerning the damping it can be observed that the amount of damping is relatively
high compared to the base tests. The amount of damping does not seem to be
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depending on the modal mass, but it does seem to increase when applying a larger
drop weight. These results are listed in Table 6.5.
Table 6.5, Damping ratio’s [%] from experiments on sandwich beams

TYPE1
SW-30-5-30
SW-40-5-20
SW-50-5-10
SW-30-10-30
SW-30-15-30
SW-30-5-30
1 See

Core material Fdrop = 0 kg Fdrop= 60 kg
SBR
4.7
6.4
SBR
3.9
4.9
SBR
2.0
2.7
SBR
4.9
5.9
SBR
5.2
5.4
EPDM
4.4
4.8

Fdrop= 90 kg
6.6
5.1
2.8
6.0
5.4
4.9

Appendix D.1, Sections K

Althogh the number of experiments are limited the following characteristics identified.




Centrally positioned core layer leads to higher damping ratio compared to
eccentric positioned core layer
Thinner core leads to higher damping ratio in case of higher drop weight and
to lower damping ratio in case of lower drop weight
Stiffer core leads to higher damping ratio

With the exception of the influence of the thickness in some cases it appears that a
trend can be observed where more structural connection leads to higher damping
ratios. Compared to the base tests where a damping ratio of about 0.03 percent was
found the damping ratios found for sandwich beams are consistently 10 to 20 times
higher. These levels of damping are according to the OS-RMS90 method probably
sufficient to achieve acceptable vibration comfort. This leads to the conclusion that a
sandwich beam is a good method of realizing a significant amount of damping into
the structure. It also appears difficult to make exact predictions about the amount of
damping as the differences between the results are quite small. Also the influence of
the bond between the core and face layers cannot be determined from the
experiments and it is recommended that this be looked into further. In chapter 7 a
theoretical approach will be presented in order to verify these results.

6.5.3 Double beam with simple damper in between
In section 6.4.3 the double beam with a simple damper in between was introduced.
Theoretically it should be possible to achieve levels of damping in the order of 6%. To
achieve this a damper was build using layers of rubber to obtain the two defined
properties of the damping, being the spring stiffness, k, and the damping coefficient,
c. It proved very difficult to achieve these values in the same design, although the
values were in the same order of magnitude as the ideal values.
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This however was not accurate enough to achieve the high levels of damping. From
the results in appendix D.4 it can be seen that the achieved damping ratio is around
1.0 to 1.5% for the load case for which it was designed and around 0.5% for other
cases, which is much lower than the theoretical maximum damping ratio.
From these attempts it has been concluded that although it is theoretically a valid
design option, it is not really practical as a damper has to be designed for each
combination of floor parameters such as stiffness, span and load. Compared to the
sandwich beam design this is less desirable in all aspects and this design will not be
developed further in this thesis.

6.6 Conclusions and design guidelines
From the experiments it is concluded that it is possible to achieve high enough levels
of damping to design a comfortable light weight floor system. Basically two properties
of a light weight floor system with a beam like structure have to be taken into account
when designing it, being a high first mode frequency, and a large enough value for the
damping ratio.
Design guidelines for achieving high first mode frequency
To a structural engineer several options are available to achieve a high first mode
frequency. In this experimental research not all of those have been researched, but it is
believed that increasing the first mode frequency has a positive effect on vibration
comfort in all cases. A valid and light weight option has been tested in this chapter by
including a pretension rod to increase flexural stiffness. Raising the frequency, by
more than a factor 2, proved to be achievable within a reasonable structural height of
300 mm by using a triangular shaped pretension rod.
Design guidelines for achieving high levels of damping
With the design of a sandwich beam it proved possible to achieve a damping ratio of
around 6% which should be sufficient to allow for a comfortable floor system. The
experiments did not result in a clear understanding of all parameters involved, but it
can be argued that the following design rules should result in the best possible amount
of damping.





Centrally placed core layer
Using a thin core layer
Using a material in the core layer with a high shear stiffness

These design guidelines will be further developed in the chapter 7, but they appear to
be according to the assumed mechanisms discussed in section 6.4.2 where the design
was introduced. Some remarks and provisions have to be made however at this point.
Off course the shear stiffness cannot be infinite or probably even as high as the shear
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stiffness of the top and bottom layer, as there would be no deformation inside the
core layer resulting in no hysteresis loop. So there is probably some optimal
combination of shear stiffness and damping ratio, both being coupled by the damping
capacity of the material itself.
Furthermore other requirements might conflict with the guidelines presented here. It
stands to reason that a centrally placed core layer is less desirable for the point of
flexural stiffness of the composite beam, and by this the first mode frequency. So
there are design scenarios conceivable where the ideal position of the core layer is not
the axial centerline of the beam. This will also be addressed in the next chapter.
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7

Analytical model of sandwich beam
with damping
Abstract
The experiments described in the previous chapter showed that a sandwich beam
exhibits good damping properties. Although a significant number of experiments have
been conducted it is still difficult to predict damping for other cross sections. In this
chapter a theoretically derived set of equations are presented for determining the
damping ratio for a sandwich beam. The theoretically determined damping ratio is
validated using both the experiments and finite element model calculations. The
chapter is concluded by providing graphs that can help understand the influence of
key sandwich beam properties and can be used for designing a sandwich beam used in
a floor system for achieving high damping ratios.

7.1 Introduction
From the experimental work presented in chapter 6 it is concluded that damping is
achieved in a consistent and robust way by means of the sandwich beam concept.
From the developed solutions for damping that were experimentally examined this
method shows the best prospect of achieving sufficient damping in the floor
structure. Although a good number of experiments were tested the conclusions were
not fully in accordance with each other so definite rules are difficult to extract.
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Therefore in this chapter a theoretical model is derived that can explain the trends in
the experimental results and is able to define characteristics for a design that will
achieve an optimal damping behavior given design constraints.
In Figure 6.9 from section 6.4.2, the design principle behind damping in a sandwich
beam has been introduced. It is based on maximizing the strain in a damping capable
material which is placed in the core between two strips, or faces. This material is
meant to dissipate most of the vibration energy in the beam. The contribution to
damping of the face layers is neglected as they are intended to be made of standard
structural materials such as steel, which has a very low damping capacity, see Table
3.7. In the experiments on the sandwich beam the damping material chosen for the
core was a rubber which is non-compressible but still has a limited shear modulus, Gc.
Due to the geometry of the sandwich beam the core material will shear deform, with a
maximum shear deformation at the end of the beam, Figure 7.1. In the case of a
vibrating beam this shear deformation will oscillate, where the amplitude of the shear
stress has its maximum at the end of the beam and should be zero at mid-span.

Figure 7.1, Shear deformation in core layer at end of beam (a) and graphical relation between deflection at
midspan and shear stress at the beam end(b).

Figure 7.2, Kelvin-Voight material axial deformation (a) and shear deformation (b)

The material model used to describe the core material is the Kelvin-Voight model
which is suitable for rubber materials (38), see Figure 7.2. The standard Kelvin-Voight
model is defined for the axial strains, and is converted for the case of shear strain in
Figure 7.2b. Due to the damping properties of such a material the stress will always lag
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the strain for a certain amount, which can be made clear when plotting the shearstress (x,t) against the shear strain (x,t), Figure 7.3.

Figure 7.3, Definition of specific damping (Energy measure) of a Kelvin-Voight type material

The area which is enclosed by the hysteresis loop defines the amount of work done by
the resisting force. This measure relates to the amount of overall damping that can be
observed in the structure as will be further explained in the following sections. For the
overall damping a quantity called the damping ratio, , is often used.
In order to calculate the damping ratio using an analytical method, using the approach
described above, several mathematical relations have to be determined. First analytical
equations will be derived to determine the deflection of the sandwich beam and the
shear strain in the core material for the static case as a function of the position on the
beam. Next these equations will be adapted to suite the dynamic case to find the
specific damping at every position on the beam. Finally a mathematical relation
between specific damping, summed over the entire beam, and the damping ratio is
derived.

7.2 Static deflection and shear deformation
The equations for the static deflection, w(x), and shear deformation, (x), are based on
the equations derived by Stamm (58) who derived equations for sandwich beams with
thick faces. Some assumptions made by Stamm are limiting the applicability in certain
area’s needed for describing the experimental work. Where this is the case new
assumptions will be clearly stated. The partly updated theory is based on the following
assumptions







Linear elastic properties of materials
Weak core in bending in relation to the faces, while having high compression
resistance
Lateral and normal loading, second order
Small deflections
Centerline of composite section through core material (Stamm), centerline
through any layer (Zegers)
Different thickness of faces
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The most notable change in assumptions is the assumed position of the centerline of
the composite section. In the experimental setup the vertical position of a relatively
thin core layer in the sandwich is investigated. Due to this relatively small thickness it
is not necessarily true that the centerline will be placed inside this thin core layer. The
implications of this changed assumption will be followed when deriving the final
equations.
Shear angles
In Figure 7.4 an infinitely small part of a sandwich beam is shown with unequal faces
and an off-centre core layer. In the figure the most important properties are indicated
that will be used in this section. The core layer is seen to be shear-deformed which is
described by the shear angles as indicated.
dx

centerline top face (ct )

tt

tc

Zegers assumption centerline of
composite section (c Z )
as Stamm assumption centerline of
ab
composite section (cS)

tb

centerline bottom face (cb )

at

dx+dut

w
1

uZ
ut
yt

q dx

2

uub

2c
c


y
yb

u
y, w

1

dx+dub

Figure 7.4, Overview parameters in sandwich theory
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x

Some useful relations between the various shear angles can be stated which are the
shear angles for the core and the angles related to the center lines of the faces
respectively
 c   1   2c
(7.1)
  1   2
These angles are actually a function of the position on the beam, x, but for ease of
reading this indication is omitted here. The partial angle 1, can be written as:

1 

dw
 w
dx

(7.2)

Between the two shear angles in equation (7.1) a relation exists according to equation
(7.3)

u  as   t c  c

(7.3)

From equations (7.1), (7.2) and (7.3) the following relations can be derived that prove
to be useful in the remainder of the analytical derivation.

c 

as
t
a
 ,  2  c  c  w ,  2 c  s   w
tc
as
tc

(7.4)

Strains
The axial strains for the bottom and top face are according to equation (7.5)

t 

du t
du
, b  b
dx
dx

(7.5)

The axial displacements of the top and bottom face, ut and ub, in case of small
deformations, consist of the axial displacement at the assumed center line of the
composite section with added displacements at the centerlines of the faces according
to the shear angle 2. Because the faces have a thickness that cannot be neglected an
extra term for the axial displacement over the thickness of the face is introduced.
ut  u  a t  2  yt  1
ub  u  a b  2  yb  1

(7.6)

The expressions for the displacements in the top and bottom face according to
equation (7.6) holds true when the assumed center line is placed in the core material,
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indicated in Figure 7.4 by the Stamm assumption center line for the composite
section. When this assumption is not true the centerline of the composite section can
lay in the top or bottom face. In Figure 7.4 the centerline of the composite section is
situated in the top face as indicated by the Zegers assumption center line for the
composite section. When this is the case one extra term, uZ, is added to the
expressions in (7.6) according to equation (7.7)

uZ  at ( 1   2 )  at 

(7.7)

Including this extra term for the case the centerline of the composite section is
positioned in the top face the equations (7.6) become

ut  u  a t  2  yt  1  a t 

(7.8)

ub  u  ab  2  yb  1  a t 

with the extra term underlined. To get the equations for the case that the assumed
centerline lays in the bottom face the indices for the top and bottom face can be
simply interchanged. Using equations (7.8) in (7.5) the expressions for the strain in the
bottom and top face become
 t  u ' a t  2 ' y t  1 ' a t  '
(7.9)
 b  u ' a b  2 ' yb  1 ' a t  '
Stresses
The shear stress, , follows for the static case Hooke’s law, that using equation (7.4) is

  Gc  c 

as
Gc 
tc

(7.10)

In which Gc is the shear modulus expressed in N·m-2. The normal stresses, , for the
top and bottom face also follow Hooke’s law and are according to equation (7.11)


 E  u ' a 


' y  ' a  ' 

 t  Et  t  Et u ' a t  2 ' yt  1 ' at  '
 b  Eb  b

b

b 2

b 1

(7.11)

t

In which Et and Eb are the Young’s modulus for the top and bottom face respectively.
It should be noted that t and b are not constant over the thickness of the face and
thus are a function of yt and yb respectively.
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Section loads
The section loads can be derived from the stresses in the section using the equations
in (7.12).
(7.12)
N s    dA ,
M s    yd A , Q s    d A
A

A

A

When using the expressions for the stresses in (7.11) the integral for the axial force, N,
can be split into two separate integrals for the top and bottom face. The contribution
from the core layer to the total axial force is neglected as it will often be very low, due
to the low Young’s modulus. This has to be verified when using actual material
properties. With this in mind equation (7.12) becomes
N s    dA 
A



z b

0,5 t t

 

 t dzdy t 
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(7.13)



 bEt t t ( u ' a t  2 ' a t  ')  0  t b u ' a b  2 ' a t  '  0 



By introducing some useful grouping of section properties according to equation
(7.14), such as the axial deformation for the top and bottom face, Dt and Db
respectively, the component bending stiffness of the faces, Bt and Bb, and the
sandwich bending stiffness according to the Steiner rule of sandwich mechanics, Bs. In
mathematical form these are according to equations (7.14)

Dt  Et bt t , Db  Eb bt b , D  Dt  Db
Bt  Et

bt t3
bt 3
, Bb  Eb b , BS  Dt at2  Db ab2
12
12

[N]
[Nm 2 ]

(7.14)

Using these expressions for the section properties equation (7.13) becomes
N s   Db a b  D t a t   2 '  D ( u '  a t  ')

(7.15)

where the underlined term is caused by the assumed center line of the composite
section not being in the core layer. In a similar way, by performing the integration for
Ms from equation (7.12), and using the expressions in equation (7.14) equation (7.16)
is found. It should be noted that the integral Ms consists of contributions from the top
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and bottom face only. The contribution from the core layer is neglected as in a
sandwich beam the bending stiffness of the core material is much lower than that of
the faces.
M s   D b a b  D t a t  u '  BS  2 '  ( Bt  Bb ) 1 '

(7.16)

The terms in equation (7.16) can be related to contributions of a particular section
part according to equation (7.17)

Ms  MS  Mt  Mb
MS   Db ab  Dt at  u ' BS  2 ', Mt  Bt  1 ', Mb  Bb 1 '

(7.17)

The integral for shear force Qs consists of two parts that are shown in Figure 7.5. The
first part represents the shear stress due to Qs while the second part is caused by the
bending moment in the top and bottom face.

Figure 7.5, Contributions to Qs

This results in equation (7.18)

Qs  ba  Mt ' Mb '  ba ( Bt  Bb )1 ''

(7.18)

Using (7.10) it becomes

Qs  GS (Bt  Bb )1 ''

(7.19)

where

ba s2
Gc
[N]
(7.20)
tc
As the assumed centerline can be in every position it stands to reason that choosing a
location that makes the equations depending on it as simple as possible is preferable.
This can be achieved by setting the expression before 2’ in equation (7.15) and the
similar equation part in (7.16) equal to zero as ab and at are arbitrarily chosen up to this
point. It follows from equation (7.21) that the optimal values for ab and at make the
assumed centerline coincide with the centerline of the composite sandwich beam
section.
GS 
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Db a b  Dt a t  0 and

ab  at  a s 

( D  Dt )a b  Dt a t 

(7.21)

Dt
D
D
( ab  at )  t a s ,
similarly
at  b as
D
D
D
Using the position of the assumed centerline according to equation (7.21) and
introducing this to equations (7.15), (7.16) and (7.18) they can, after some reordering,
be written according to equations (7.22)
ab 

N s  D( u ' a t  ')
M s  BS  ' Bw ''

(7.22)

Qs  GS    Bt  Bb  w '''

From these equations it becomes clear that the influence of the changed assumption
of the position of the centerline is only found in the equation for Ns.

7.2.1 Differential equations for sandwich beam, static case
The expressions for the section forces according to equation (7.22) are the basis for
stating the equilibrium equations that use the conventions of the section forces as
shown in Figure 7.6. The direction of these section forces are parallel to the average
angle of the section, 1, regarding Qs and in line with the centerline regarding Ns. These
directions are not at a right angle from each other but at an angle 90-1.

dx
1
Ms

Qs
Ns


1 d1

qdx
B

Ns

Ms +dMs

Qs +dQs

Figure 7.6, Section forces acting on sandwich beam of length dx

The equilibrium is taken around point B. When the section properties are assumed
constant the equilibrium equations are according to equation (7.23), where both sides
are divided by dx. As by choice of the directions of the section forces the Ns and Qs
are not at a right angle, Ns has a small contribution with regard to the equilibrium in
the direction of Qs of Nsd1. With 1 being equal to w’, Ns d1 = Nsw’’.
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dM s

 Qs  0

dx
(7.23)

dQ s
 q  N s w ''  0 

dx
The section forces according to (7.22) are introduced in the above equilibrium
equations and after decoupling for which further details can be found in Appendix
E.1 in equations (E.1) to (E.11), the resulting differential equations can be written
according to equation (7.24)

Bt  Bb VI  B N s  IV N s
q q '' 

w  
w '' 

w 
GS
BS
BS GS 
 BS GS 

Bt  Bb IV  B N s 
Ns
q'


  
 
  ''

GS
BS
GS
 BS GS 



(7.24)

Up till now the mathematical model is set up to include every possible boundary and
loading condition conform its assumptions. However, from the experiments discussed
in chapter 6, it became clear that pretension does not significantly influence the
vibration comfort. Therefore in the mathematical model there is no need to include
this possibility. The pretension is represented by Ns in equations (7.24), which is set to
Ns =0 in case there is no axial force, i.e. no pretension. Referring to equation (7.8),
where an extra term is introduced to provide for the possibility that the actual
centerline lays in the top face, and following the consequent equations up till now it is
clear this extra term only affects the expression for Ns. When, as a result of the
assumption that Ns =0, all terms containing Ns vanish and with this also the influence
of the position of the centerline. Assuming there is no pretension force greatly reduces
the complexity of the differential equations of (7.24) and after double integration with
respect to x, in order to reduce the order, and keeping in mind the relation between
the section forces according to (E.12), they become
Bt  Bb IV B
M
q 
w  w ''   s 
GS
BS
BS GS 

Bt  Bb
Qs
B


 ''    

GS
BS
GS


(7.25)

These differential equations can be written in a more convenient form by introducing
the dimensionless expressions
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Bt  Bb
,
BS



BS
,
GS  2

2 

1



(7.26)

After some reordering, for which it is referred to Appendix E.1 equations (E.13) to
(E.18), this becomes the final set of differential equations which can be used to solve
for the deflection w and shear angle  for various boundary conditions.
2
2

1

w IV    w ''     M s    2 q  
B  



2

1

 ''       2 Qs

B



(7.27)

7.3 Solving differential equations for case of simply supported beam
The differential equations (7.27) can be used to solve for all possible boundary
conditions, as long as they are statically determined. In this section the case of the
simply supported beam is discussed, which makes it possible to compare results with
the experimental work presented in chapter 6. It has been proved that for the case
without pretension it doesn’t matter in which layer of the sandwich the centerline
actually is positioned. Therefore the solution for this case is equal to the general
solution presented by Stamm (58). Therefore the solution process will be addressed
more generally here with more details in appendix E.2.
The general solution for the differential equations (7.27) can be written as


 x 
 x 
w  C 1 cosh 
  C 2 sinh 
  C3  C4x  w p 
  
  

(7.28)



x
x





  D1 cosh 
  D2 sinh 
 p

  
  
where the subscript ‘p’ indicates the particular solution and C1 through C4 and D1 and
D2 are constants that have to solved. It proves possible to express the relation
between the constants of the second solution and those of the first solution in
equation (7.28). In appendix E.2 this is further elaborated and the relations in equation
(7.29) are found
(1   )
(1   )
(7.29)
D1 
C2 ,
D2 
C1


In order to find the values for these constants the boundary conditions have to be
defined. As the beam is simply supported the boundary conditions of choice are the
vertical displacements at the supports that should be zero as well as the second
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derivatives of the displacements at these points. Mathematically this is shown in
equation (7.30)
w(0)  0 , w( L )  0 , w ''(0)  0 , w ''( L )  0
(7.30)
Using the boundary conditions with (7.28) and keeping in mind the relation between
the two sets of constants, the constants are found. In these constants the various form
of the particular solution are found, see equation (E.24) in appendix E.2. These
particular solutions can be found by many methods. Here they are found by
comparing the constants. First the section forces belonging to the boundary
conditions known from classic mechanics are noted in equation (7.31). Please note
that these correspond to M and Q in (7.27) only the argument of the function is now
indicated.
M(x ) 

q0
 x  x 2  ,


Q( x ) 

q0
   2x 
2

(7.31)

The particular solutions are derived in appendix E.2 and are according to equation
(7.32).
wp 

q0  4
12 2 2 
3
 x 
 x  2 x 
 2
24 B 


q 2 
p  0
  2 x 
2B

(7.32)

With these expressions for the particular solutions all parts of the solutions for w and 
are now known. In appendix E.2 the full solutions are derived. By normalizing the
length of the beam according to =x/ℓ, the full solutions become according to
equations (7.33)
 1 

cosh     1
1




cosh
sinh







4
sinh   
q 0  4    

w ( ) 


B 
1
1

3
2
(7.33)
  2  2  1      24  1    2  



 
q  3  1
1  cosh     1 
 ( )  0   1  2   
 cosh     sinh     
B
  sinh    
 
 2

7.4 Damping ratio
In the previous paragraphs the equations for determining the deflection and shear
angle in the core material have been presented. These equations will form the basis
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from which in this paragraph the damping ratio for a certain sandwich beam design is
to be established.
In paragraph 7.1 the material model for the core material has been introduced. In a
full vibration cycle the core material will shear deform according to the second
equation of (7.33) while the overall deflection will be according to the first equation,
both are derived as a function of the position on the beam, which means that both
quantities are known at every point on the sandwich beam. The damping is assumed
to have contributions from the core material only. As has been illustrated earlier, see
Table 3.7, damping in a metal like material is not very significant and it is therefore
reasonable to be neglected here. In the introduction to this chapter it has been
discussed that due to the viscous material behavior for the core layer in a full vibration
cycle a hysteresis loop between the shear angle and the shear stress can be observed,
which equals the vibration energy dissipation of a single loop. As the area of this
hysteresis loop, called specific damping, dv, is depending on the values for the shear
strain and shear stress this area is depending on the position on the sandwich beam,
being zero at midspan and largest at the supports.
The quantities defined in equation (7.33) are defined for the static case and need to be
reworked to match the dynamic case. This is achieved treating the equation for the
deflection as the amplitude of a vibration at each location on the sandwich beam and
varying it harmonically according to equation (7.34)

w ( ,t )  w ( )sin(n t )

 c (  ,t )   (  )

as
sin(n t )
tc

(7.34)

with =x/ℓ
These two time-dependent quantities vary similarly and will have a constant ratio at
each point during a full vibration cycle. The area enclosed by the curve in Figure 7.3 is
equal to the specific damping, dv, as mentioned before. To calculate the value of dv we
need to define the relation between material properties. For this the Kelvin-Voight
model describing the commonly used frequency independent characteristic introduced
in Chapter 3 is used. A functional model of this material behavior is shown in Figure
7.2 and can mathematically be represented by equation (7.35) with the notations used
in this chapter.
G * d c ( ,t )
 ( ,t )  G c ( ,t ) 
(7.35)



n dt
Linear elastic part

Damping induced part
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If we now assume a harmonic vibration of the shear strain, c(,t), according to the
second equation of (7.34) the area enclosed in the (,t)-c(,t) hysteresis loop is defined
by a line integral on a closed path of (,t) over c(,t) according to equation (7.36). This
can be visualized by looking at Figure 7.3.

dv  
  ( ,t )d c ( ,t )

(7.36)

Realizing that the first part of equation (7.35) is the linear elastic part of the shear
stress and does not perform any work in the course of one full vibration cycle,
equation (7.36) by using only the second part of equation (7.35) becomes

d v ( )  


2 /n

G* d c ( , t )
d c ( ,t ) =
n dt


0

G* d c ( , t ) d c ( ,t )
dt
n dt
dt

(7.37)

By effectively changing the variable into the time, the boundaries of the integral
become clear and are defined to be exactly one full cycle.

d v ( ) 

2 /n



G * c ( )2n cos2 (n t ) dt

0

(7.38)

d v ( )  G n  c ( ) 
*

2

With equation (7.38) we now can calculate the specific damping at each point of the
sandwich beam for one full cycle. To find the specific damping for the whole
sandwich beam this equation has to be integrated for the volume of the core material.
This integral is equal to the total energy dissipated in on full cycle over the entire
sandwich beam called Udamp.
1

U damp   d v (  )t c bd

(7.39)

0

The amount of energy lost in one vibration cycle relative to the energy present in the
system at the start of the vibration cycle is defined as the loss factor, loss. The energy
at the start of the vibration cycle can be derived by calculating the kinetic energy at the
point in time where the beam travels through its equilibrium using equation (7.40)
1

U kin   1 2 m(  )w (  , t )2 d =

1

1

0

2



2

(  A )w ( )2 cos 2 (n t )d

(7.40)

0

Where this has its maximum value when the cosine term equals one.
U kin 

1

1

2


0
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2

 A w (  ) 2 d

(7.41)

Where w() indicates the deflection as a function of the length of the beam. Here the
assumption is made that the beam will have a constant mass per unit length. The
deflection will change in phase with the strain with an amplitude of w(). The loss
factor, loss, can now be calculated (57) using the equation (7.42)

loss 

U damp
2 U kin

 2

(7.42)

The loss factor is also directly related to the damping ratio, , which is also commonly
used to quantify the level of damping.

7.5 Validation
The theoretical equations derived in the previous paragraphs have to be validated.
From the discussion of the results of the experimental work it became clear that
though definite trends were observed the number of tests and range of variation was
too low. It is quite likely that the results do not match perfectly which weakens the
validation of the theory by means of the experiments. One possibly important factor
which was identified in chapter 6 is the influence of the bond between the core layer
and the face layers. In the theoretical approach this is assumed to be perfect while this
might not be the case in the experiments. However, because the experimental tests
were designed to assess the possibilities of achieving damping with a sandwich
configuration rather than trying to achieve a test setup to accurately quantify damping
characteristics a discrepancy is to be expected. Validation based on the limited set of
experiments per variation is therefore not to be expected. Therefore in this research a
method of validation is chosen by which separate parts are to be validated using an
appropriate method, which combined will be sufficient to claim that the complete
theory will hold true.
Four important properties will be validated in this section. For three of these a finite
element model is used. This finite element model should be able to describe the
deflection, shear angle of the core layer of the beam under loading and the natural
frequency or first mode frequency. The fourth property will be discussed separately.

7.6 Finite element model
The finite element model is made up of 8-node plane elements with the same
assumptions made in the theoretical model. These assumptions are high shear moduli
for the face layers so effectively all shear deformation will be concentrated in the core
layer. The core layer will have very limited contribution to the flexural bending
stiffness in comparison to the contribution of the face layers.
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Figure 7.7, Layout of FE-model

The theoretical model made some assumptions about the core layer which are also
modeled into the FE model. No lateral deformation is assumed which means the face
layers are always at a constant distance. Also the axial force is considered to be non
significant. These properties are modeled by choosing a low Young’s modulus in the
direction of the span and a high Young’s modulus in the two perpendicular directions
in a ratio of 108. A large number of elements is needed to describe the beam in order
to both prevent too badly deformed elements while still having enough elements in
direction of the thickness of the beam to accurately describe the shear in the core
layer. In the face layers fewer elements are needed as the expected deformations are
more gradual as these are mostly in bending.

7.6.1 Static case
In the static case the deflection, wmax, at mid span according to equation (7.33) is
verified. A base configuration is chosen from which one parameter is to be changed in
order to determine its influence on the deflection at mid span. The base configuration
is chosen to be equal to the SW30-5-30 geometry from the experiments, see Table 6.2
in section 6.4.2. The FE-model is evaluated at several values for the property under
investigation, ranging from 0.05 to 1.95 times the base value. The results of varying
various parameters are shown in Figure 7.8 and show excellent agreement between the
FEM model and the theoretical model for both deflection at midspan and the shear
angle of the core at the supports.
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Figure 7.8, Comparison between wtheory and wFEM; section properties according to Figure 7.4

In chapter 6 a significant range was found when determining the resulting flexural
stiffness from the experiments. The values presented in Figure 6.19 had a variation of
up to 15% within a single test setup and approximately 20% across series. It proved
impossible to find one single value for Gc that can be used to accurately predict the
deflection at mid-span for all variations. It is reasonable to conclude that the
experiments for the static deflection while showing some clear trends are not accurate
enough to verify the theory. The excellent agreement of the theory with the FE results
however is validating the theoretical equation (7.33) for the deflection and shear angle.
This leads to the conclusion that the cause of the deviation is to be found in the
experiments. As was mentioned in chapter 6 it is assumed that the interface layer
which consists of an adhesive that bonds the core layer to the outer faces is of a
significant influence. Further research into this topic is therefore recommended
experimentally to come to an experimental validation of the theoretical behavior.

7.6.2 Dynamic case
The dynamic case is more difficult to model. Two important properties are of interest
to verify, which are the first mode frequency and the damping ratio. The model that
was verified for the static case can also be used for the dynamic case and it shows
excellent agreement with regard to the first mode frequency compared to the one
calculated with the Rayleigh method as is used in equation (7.44). This is likely to be
the case as the overall flexural stiffness model has accurately been verified for the
static case. The determination of the damping ratio through the means of a FE
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calculation is more problematic. The difficulty lies in the fact that the damping models
available do not adequately model the real damping mechanism that is specific for this
sandwich beam structure. The models available model damping more abstractly and
are based on a multiplication factor of the stiffness matrix and are not determined by
the shear forces in the core material. The ideal model would incorporate the hysteretic
damping through the means of a material model including the viscous damping
parameter. The theoretically derived damping ratio makes use of accepted methods of
determining the damping ratio. Furthermore the input for determining consists of the
deflection and shear angle as well as the first mode frequency, all of which have been
verified separately. This reasoning allows the conclusion that the theoretically
determined damping ratio is sufficiently verified. Therefore the further development
of a more accurate FE model with regard to determining the damping ratio is not a
part of this thesis.

7.7 Evaluation of theory versus experimental data
The theory developed and verified in the previous paragraphs describes a method of
calculating the damping ratio of a sandwich beam structure. The resulting functions
depend on various parameters that describe the behavior of the sandwich beam. All
these parameters, except the shear modulus of elasticity and the visco-elastic
parameters Gc and G*, can be readily determined. In the previous section it has been
stated that the experiments show a significant deviation of up to 15% within a single
test setup based on the deflection at mid span. In this section the accuracy with regard
to the properties Gc and G* is determined from the experiments.
The two properties to be determined both influence the shear stiffness of the core
layer, and by this, the flexural stiffness of the composite beam. In a static experiment
the shear modulus will only depend on the shear modulus Gc. If the beam is in
vibration however, the strains will vary harmonically and the core layer will resist this
change of the strains proportional to the rate of change by the material property Gc.
This resulting resisting force is therefore proportional to the combination of Gc and
G* which results in an apparent higher stiffness of the beam compared to the static
case.
In order to determine these properties from the experiments first the value for the
static shear modulus, Gc, is determined by comparing the deflection measured during
the experiment with the theoretically determined value. For each configuration of the
sandwich beam the load-deflection curve is plotted. To illustrate this, this is done for
the SW30-5-30 experiments in Figure 7.9.
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Figure 7.9, Load-deflection diagram at mid span due to static loading from experiments and theory.
Gc in 106 N m-2

From the graph it can be seen that for a value of Gc =2.0x106 N m-2 the experimental
and theoretical determined deflection match very accurately. To indicate the influence
that the shear modulus has on the deflection the limit values of Gc are theoretically
calculated and also plotted in the graph as well as some closer values of Gc. For the
various configurations values of Gc are found very close to this one. The values for Gc
for other test setups are listed in Table 7.2.
This value for Gc will be called the static value, Gst. During the application of the dropweight from which the deflection was measured gradual increase in the deflection of
the beam could be observed, which indicates a time dependent component to the
flexural stiffness. The deflection from the experiments was determined when the
deflection reached an end value. This behavior can only be caused by a time
dependent material behavior of the core and interface layers. Another method for
determining the value for Gc is from the measured first mode frequencies from the
experiments. The apparent flexural stiffness, which is dependent on the value for Gc,
is determined from the first mode frequency. The resulting value for the shear
modulus is called Gdyn. As stated before the dynamic shear stiffness is defined to be
composed out of the Gst and the damping induced shear stiffness that is depending on
the frequency of the vibration according to equation (7.43).
Gdyn  Gst  G *n

or

Gst  Gdyn  G * n

(7.43)

In this equation Gst is a constant and thus Gdyn –G*n is also constant. The dynamic
shear modulus Gdyn, which is the only unknown quantity, is determined using the
frequencies measured in the experiments and by comparing it to the theoretical first
mode frequency determined by using the Rayleigh Quotient (7.44) that uses the
deflection equation of the beam subjected under the modal mass, which in this case is
the distributed weight of the beam and the added modal weight combined.
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It has been shown from the experiments that the frequency is independent of the
initial force applied but does appear to depend on the modal mass applied. For the
experiment using the sandwich SW30-5-30 this results in the values for Gdyn as listed in
Table 7.1
Table 7.1, Values of Gdyn for sandwich SW30-5-30

m-2]

Gdyn [N
fe =n/2 [Hz]

Qn =1
7.7
10.2

2
7.7
9.3

3
7.1
8.5

4
7.0
7.9

5
7.0
7.5

As stated before Gdyn –G*n is constant which means that using the experimental
results five equations with different combinations of modal mass and the resulting
first mode frequency can be stated. These equations should equate to the same
constant value of Gst. This is graphically shown in Figure 7.10. It is clear from Figure
7.10 that due to inaccuracies in the measurements the lines do not cross in the exact
same point. Therefore the average crossing point is determined between each set of
two lines.
Gdyn ;1  Gdyn ;2
(7.45)
G1* 2 
n ;1  n ;2

Gdyn

10
8
6
4
2
0
0

0.043
0,02 0,04 0,06 0,08

G*

0,1

Figure 7.10, Graphically solving for G*

Using the average of the determined values of G* from equation (7.45) the values for
Gst are determined using equation (7.43). Table 7.2 lists all relevant values for the shear
stiffness as determined in this section.
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Table 7.2, Values for Gst and G* [x106 N m-2]

TYPE
Core material
SW30-5-30
SBR
SW40-5-20
SBR
SBR
SW50-5-10
SBR
SW30-10-30
SW30-15-30
SBR
1:
2:

Gst1
2.0
1.6
4.3
2.3
2.1

Gdyn
5.6
5.2
8.8
5.9
4.6

G*
0.046
0.034
0.034
0.067
0.070

Gst 2
3.1
3.2
6.5
2.6
1.4

Gst determined from static deflection
Gst determined from dynamic response

The values listed in Table 7.2 show a significant variation which was expected as
mentioned before. It also shows that the static shear modulus is different from the
dynamic shear modulus, which indicates that during a vibration the beam exhibits a
larger flexural stiffness. This is very advantageous as this higher flexural stiffness leads
to a higher first mode frequency which has a positive effect on vibration comfort.
Although the variation is significant the absolute values of the materials are in the
range of values found in literature for these properties, which adds further validation
to the theoretically derived equation for the damping ratio.

7.8 Influence of beam properties on damping
The equations given in section 7.3 and 7.4 are quite complex and the influence of a
single beam property cannot be readily determined. Therefore in this section several
graphs are presented in order to see the impact of several properties on the damping
ratio. For this the method used throughout this thesis of varying one parameter with
regard to a base configuration is used. In addition to this variation the combined
thickness of the top and bottom face are varied as well. The base configuration used is
the same as was used in section 7.6 which is the SW30-5-30 beam configuration from
the experiments. The important properties are listed in Table 7.3. If not mentioned
specifically these baseline properties are valid for the various graphs presented later in
this section.
Table 7.3, Baseline properties

Code
SW-30-5-30

sandwich
tt, tc, tb
30 – 5 – 30

span
[m]
3m

width
[m]
0.1 m

Et=Eb
[N m-2]
2.1x1011

Gst
[N m-2]
3.1x106

G*
[N m-2]
0.046x106

The first property to be looked at is the position of the core layer in the cross section.
This is achieved by changing the thickness of the top and bottom face while keeping
the combined thickness and core thickness constant. In Figure 7.11 it can be seen that
the maximum damping ratio is to be achieved when the core layer is situated at the
center of the sandwich. Also increasing the combined face thickness and thus higher
flexural stiffness, increases the damping ratio, but this effect grows smaller with
131

increasing flexural stiffness. This can be understood by considering that with higher
values of face thicknesses the value for the shear displacement between the two sides
of the core layer, u in Figure 7.4, will be greater which is of direct influence on the
shear angle in the core layer.

[-]
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ttot = 30 mm
* : Experiments
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0
0
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tt/ttot [-]
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Figure 7.11, Influence on damping ratio of vertical position core layer for various combined face
thicknesses

Also for comparison the experimental data is shown in the graph. It can be seen that
the damping is overestimated in comparison to the experimental results, although the
trend is very clearly similar. Partly this is caused by the estimation of the material
properties of the core layer, which shows a large range between the experiments.
Design guideline:

From this graph it can be concluded that the core layer is most
effective at the center of the sandwich for damping.

[-]

The next parameter to be investigated is the thickness of the core layer. The damping
is evaluated for this using several values of the ttot, but keeping the top and bottom
face at equal thickness. The change in core thickness will of course increase the total
thickness and by this also the flexural stiffness due to the Steiner rule.
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Figure 7.12, Influence on damping ratio of thickness core layer for various combined face thicknesses
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From the graph in Figure 7.12 it can be seen that there is an optimum value of the
core thickness. The optimum value however depends on the other properties of the
sandwich beam, which makes a conclusion for an optimal absolute value for the core
thickness not feasible. However it can be stated that a relatively small thickness of the
core layer compared to the face thicknesses will have optimal damping behavior. In
this approach there is no limit to the allowable strain in the core layer, which in a real
setting might be critical. As a guideline for SBR-rubber a critical shear angle is defined
to be around 30º. The shear angle in this case has its maximum for the sandwich with
a total thickness of 30 mm as the total stiffness is lower in this case and therefore the
deflection is bigger under the same load. The shear angle in the core layer is around 6º
and is therefore not critical in this case. But it can be seen that a small thickness can
achieve very high damping ratios. The optimal value has to be determined using the
actual beam properties.
Design guideline:

A small thickness of the core layer in comparison with the faces is
most effective for damping. The shear angle might limit the
thickness that is allowed and should be checked.

In Figure 7.13 the flexural stiffness of the bottom face is varied by varying the
Young’s modulus. The optimal value is found when the flexural stiffnesses of both
faces are approximately the same. It is interesting if this conclusion holds true if the
position of the core layer is varied with regard to the flexural stiffness ratio of the top
and bottom face, which is plotted in Figure 7.14. It shows that this is indeed the case,
which opens up the possibility to use an eccentric core layer with an appropriately
modified higher Young’s modulus for the thin face.
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Figure 7.13, Influence on damping ratio of relative stiffness of top and bottom flange for various
combined face thicknesses
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Figure 7.14, Influence on damping ratio of relative stiffness of top and bottom for various positions of
core layer

From Figure 7.14 the trend can be observed that with an eccentric core layer that the
optimal value of the ratio of the flexural stiffnesses of the bottom and top face gets
smaller. This means that the optimum value for the Young’s modulus for the thin face
should be lower. This is further analyzed in Figure 7.15 where the value on the x-axis
is normalized for the reciprocal ratio of the face thicknesses. In this case the
maximum damping ratio is around equal values. From this the optimal Young’s
Modulus of the thin face can be calculated with equation (7.46)
Eb ;opt  Et t b2 / t t2

Design guideline:

(7.46)

The optimal value for damping ratio for eccentric placement of
core layer can be found using a material with a lower Young’s
modulus for the thin face according to equation (7.46)
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Figure 7.15, Influence on damping ratio of relative stiffness of top and bottom for various positions of
core layer normalized for the square of the reciprocal ratio of face thicknesses

The span of the sandwich beam is evaluated in Figure 7.16 where it can be seen that
increasing the span decreases the maximum damping ratio achieved. For medium
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range span of up to 8 meters for the cross section used for this graph, still good
damping ratios are found.
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Figure 7.16, Influence on damping ratio of span for various combined face thicknesses

Design guideline:

The optimal value for damping ratio is found for small spans

In the last graph, Figure 7.17 the influence of the shear modulus of the core material
is shown. From this graph it can be concluded that lower values of G result in higher
damping ratios. But this has a negative effect on bending stiffness of the sandwich,
which will result in lower flexural stiffness of the sandwich. So there is a trade off
which has to be evaluated for a certain design.
Design guideline:

The optimal value for damping ratio is found for small values of
shear modulus of the core material. The trade off is also a lower
flexural stiffness.
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Figure 7.17, Influence on damping ratio of shear modulus for various face thicknesses
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7.9 Conclusions chapter 7
In this chapter a theoretical approach for determining the damping ratio of a sandwich
beam has been presented. Although the experiments did not fully correspond to the
theoretically determined damping ratio the theory is verified adequately using FEM
calculations. The trends observed in the experiments are also found in the theoretical
approach. The discrepancy between the absolute results is attributed to an influence in
the experiments of a parameter not considered in the theory. Most likely this is caused
by the adhesive used to bond the three faces. It is therefore recommended that further
research is performed to investigate this discrepancy.
Using the theory several graphs have been presented to show the influence of the
parameters that determine the sandwich properties on the damping ratio. From these
graphs several design guidelines have been postulated for an achieving optimal
damping ratio.








The core layer is most effective at the center of the sandwich for damping.
A small thickness of the core layer in comparison with the faces is most
effective for damping. The shear angle might limit the thickness that is
allowed and should be checked.
Regarding eccentric placement of the core layer using a material with a lower
Young’s modulus for the thin face according to equation (7.46) is most
effective.
Small spans result in higher damping ratios
The optimal value for damping ratio is found for small values of shear
modulus of the core material. The trade off is also a lower flexural stiffness.

It should be realized that the properties that are presented of the cross section can
also represent different cross sections than the solid layers that are used in this
chapter. For instance the faces can be made of a box section. In this case the
geometrical properties have to be calculated appropriately and the resulting equations
used in this theoretical approach for calculating these have to be rewritten (58). This is
applicable to the properties that are calculated in equation (7.14). This allows for a
great number of cross sections to be evaluated by this theory for damping properties.
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Towards the design of a lightweight floors system

Chapter

8

Towards the design of a lightweight
floors systems for vibration comfort
Abstract
In chapters 4 through 7 several methods have been explored which allow the vibration
comfort of beams to be increased. This has resulted in a set of concluding design
recommendations that allow for designing light weight floor systems consisting of
beams for vibration comfort. In this chapter these design recommendations are
combined into design concepts that can be a starting point from which new floor
systems can be developed or existing floor systems can be improved. Such a design
very much depends on the specific function it is aimed for, but the concepts presented
in this chapter will assure a good inherent vibration comfort.

8.1 Design principles vibration and durability
The design recommendations presented in chapters 4 through 7 give adequate
guidelines for designing lightweight floor systems for vibration comfort. The key
methods for assuring that a floor system will have increased vibration comfort
arguably are:
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Increasing of damping
Increasing first mode frequency
Dispersing vibration energy

These key methods will be addressed in the following sections by investigating how
the floor properties can be optimized to apply these methods. However one should
realize that by focusing solely on these key methods for vibration comfort a resulting
floor system is by no means guaranteed to be a functional floor system. For this other
requirements should be taken into account as well and will be discussed here
qualitatively first. The IFD-characteristics presented in chapter 2 provide for a solid
set of characteristics a floor system should have to meet today’s demands. This is a
detailed list which for the purpose of this chapter is condensed to the following key
IFD-characteristics.




Provisions for technical services
Flexibility in all phases from design through service phase.
Demountability

In the Netherlands the majority of floor systems are solid plate-like structures often
made of concrete. This design concept is not the most ideal for meeting modern day
demands as listed above. In accordance to most newly developed floor systems a
setup is proposed here that incorporates large amounts of free space to provide room
for the technical services. This can be achieved by using a bearing structure consisting
of beams or more precisely linear bearing elements, Figure 8.1. The actual closed floor
is obtained by a minimum of a deck sheet as well as a ceiling sheet. Such a setup has
several benefits that coincide very well with most performance criteria for a floor
system as will be addressed in the remainder of this section where the pros and cons
are discussed. In fact, this actual setup is widely used in the world in timber floors as
was also the case in the Netherlands before the introduction of solid floor slabs.

Figure 8.1, Proposed floor base-setup, A: deck sheet, B: linear bearing element, C: ceiling sheet, D: Cavity

Structurally a floor with beams can be optimized much better with regard to the mass
to bearing capacity ratio in comparison to a solid floor system and thus reducing
material usage and total weight of the system, see also appendix F.1. This setup also
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allows for the use of separate components for each part facilitating demountability
and reusability. For lightweight floor systems sufficient sound insulation cannot be
achieved by only the floor mass. The dual sheet setup formed by the deck and ceiling
sheet creates a mass-spring system, with sound insulation capacity to meet the
requirements. This base setup can be identified in several currently available light- or
semi lightweight floor systems of which several are shown in Figure 8.2. As can be
seen from the available floor systems this base setup is very flexible and can result in
different designs. Therefore it can be argued that this base setup is suitable to meet
IFD requirements as has been showed by the available floor systems based on this
setup. The conclusions of previous chapters of this thesis concerning improving the
vibration comfort not only allow for a conceptual design to be determined, it might
also be possible to enhance the existing floor systems with regard to vibration
comfort.

Figure 8.2, Actual floor systems similar to the proposed floor setup, Slimline (a), IDES (b), Wingfloor (c),
Steelframe (d)

8.1.1 Floor layout
Technical services themselves and accessibility to these services during the service life
of a building are critical in achieving the desired flexibility of modern day buildings.
The base setup proposed in the previous section provides for the possibility to include
services inside the floor system while keeping them structurally separated which makes
exchanging or modifying them possible. In Figure 8.3 two possibilities are shown how
in principle the services can be incorporated inside the floor system. The main
problem with the services within a setup with linear bearing elements is how to
distribute them perpendicular to the span of the beam. In option (a) zones are defined
where these technical services can cross the beams. Such a zone can be a created by
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lowering the height of the bearing element for the larger services that have to be
distributed. This can also be achieved by changing the direction of the span of
adjacent floor fields. The smaller services, such as water ducts and electrical wiring,
could be assigned a zone underneath the structural element, which is also beneficial
for the sound insulation by creating an only locally connected ceiling. An example of
this option can be found in floor type (c) in Figure 8.2. The other option (b)
incorporates holes in the beams through which the technical services are guided.
Typically the larger ducts are positioned near mid-span where the shear force is
minimal. The placement of smaller services is less restrictive. This option can be
found to be the basis of floor system (a) in Figure 8.2.

Figure 8.3, Distribution of services in floor system by zoning (a) or through beams (b)

This proposed setup also has good synergy with the sustainable demands for
reduction of material usage and prolonging the functional lifespan of a floor system.
With this introduction of the proposed setup for a floor system several concepts to
increase the vibration comfort of such a floor system are discussed in the next
sections, based on the conclusions of previous chapters.

8.2 Increase damping
The most effective method of increasing vibration comfort is to increase damping of
the floor system. Based on the conclusions from chapters 6 and 7 the constrained
layer design of a linear bearing element should lead to good damping properties.
Before defining a design concept the conclusions of chapter 7 are repeated here.
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The core layer is most effective at the center of the sandwich for damping.
A small thickness of the core layer in comparison with the faces is most
effective for damping. The shear angle might limit the thickness that is
allowed and should be checked.
Regarding eccentric placement of the core layer using a material with a lower
Young’s modulus for the thin face according to equation (7.46) is most
effective.
Small spans result in higher damping ratios



The optimal value for damping ratio is found for small values of shear
modulus of the core material. The trade off is also a lower flexural stiffness.

Unfortunately these design concepts do not all have synergy with achieving traditional
floor properties. Especially the design concept to have the core layer near the
centerline conflicts with the desire to optimize material use in order to limit the
material weight. Putting these concerns aside for now, it is possible to define a basic
concept how optimal damping can be achieved using the constrained layer approach.
The conclusions of chapter 7 were based on the use of rectangular faces with constant
width. The geometrical properties were derived from this shape but as stated in the
conclusions the faces do not have to have a square shape as the functions all relate to
geometrical properties which can also be derived for other shapes. This allows more
freedom of design. The generalized cross section of a constrained layer section is
assumed symmetrical to avoid torsion influences and is shown in Figure 8.4.

Figure 8.4, Base properties of general cross section

This generalization of the results from chapter 7 allows for additional analyses of the
influence of design parameters. For this a cross-section is chosen as a base from
which one parameter is changed to reflect its influence. The base cross-section is
shown in Figure 8.5 (right) and is designed to have realistic traditional properties for
the chosen set of design constraints. For this analysis a span of 9 meters is considered
as well as a permanent weight of 100 kg/m2, with a live load of 250 kg/m2. A
relatively large span is chosen as it is known from the results of chapter 7 that an
increased span is negatively affecting the damping ratio. The chosen permanent weight
corresponds to the base system defined in Table 5.3 which is qualified as lightweight
throughout this thesis. The live load corresponds to the use for office buildings. For
this example it is assumed that the bearing elements have a spacing of 1 meter. The
cross section has adequate section properties for the chosen design constraints. Note
that the actual shape is not relevant, only the base properties as shown in Figure 8.4
that describe it.
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In the graph shown in Figure 8.5 (left), several lines are drawn, each corresponding to
one parameter of the base cross section. Each parameter is modified by a factor
corresponding to the ratio shown on the horizontal axis. Some additional design
considerations can be stated based on this parameter analysis:
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Figure 8.5, Parameter analysis of generalized form, using base cross section (right) which is defined by the
properties according to Figure 8.4.






The range of obtainable damping ratio’s for a representative load bearing
element is adequate for larger spans. This will even improve for smaller spans.
There is an optimum for the thickness as well as the width of the core layer.
From the parameter analysis it is concluded that a relatively small and thin
core layer is optimal. The absolute values to use should be determined for an
actual design as it is dependent on the other base properties.
Increasing the distance of the centerlines of the faces also increases the
damping ratio. This has a good synergy with the need for a high flexural
stiffness.

With these additional design considerations a concept design is proposed to optimize
the damping ratio. As stated above the core layer is most effective if placed on the
centerline of the section. The reason for this is that in that position the axial shear
stresses are the largest.

Figure 8.6, Conceptual design for cross section of a constrained layer section for optimal damping ratio

142

These shear stresses inside the core layer determine the amount of damping obtained.
This core layer could have relatively small dimensions. Furthermore the concept
design should have a maximum distance of the centerlines of both faces, following the
additional design considerations, which can be achieved by concentrating the mass
away from the centerline of the composite section. These considerations lead to the
following conceptual design for optimized damping shown in Figure 8.6. The
proposed conceptual design incorporates all design considerations which should result
in an increased damping ratio. Most material is positioned on the outer fibers of the
composite cross section which increases the distance between the centerlines of both
faces. Also the core layer has minimal dimensions. Also this concept design fits well
with other structural requirements, such as high flexural stiffness and moment of
resistance. The proposed conceptual design allows for a wide range of possible
designs which will not be explored here as this is also very much dependent on other
requirements. It can also be used to improve existing designs. For this the base cross
section from Figure 8.5 as well as a steel-concrete composite beam will be discussed.

Figure 8.7, Optimizing base cross section from Figure 8.5(right) by reducing flanges around center

In Figure 8.7 (left) the base cross section is shown. This configuration already has a
good amount of damping. It can however be optimized by applying the design
guidelines. Applying the guideline to increase the distance between the centerlines of
the faces and reducing the dimensions of the core layer coincide well. By reducing the
width of the flange adjacent to the core layer of both IPE200 sections the distance
between the centerlines of the top and bottom section increases from 205 mm to 247
mm, Figure 8.7 (right). This also results in reducing the dimensions of the core layer.
These two measures increase the damping ratio considerably from 4.7% to 6.1%,
which makes it being in category D for vibration comfort as stated in (29) and
discussed in chapter 3, being the suitable for offices and dwellings. Off course this
comes at a cost regarding the flexural stiffness of the composite beam. In the
proposed case it results in a reduction of 20%. This would have to be weighed against
the gain in damping.
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The other design of which the possibilities of increasing damping are investigated is
shown at the top in Figure 8.8. Similar designs are also proposed by others. As an
example the Resotec design (59) that uses a similar design, but only at the outer ends
of the beam, leaving the middle part rigidly connected. The connection in the middle
will result in a higher flexural stiffness in the middle part but will also reduce the
damping as the contribution of this part is not as significant as the part near the beam
ends. In this section we try to improve the damping ratio where the cross section
from Figure 8.8 is used over the full length of the beam. It consists of a traditional
steel beam on which a concrete slab is attached using a core layer of the same
dimensions as in the previous improved cross section, for comparative reasons. This
cross section will be improved in two steps indicated by (a) and (b).

Figure 8.8, Optimizing steel-concrete slab composite bearing element

In cross-section (a) the distance between the centerlines of the parts is increased by
again making the top flange of the steel beam less wide. This has the effect of
lowering the centerline of the bottom part and so increasing the distance to the other
parts’ centerline as was done similarly in Figure 8.7, showing an increase of the
damping ratio from 4.4% to 5.7%. However it is also clear that the centerline is not in
the optimal location as it is not located in the core layer. In cross-section (b) the
centerline is moved to the core layer by adding a concrete part to the concrete slab.
This optimization step further increased the calculated damping ratio to 8.0%. With
these examples it becomes clear that the design guideline can be used successfully to
increase damping in existing floor systems.
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8.3 Increase first mode frequency
The second approach for increasing vibration comfort is to design for a high first
mode frequency. For this first the range of an adequate frequency should be
established. In the guideline for vibration on floor systems (29) graphs are included
for determining the OS-RMS90 value based on the first mode frequency, modal mass
and damping ratio. Although these graphs are based on the assumption that the floor
system can be modeled as a one-mass-spring system which is somewhat of a
simplification for the real floor system. But for the purpose of defining a suitable
range for the first mode frequency these graphs are sufficient. Following the
evaluation of the previous section, a permanent load of 100 kg m-2 and a live load of
250 kg m-2 is applied. When considering vibration comfort it should be realized that
the acting force is applied by a person or a machine. This can be characterized by a
single point on the floor field. Depending on the flexural stiffness in the direction
perpendicular to the span of the floor field a certain effective width of the floor field
will be activated by the exciting force determining the effective modal mass of the
system. Considering a distance between adjacent beams of 1 meter, this results in a
modal mass of approximately (100+250) x 9 x 0,50 = 1550 kg for a span of 9 meter
for the part of the floor system that is excited. Considering the achievable damping
ratio’s found in the previous section the damping ratio is assumed to be 6% the
required first mode frequency can be determined to be approximately 8 Hz. Similarly
the required frequency can be determined for other spans, see Table 8.1, which shows
that a range of 8 to 15 Hz for an activated width of 1 meter should be aimed for. This
represents the worst case scenario where no beneficial effect of the remainder of the
floor system is taken into account. Some of the energy of the vibration can be
dispersed into the adjacent parts, if properly connected, leading to smaller vibration
amplitudes in the excited floor part.
Table 8.1, Required first mode frequency for a light weight floor system

Span
[m]
(activated width)
3
5
7
9

modal mass
[kg]
1m
4m
6m
500
2000
2000
850
3400
3400
1200 4800
4800
1550 6200
6200

1m
15
11
9
8

fe
[Hz]
4m 6m
8
7
6.5
4.7
5
2.8
4
2.6

In Table 5.8 the results of multi beam designs are evaluated which indicate that there
is a definite beneficial effect of the other parts of the floor system. For this analysis
therefore the required first mode frequency is also determined for a higher modal
mass representing an activated floor width of 4 and 6m. This reduces the required first
mode frequency to 4 to 8 Hz and 2.6 and 7 Hz respectively.
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In traditional engineering practice the flexural stiffness of a floor system is determined
by meeting the demand on strength and deformation. For single span floors the
demand on deformation is leading. Under permanent and maximum live load the
demand is L/250. The demand for a minimum first mode frequency for residential
and office floors, as was discussed in chapter 3, conform the Dutch national code is 3
Hz. Both of these demands are depending on the same properties of the floor system
and can be therefore linked to each other conform equation (8.1).
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By rearranging the second equation for u into an expression for EI and substitute this
into the first equation, it gives equation (8.2)
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This relation is plotted in Figure 8.9. As can be seen in this plot the first natural
frequency of a floor system based on the maximum allowed deflection results in a first
mode frequency that is higher than the demand of at least 3 Hz posed by the building
code. So for mid range spans up to approximately 8.5 m this demand can be
considered superfluous.
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Figure 8.9, First natural frequency vs. span based on maximum allowed deflection, (8.2) with results from
Table 8.1
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In addition to the theoretical required first mode frequency based on the maximum
deflection demand, additional curves are drawn that show the required first mode
frequency based on the OS-RMS90 comfort requirements. In this discussion the width
of the floor is varied, while keeping the weight constant. This serves two purposes.
The width can be used to indicate the width of the floor field as well as to
mathematically increase the weight of the floor. This is allowed as the properties are
dependent on each other. For the same effective width a light weight floor system will
have a lower modal mass. It can be seen from Table 8.1 and Figure 8.9 that floor
systems with a lower width and thus weight have a relatively higher requirement for
the first mode frequency than compared to heavier floor systems. Furthermore this
demand is more stringent than the demand based on the maximum allowed
deflection. From this it becomes clear that properties of lightweight floor systems
should be determined by the required first mode frequency instead of the maximum
allowed deflection. This means that not only the weight of the floor system itself but
also its dimensions and how it is connected to the other parts should be taken into
account. Therefore it is not possible to unequivocally determine the line at which the
floor should be considered light weight and that the first mode frequency becomes
more stringent. However Figure 8.9 shows the overall trend for this.
In chapter 4 two effective methods of increasing the necessary first mode frequency
are determined being:



Increasing flexural stiffness
Utilizing rotational stiffness at supports

The method of increasing the flexural stiffness has good synergy to the method of
determining the proposed cross section for optimal damping in Figure 8.6. This
encourages the design to position most material towards the outer fibers. An efficient
way to do this is to activate the sheets formed by the deck and the ceiling by
connecting them to the linear bearing element as is illustrated by the design concept in
Figure 8.10 (left).

Figure 8.10, Design concept for increased first mode frequency, base concept (left) and integrated
concept (right)
147

Although this is a solid design concept it does not directly agree well with the design
concept for optimized damping. For this the two concepts are integrated into one
which is presented in Figure 8.10 on the right. Here the core layer is situated in the
centerline and the deck sheet is structurally integrated with the bearing element. In this
integrated concept also sound insulation is addressed by attaching the ceiling sheet
using a flexible connection. This integrated design concept can serve as a basis for
further development.
The second method of increasing the first mode frequency discussed here is to create
a support at the end that has rotational stiffness. From the result presented in chapter
4 it is clear that already a limited amount of spring stiffness is enough to maximize this
increase. First this aspect is explored by using actual values for the theoretical
equations that were derived. The closed form equations describing the first mode
frequency from chapter 4 are repeated here in equations (8.3) through (8.5).
fn 
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(8.4)

(8.5)

Working with the same conditions as the previous discussed cases, with a 9 meter
span optimized for deflection, it is possible to calculate the first mode frequency
resulting for the extreme cases for the supports were it is assumed that both supports
have identical rotational stiffness, C1 = C2 = C. For the extreme cases, being C = 0
and C = ∞, the corresponding first mode frequency can be calculated, which are 2.9
Hz and 6.7 Hz respectively, which can be considered as a significant increase. In a real
structure the resulting rotational stiffness will have a value between those of the
extreme cases.
Figure 8.11 shows a graph with the required rotational stiffness of the supports as a
function of the resulting first mode frequency compared to that of the extreme cases
indicated by the ratio (f-f0)/(f∞-f0). It shows that a considerable increase of the first
mode frequency can be achieved with a relative small value for the rotational spring
stiffness.
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Figure 8.11, Required rotational stiffness in relation to increase of first mode frequency for identical
rotational stiffness at both supports of a single span beam

When we consider the situation when a floor beam is supported by a steel beam as in
Figure 8.12, it is possible to calculate the rotational stiffness when the floor beam is
rigidly connected to the supporting beam. The rotational stiffness is provided by the
torsion stiffness of the supporting beam. The required torsion stiffness of the
supporting beam depends on the distance of the connected floor beam to the clamped
support of the supporting beam according to equation (8.6)
T GI
(8.6)
C 1,2   t
[Nm rad 1 ]
 Lt
Using this relation it is possible to calculate the required torsion stiffness, It, of the
supporting beam with regard to a level of required rotational stiffness. In case of a
value of Lt of 2,5 m and a ratio of 75% this gives It = 5.7x10-7 m4 which is
approximately a HE260A or a box section 100 x 40 x 3, which can be considered to
be in the practical range.

Figure 8.12, Concept of floor support with rotational stiffness

The above example merits the conclusion that it will not be very difficult to mobilize
enough rotational stiffness at the supports. The system can work by simply connecting
the floor beam to the supporting beam with the outer fibers as is illustrated in Figure
8.12.
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8.4 Utilizing system effects
In chapter 5 system effects that influence vibration comfort by mobilizing other part
of the floor field than the part that vibrates due to an exciting force, were investigated.
When other parts of the floor field are activated they will also start to vibrate which
means that energy is transferred over there and thus reducing the amount of energy in
the excited beam, which will result in a lower OS-RMS90 value and so a higher
vibration comfort.

Figure 8.13, Concept for utilizing system effects to increase vibration comfort

From the analysis in chapter 5 it was concluded that the best method of utilizing the
system effects is to couple the adjacent bearing elements with a coupling element that
will span at least three bearing elements so the coupling element only has to be
connected by hinges as shown in Figure 8.13 (right), instead of clamped connections,
in order to transfer the vertical forces generated by differences in deflections of
adjacent beams. Also chapter 5 concludes that the coupling is most effective when it is
situated at mid span, but it is almost equally effective when it is in the middle 50% of
the span.

Figure 8.14, Coupling beams by floor slabs in tile pattern

These considerations lead to a concept for utilizing system effects to increase
vibration comfort as shown in Figure 8.13. As for the previous presented concepts
this concept can be translated into various designs. In Figure 8.14 the concept of
utilizing system effects is materialized by using separate floor slabs that are stacked in
a tile pattern. In this option also the concept designs of section 8.2 and 8.3 can be
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integrated as is illustrated by the uncoupling of the rib from the floor slabs to
complete the composite beam. This will reduce the overall flexural stiffness which has
to be considered.

Figure 8.15, Coupling beams by a separation wall

These floor slabs are to be connected structurally to transfer forces on the vertical axis
so they assume any deflection posed on them by the deflection of the bearing element.
Another method of connecting the beams is to utilize other elements than strictly
parts of the floor systems. In Figure 8.15 this is illustrated by including a separation
wall that has great inherent flexural stiffness. This will connect each bearing element
and will mobilize all floor beams and so greatly dispersing the vibration energy in the
excited beam.

8.5 Conclusions chapter 8
In this chapter the conclusions and design guidelines derived in this thesis have been
combined to pose conceptual designs on key aspects that influence vibration comfort
of a floor system and comply with the characteristics derived for a durable way of
building. The key solutions to improve the vibration comfort are:




Increasing of damping
Increasing first mode frequency
Dispersing vibration energy

The design concepts are presented in such a way that they allow for materialization in
different ways as was illustrated in this chapter for the three key aspects that influence
vibration comfort.
Increasing of damping
The design concepts are based on the constrained layer design. The influence of the
position of the constrained on damping is discussed, where the best position is at the
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centerline of the combined cross section. Examples are given how to improve a basic
design with regard to damping.
Increasing first mode frequency
It is shown that for light-weight floor systems that the requirements for vibration are
more stringent than those for the maximum allowed deflection. Design guidelines
from earlier chapters are discussed with examples including the utilization of the
rotational spring stiffness at the supports to increase the first mode frequency.
Dispersing vibration energy
The effect of vibrations can be remedied by dispersing the vibration energy by
activating a larger part of the floor. Methods for activating are given based on earlier
chapters. These methods are qualitative in nature and can be a basis for further
materialization.
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Chapter

9

Conclusions and recommendations
Abstract
This chapter concludes this thesis and presents the overall conclusions of the research
presented in this thesis. Besides the overall conclusions recommendations for future
research are given.

9.1 Conclusions
Lightweight floor systems prove to be effective in addressing the new challenges
posed on the building industry. Lightweight floor systems are more susceptible to
induced vibrations which limits the comfort level of such a floor systems. The main
objective of this thesis is to find a method to design a lightweight floor system with
good vibration comfort.

9.1.1 Sustainable building
The Industrial, Flexible and Demountable way of building is a method that promotes
a sustainable way of building. In this thesis an objective method for analyzing and
comparing floor systems with regard to IFD has been developed. This analyzing
method provides for a graphical representation of the analysis of the floor system and
provides insight in the strengths and weaknesses with regard to IFD. An evaluation of
existing floor systems lead to the conclusion that several combinations of properties
and functions were not yet successfully combined into a floor system. From these the
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research focus for this thesis was defined, which lead to the main objective stated in
section 9.1. Based on the evaluation of the new developments found in the building
industry, a design concept has been proposed in this thesis that combines a solution
regarding the need for increased functional lifespan and conserving the environment.
This is achieved by using a floor structure with linear bearing elements that creates a
cavity space inside the floor system. This space can be utilized to distribute and access
technical services that typically have a shorter lifespan than the bearing structure, by
keeping them structurally separated from the bearing structure. The separation of
services and bearing structure provides this concept with the possibility to update a
floor system over its lifespan by renewing or replacing the technical services.

9.1.2 Vibration comfort
From the IFD-evaluation it was found that the recently developed floor systems that
addressed the new challenges could be considered light weight. While addressing the
problems of flexibility they had problems with vibration comfort. The OS-RMS90
method is used to assign a quantitative value for vibration comfort. In this thesis
possible relevant aspects that influence the vibration comfort have been investigated,
from which key aspects for improving vibration comfort were defined as well as
aspects that do not have a significant influence on vibration comfort and address
misconceptions regarding vibration comfort.
Damping ratio
The level of vibration comfort depends on the velocity and duration of the vibration
which are both influenced by the damping ratio. Using a numerical model that
calculates the response to a step force on a single beam as well as a set of beams in
various configurations a parameter study was carried out. From the calculated
response the OS-RMS90 comfort value was determined. It proved that the damping
ratio influenced the comfort value significantly. Several designs have been presented in
order to improve damping. The constrained layer design, where a layer of a damping
material is inserted between two structural faces, proved to be a robust method of
increasing the damping ratio of a beam. An analytical equation has been derived to
determine the damping behavior. Guidelines are defined for optimal use of such a
design under the assumption of a core layer over the full length of the beam, namely





Large distance between centerlines of both faces
Damping core layer is positioned in the combined center line
Relative small dimensions of core layer

First mode frequency
The first mode frequency is a very good indicator for vibration comfort and is often
used in quantitative measures such as the OS-RMS90 comfort value. In floor systems
that have a lower weight, a higher first mode frequency is required to achieve a good
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vibration comfort compared to high weight floor systems. Depending on the design
constraints a first mode frequency of 8 Hz or higher is required.
In floor systems that have been designed for meeting demands on maximum
deflection the typical first mode frequency is much lower. A change in the approach
for designing floor structures is advised where light weight floors are designed for
vibration. Instead of designing for maximum deflection the engineer should design for
vibration comfort. Tools have been provided in this thesis to facilitate this method of
design. An explicit approximation function has been derived for calculating the first
five mode frequencies for a beam supported by rotational spring hinges at the ends. It
has been shown that this function has a margin of error of 0.04% for the first mode
and up to a maximum of 0.5% for the higher modes, which is much better than values
found by methods described in literature.
Key aspects for increasing the first mode frequency are defined, namely




Providing for a small amount of rotational stiffness at the supports
High flexural stiffness
Reduction of mass. It should be noted though that the improvement of the
vibration comfort is counteracted by the increased velocities of vibrations in
light weight floor systems due to the smaller inertial mass.

System effects
Vibrations of floor systems are most likely to be caused by a single source such as a
walking person or a washing machine. In the proposed floor concept this means that
only a few bearing elements are excited and will vibrate. The vibration levels can be
limited by distributing the vibration energy over a larger area for which methods have
been presented. The increase of the activated modal mass will increase the vibration
comfort. The most effective method found to distribute the vibration energy is by
coupling three adjacent beams with a coupling beam, which should be located
somewhere in the center half of the beam.

9.1.3 Experiments
Experiments have been carried out to investigate the possibilities of various beam
designs to increase the first mode frequency and damping ratio. The experiments
proved to be an effective way of analyzing the different designs with all the
complexity, compared to analytical or numerical methods. It is not feasible to
accurately describe damping in such a numerical model for multiple designs. Damping
models included in the finite element software do not depend on the actual physics
determining damping, but only modify the model parameters to achieve the same
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effect. This is only viable when this translation of the real physics into a numerical
equivalent of a design is experimentally validated.





The experiments on the constrained layer design showed a significant increase
of the damping ratio. Thus a constrained layer design is always beneficial. The
analytical equation for determining the damping ratio of a constrained layer
design is experimentally validated.
Use of pre-tensioned beams does not influence damping, but can increase the
first mode frequency. The benefits to vibration comfort are however small.
Vertically coupling two structural layers, such as a bearing structure and a
ceiling structure, by a damping element requires very accurate tuning of the
damper and needs to be designed for every situation. This cannot be
considered a robust solution and is therefore not advised.

9.2 Recommendations for future research
Constrained layer design









The constrained layer design is very effective for increased damping. In this
research only one constrained layer is investigated. It has to be investigated if
multiple constrained layers will further increase damping.
In this research two types of rubber are used for the constrained layer in the
experiments. These were chosen for their availability in the building industry.
Additional research is required to find the optimum material for the
constrained layer as well as the adhesive used for combining all elements.
Long term effectiveness of the damping capacity has not been a subject in
this thesis and requires further research.
The equations for determining the damping ratio are based on a simply
supported beam. The influence of the support conditions, especially
rotational stiffness which is advised to utilize for increasing the first mode
frequency, are not included and should be investigated.
The analytical model of describing the damping of a constrained layer setup is
based on a linear displacement field. By using higher order displacement fields
the results, both analytically and numerically might be further refined.

Design of a floor system
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The design concepts presented in this thesis can be used in additional
research for developing an actual floor system. The concepts presented are
mostly based on increasing vibration comfort and have to be integrated with
the full set of requirements posed on floor systems.
The design concepts are based on theoretical research, validated by
experiments. The equations for determining damping can predict the



damping ratio of a floor design based on the concepts presented in this thesis.
Additional research is required to validate the predicted values.
It has been shown that increasing the activated modal mass is beneficial to the
vibration comfort. Increasing the modal mass can be achieved by increasing
the effective width of a vibration induced by a person or machine. Further
research is required into methods for increasing the effective width.
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Appendix A State of the art
A.1 Floor system sheets
Matura
Description
The matura floor system is an infill that allows placing conduits and pipes
systematically in a layer on top of the load bearing floor. It is not a complete floor
system as it lacks the load bearing function, but this system was one of the first
systems addressing the service structure problems.

(a)

(b)

(c)

Figure A.1, Matura floor system isometric build up (a), build up in detail (b) and infill panel (c). Source
www.habraken.com

Characteristics
Developer: Infill Systems bv, NL
Manufacturer: supply stopped
type
IFD-focus
span
weight (finished floor) services9
-2
n.a.
< 10 kg m
WEVHSD
R+O Flexibility in infra
IFD analysis
Not available as this is not a structural floor system but can be qualified as a infill,
which makes the analysis not comparable to other complete floor systems.

9

coding: (W)ater, (E)lectricity, (V)entilation, (H)eating, (S)ewer, (D)ata, (R)esidential,(O)ffice]
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Slimline floor
Description
The Slimline floor system consists of a bearing structure of steel beams with the
bottom flange casted in a concrete slab. On top of the steel layers a decking is
mounted that encloses the space inside the floor system which is used for the infra.

Figure A.2, Slimline floor system build up. Source: slimline buildings

Facts:
Developer: A+ and PFL

Manufacturer: Slimline buildings systems, NL

span
<11m

services10
WEVHSD

weight (finished floor)
±350 kg m-2

type IFD-focus
R+O Infra flexibility - weight

IFD analysis

10

coding: (W)ater, (E)lectricity, (V)entilation, (H)eating, (S)ewer, (D)ata, (R)esidential,(O)ffice]
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Wing floor
Description
The wingfloor is a evolutionary development originating from the hollow core floor
system. The floor provides for lanes where infra can be situated with limited crossing
possibilities.

(a)

(b)

(c)

Figure A.3, Wing floor single plate(a), floor plan with infra(b), optional heating/cooling (c). Source:
Betonson

Facts:
Developer: Betonson

Manufacturer: Betonson, NL

span
<8m

services11
WEVHSD

weight (finished floor)
±450 kg m-2

type
R+O

IFD-focus
Flexibility in infra

IFD analysis

11

coding: (W)ater, (E)lectricity, (V)entilation, (H)eating, (S)ewer, (D)ata, (R)esidential,(O)ffice]
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Multiflex floor
Description
The wingfloor is a evolutionary development originating from the hollow core floor
system. The floor provides for lanes where infra can be situated with limited crossing
possibilities.

Figure A.4, Multiflex floor. Source: Betonson

Facts:
Developer: Betonson

Manufacturer: Betonson, NL

span
<10m

services12
WEVHSD

weight (finished floor)
±300 kg m-2

type
R+O

IFD-focus
Flexibility in infra

IFD analysis

12

coding: (W)ater, (E)lectricity, (V)entilation, (H)eating, (S)ewer, (D)ata, (R)esidential,(O)ffice]
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Hollow core floor
Description
The hollow core floor system was developed as an prefabricated alternative for the
solid concrete floor, with the reduction of weight in mind. This is achieved by the
hollow cores. A plate is typically 1,2 m in width and is pretensioned.

(a)

(b)

(c)

Figure A.5, Hollow core cross section(a), floor plan possibilities. Source: VBI

Facts:
Developer: various

Manufacturer: Betonson, Dycore, VBI a.o, NL

span
<16m

services13
WEVHSD

weight (finished floor)
300- 450 kg m-2

type
R+O

IFD-focus
Reduce weight

IFD analysis

13

coding: (W)ater, (E)lectricity, (V)entilation, (H)eating, (S)ewer, (D)ata, (R)esidential,(O)ffice]
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ISB floor system
Description
The ISB buildingsystem is a complete building system of walls and floors. It consists
of profiled steel sheets to increase structural capacity as well as providing space for
infra.

(a)

(b

Figure A.6, ISB cross section(a), Structural overview. Source: University of Technology Eindhoven

Facts:
Developer: University of Technology Eindhoven

Manufacturer: supply stopped

span
<8 m

type
R

weight (finished floor)
300- 450 kg m-2

services14
WEVHSD

IFD-focus
Reduce weight

IFD analysis

14

coding: (W)ater, (E)lectricity, (V)entilation, (H)eating, (S)ewer, (D)ata, (R)esidential,(O)ffice]
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A.2 IFD Evalutation method
Worked example
To illustrate the calculations performed using the IFD Evaluation method described
in section 2.3 an example is presented in this appendix. For this the various lists that
are used are reduced in size for clarification. The values used are fictitious values. First
three lists are defined with the corresponding weight factor, if applicable, between
brackets.
parts and provisions
IFD-characteristics
functions
p1
IFD1 (0.2)
f1 (0.3)
f2 (0.7)
p2
IFD2 (0.8)

Contribution matrix
p1
c 1f , PnP
f1
f2

2

sum

0.2
0.3

0.8
0.7

1
1

IFD1

IFD2

2
1

1
-1

Rating matrix

RPnP , IFD
p1
p2

Multiplication of contribution matrix with rating matrix
IFD1
IFD2
rounded
R f , IFD
R f , IFD
f1
f2

1.2
1.3

Weight factor matrix
IFD1
w *f ;( I ; F ; D )
f1
f2

0.06
0.14



-0.6
-0.4

f1
f2

IFD1

IFD2

1.0
1.5

-0.5
-0.5

IFD2
0.24
0.56

Sorted ratings including weightfactor
2
1.5
1
0.5
f1
0
0
0.06
0
f2
0
0.14
0
0
IFD1
0
0.14 0.06
0
IFD2
0
0
0
0

0
0
0
0
0

-0.5
0.24
0.56
0
0.8

-1
0
0
0
0

-1.5
0
0
0
0

-2
0
0
0
0
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Appendix B Discrete Fourier Transform
B.1 Discrete Fourier Transform
This appendix addresses the various mathematical procedures concerning vibrations
used throughout the thesis.
FFT for discrete signals
Real world vibrations occur in all objects in the natural world in a continuous way and
in most cases contain multiple vibrations at the same time. This will result in a
seemingly chaotic movement of a single point on the object that vibrates. In Figure
B.1 an aggregate vibration or response is shown that consist of two separate
vibrations. If more vibrations contribute to the aggregate response it will quickly be
very difficult to get information about these vibration components.

Figure B.1 Multiple simultaneous vibrations

Before the method used to analyze these real-world vibrations is introduced some
aspects of how these vibrations are acquired is necessary. Usually these vibration
signals cannot be captured continuously but will be collected or sampled at discrete
points. These discrete points are separated by a small amount of time called sample
time, ts [s], so per second a number of samples will be sampled called the sample rate,
fs [s-1]. It can be understood from Figure B.2 that a higher fs , i.e. a smaller ts, results in
more sampled points on the continues line resulting in a more accurate approximation
of the real vibration.
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Figure B.2 Discrete sampling of vibration

By analyzing this sampled data the characteristics of the vibration can be determined.
For the purpose of this thesis these characteristics are:





Frequency distribution
First natural frequency
Damping ratio
Integration / differentiation of a signal

For a single frequency vibration these characteristics can be determined from the
graph such as shown in Figure B.1. However if more vibrations of different frequency
contribute the aggregate response can be rather complex. In real vibration situations
the response of an object will contain many vibrations, all contributing in a certain
amount to the aggregate response. To determine these characteristics the sampled data
which is sampled in the so-called time domain, as it is sampled as a function of time,
has to be converted into a different domain, the frequency domain. This conversion
will not alter the data itself, just present it in another way. This conversion is called a
Fourier Transform (60) and makes use of the property that any waveform can be
converted into a series of sinusoids. The general representation of a Fourier series is
only suited for continuous functions. In this appendix we look at sampled data which
by definition is not continuous so therefore the general function is somewhat
modified to get the Discrete Fourier Transform (DFT)(24).
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Mathematically these relationships are stated as:


S( f ) 

 s ( t )e

2  i f t

dt

Fourier Transform


N 1

Sk   s n e

2  ik

n
N

(B.1)
k  0,..., N  1

Discrete Fourier Transform

n 0

where:
S(f), Sk
s(t), sn
f
k
i
t,n
N

Fourier transform respectively continuous and sampled
time domain waveform respectively continuous and sampled
frequency [Hz]
sequence number representing frequency
imaginary unit √(-1)
time respectively sample number
total number of samples

The detailed workings of the DFT are beyond the scope of this thesis and will not be
discussed here. In literature there are multiple forms in which a DFT appears. In this
thesis the notation also used in the mathematical software package Matlab is used. It
also has functions to calculate this, like the Fast Fourier Tranform or FFT method.
However when calculating a FFT some properties of the transform have to be
considered.










The frequency-domain transform is a vector of the same length as the timedomain response, every value corresponds to a certain frequency that has to
be calculated separately.
The maximum frequency, called Nyquist frequency, for which a value in the
transform is calculated, is dependent on the sample rate of the original timedomain response, i.e. samplerate / 2
The frequency-domain transform is symmetrical around zero, so it’s
frequency axis runs from -Nyquist to +Nyquist.
The resolution of the frequency-domain transform is dependent on the length
of the measured data. 10 seconds of data results in 10 datapoints per Hz in
the transform.
The frequency domain transform is complex.
The frequency-domain transform obtained by FFT can be transformed back
into a time domain signal using the inverse FFT technique

Figure B.3 clarifies the properties of the frequency axis corresponding to the
datapoints in the frequency domain transform. There is a small distinction between
datasets with an even or odd number of datapoints. In Figure B.3 the horizontal axis
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has two distributions. The bottom distribution shows the sample number while the
upper distribution shows the corresponding frequency, indicated by k that has to be
multiplied with fs/N to calculate the real frequency. From this you can see that the
first frequency value always equals 0. Furthermore the Nyquist frequency is different
for both types of datasets.

Figure B.3, Principle of frequency scaling, even(top) or odd (bottom) number of data points

Useful properties of FFT
The reason to transform the sampled data to the frequency domain is to extract useful
information of the data. The first item is the frequency spectrum. A spectrum is a
graphical view of the distribution of some quantity over the frequency. Some of the
most used spectra are the magnitude or power spectrum and the amplitude spectrum.
M 

Re( FFT )2  Im( FFT )2

(magnitude)

Amp  2 Re( FFT )2  Im( FFT )2 / N (amplitude)
P yy 

FFT  FFT *
N

(B.2)

(power)

When we take the data sampled from Figure B.1 and take a length of this signal in
which there are a whole number of complete waves present of both vibrations and
calculate the amplitude spectrum in the frequency domain we get Figure B.4. From
the time plot we can see that the amplitude of both separate waves are 1.0 and 1.5
respectively. This is reflected by the amplitude plot where we see exactly one
datapoint for each vibration with the value of this amplitude. From this plot it is
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clearly possible to identify the two vibrations that make up the aggregate wave and
also the amplitude of each of these waves.

Figure B.4, FFT amplitude plot of a 2 wave aggregate signal

The magnitude or power plot will result in a similar plot where the area under the
graph reflects the amount of power that is present in the vibration.
Coherence
The coherence is often used to determine the level of linearity between two data sets
or to determine the level of accuracy between the input or excitation and the response
in measurement. Two datasets are said to be independent if their joint probability
distribution is given by the product of the individual distributions. The coherence
value of Cxy(f) is between 0 and 1 where these values stand for no linear coherence and
full linear coherence respectively.

C xy ( f ) 

Pxy ( f )

2

Pxx ( f )Pxy ( f )

[ ]

(B.3)

Where Pxy:
Cross spectral density or cross-covariance function
Pxx, Pyy: Auto spectral density, or auto-covariance function
The coherence is often a standard function in vibration evaluation software and is not
explained further here.
Integration and differentiation
Using the FFT it is possible to perform integration or differentiation of the sampled
data. This is achieved by the following functions:
S (f)
Ik ( f )  k
(integration)
2 if
(B.4)
I k' ( f )  Sk ( f )2 if

(differentiation)
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Some attention should be given to the integration when there is a non-zero DCcomponent, i.e. at 0 Hz. This non-zero component is the vertical offset in the time
domain of the vibration under consideration. This component will result in a linearly
increasing offset in ik . To prevent this, the lower frequency could be filtered out by
multiplying these values with a filtering factor.
anti-alias
In Figure B.5 a simple example of aliasing is shown. In the figure two signals are
shown and the points at which the data is sampled. Due to the sample rate being 1 Hz
the Nyquist frequency is 0.5 Hz. From the figure it can be seen that the sample points
could originate from both signals. This means that when you are presented only the
list of sample points it is not possible to determine which signal belongs to it.

Figure B.5, Illustration of aliasing using DFT

A DFT can only result in contributions for frequencies up to the Nyquist frequency.
One of the signals in this example has a higher frequency which results in a DFT
adding the contribution of this higher frequency onto the lower frequency. It can be
visualized that the contribution exceeding the Nyquist frequency are folded back
around the Nyquist frequency. This results in an overestimation of the frequency
contribution of the lower frequency.
When performing a DFT on a real signal it will be sampled at a certain sample
frequency. This will result in a Nyquist frequency which determines the maximum
frequency which will be evaluated. It is therefore necessary that the sample rate is high
enough to encompass all frequencies present in the signal.
Another point to emphasize is that a sampled set of points has a certain length. The
end and start of the set, or edges, usually have a certain value. As the DFT assumes a
continuous signal from t= -∞ to +∞, which are taken to be zero when not present in
the sample set. The first point will represent a very steep incline, which results in high
frequencies being calculated to represent this “jump”. These high frequencies usually
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fall beyond the Nyquist frequency and are therefore folded back onto the lower
frequencies. A dataset should therefore be long enough so that enough data points are
collected in order to maximize the relative contribution in relation to the edges of the
sampled set.
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B.2 Solutions various vibration cases
In Table B.1 an overview for the exact solutions are given for various vibration cases.
n is a measure for the natural frequency, and has to be solved from these equations
either numerically or otherwise. Using this solution for n the frequency can be
calculated using equation
fe 

n2
2

EI
A

(B.5)

Table B.1, Overview exact solutions for frequency equation (FE) for various cases

Mechanical scheme

Boundary conditions
x=0
x=L

y(0, t )  0
y(0, t )  0

y( L , t )  0
y( L , t )  0

FE: sinh(n L)=0

y(0, t )  0
y(0, t )  0

y( L , t )  0
y( L , t )  0

FE: cosh(n L)sin(n L)-sinh(n L)cos(n L)=0

y(0, t )  0
y(0, t )  0

y( L , t )  0
y( L , t )  0

FE: cos(n L)cosh(n L)-1=0

y(0, t )  0
y(0, t )  0

y( L , t )  0
y ( L , t )  0

FE: cos(n L)=0

y(0, t )  0
y(0, t )  0

y( L , t )  0
y ( L , t )  0

FE: cos(n L)cosh(n L)+1=0

y(0, t )  0

y( L , t )  0

y(0, t )  0

y( L, t )  k2 y( L, t )/ EI

FE:
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 EI sin(n L)cosh(n L)-cos(n L)sinh(n L)
-2k 2sin(n L)sinh(n L)=0
3
n

y(0, t )  0

y( L , t )  0

y(0, t )  0

y( L, t )  k2 y( L, t )/ EI

FE:

2 n3 EIcos(n L)cosh(n L)
-k 2 cosh(n L)sin(n L)+k 2sinh(n L)cos(n L)=0

y(0, t )  0

y( L , t )  0

y(0, t )  k1 y(0, t )/ EI y( L, t )  k2 y( L, t )/ EI
( k1  k2 )n3 EIsin(n L)cosh(n L)-  n3 EI  (cos(n L)cosh(n L)+1)
2

FE:

+(k1  k2 )n3 EIcos(n L)sinh(n L)  2k1k2sin(n L)sinh(n L)=0

y(0, t )  0

y( L , t )  0

y(0, t )  k1 y(0, t )/ EI y( L, t )  k2 y( L, t )/ EI
(2k1  k2 )n3 EIcos(n L)cosh(n L)-  n3 EI  (sin(n L)cosh(n L)+cos(n L)sinh(n L))
2

FE:

k1k2 n3 EIcos(n L)sinh(n L)  k1k2sin(n L)cosh(n L)+k2 n3 EI=0

y(0, t )  0

y( L , t )  0

y(0, t )  k1 y(0, t )/ EI y( L, t )  k2 y( L, t )/ EI
( k1  k2 )n3 EIsin(n L)cosh(n L)+2  n3 EI  sin(n L)sinh(n L)
2

FE:

-k1k2  k1k2 n3 EIcos(n L)sinh(n L)  k1k2 cos(n L)cosh(n L)=0

y(0, t )  0

y( L , t )  0

y(0, t )  C1 y(0, t )/ EI y( L, t )  C2 y( L, t )/ EI

FE:

2n2 EI2sin(n L)sinh(n L)  (C1  C2 )n EIcos(n L)sinh(n L)+C2C1
(C1  C2 )n EIsin(n L)cosh(n L)+C1C2cos(n L)cosh(n L)=0
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Appendix C , Numerical study
C.1 Results of numerical study
This appendix graphically lists the results of the numerical study into the influence of
floor designs and material properties on vibration comfort as is discussed in chapter 5.
The results are coded according to Table 5.3 - Table 5.6. These tables also list the
parameter that is varied in a particular model and the range it is varied over. The
parameters are varied around a base configuration with a standard base value for each
parameter.
As is explained in chapter 5 there are models used consisting of 1 beam up to 5 beams
using the numbering as is indicated in Figure C.1. For each configuration a single
graph is included where the number of beams that is used in the model is indicated in
the title graph.

Figure C.1, Beam numbering as is used in results

The results shown in the graphs in this appendix are normalized according to section
5.4.1 with the normalization factor used is indicated in the graph. This method of
normalization results in the model, using the standard base values for the material
properties and geometrical properties, having a normalized OS-RMS90 comfort value
of 1.

183

1.5

15

1.0

10

0.5

5

0.0

0
1.25

1.5

1.75

1.5

15

1.0

10

0.5

5

0.0

2

0
-0.5

-0.25

Normalization base = 5

20

1.5

15

1.0

10

0.5

5

0.0

0
-0.5

-0.25

0

0.25

norm. OS-RMS90 [-]

EIM 3

2.0

EIM5

1.0

10

0.5

5

0.0

0

beam 2+3

beam 4+5

-0.25

0.5

5

0.0

0
1.25

1.5

1.75

norm. OS-RMS90 [-]

10

Frequency [Hz]

norm. OS-RMS90 [-]

20

1.0

1

2.0

MAM2 Normalization base = 14.6

15

1.0

10

0.5

5

0.0

0
-0.5

10

0.5

5

0.0

0
0.25

norm. OS-RMS90 [-]

1.0

Frequency [Hz]

norm. OS-RMS90 [-]

20
15

0

-0.25

184

0

0.25

0.5

2.0

MAM5 Normalization base = 4.3

20

1.5

15

1.0

10

0.5

5

0.0

0

0.5

-0.5

beam 2+3

beam 4+5

-0.25

0
 [-]

 [-]
beam 1

20

 [-]

1.5

-0.25

0.5

1.5

2

MAM 3 Normalization base = 5

-0.5

0.25

f1

 [-]
2.0

0
 [-]

15

0.75

20
15

-0.5

1.5

0.5

0.5

1.5

0.5

Normalization base = 15

MAM1

0.25

Normalization base = 4.3

 [-]
beam 1

2.0

0
 [-]

Frequency [Hz]

norm. OS-RMS90 [-]

 [-]
2.0

20

Frequency [Hz]

1

Normalization base = 14.6

Frequency [Hz]

0.75

EIM2

f1

0.25

0.5

Frequency [Hz]

0.5

2.0

Frequency [Hz]

20

norm. OS-RMS90 [-]

Normalization base = 15

EIM1

Frequency [Hz]

norm. OS-RMS90 [-]

2.0

20

1.5

15

1.0

10

0.5

5

0.0

Frequency [Hz]

norm. OS-RMS90 [-]

Normalization base = 15

LEM1

2.0

0
0.5

0.75

1

1.25

1.5

1.75

2

20

1.5

15

1.0

10

0.5

5

0.0

0
0

15

1.0

10

0.5

5

0.0

0
-0.5

beam 2+3

beam 4+5

1.5

15

1.0

10

0.5

5

0.0

0
0.5

0.75

1

1.25

1.5

1.75

norm. OS-RMS90 [-]

20
Frequency [Hz]

norm. OS-RMS90 [-]

Normalization base = 15

RTS1

2.0

RTS2

f1

Normalization base = 14.6

20
15
10

0.5

5

0.0

0

RTS3 Normalization base = 5

20
15

1.0

10

0.5

5

0.0

0

norm. OS-RMS90 [-]

 [-]

Frequency [Hz]

norm. OS-RMS90 [-]

0.5

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

2.0

RTS5

Normalization base = 4.3
20

1.5

15

1.0

10

0.5

5

0.0

0
-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

 [-]

 [-]
beam 2+3

DMM1 Normalization base = 15

f1

20

1.5

15

1.0

10

0.5

5

0.0

beam 4+5

0

Frequency [Hz]

beam 1

norm. OS-RMS90 [-]

0.25

1.0

2

1.5

2.0

0

1.5

 [-]
2.0

-0.25

 [-]

 [-]
beam 1

2.0

20

1.5

0.5

0.25

Normalization base = 4.3

Frequency [Hz]

-0.25

LEC5

Frequency [Hz]

-0.5

2.0

Frequency [Hz]

LEC3 Normalization base = 5

norm. OS-RMS90 [-]

2.0

Frequency [Hz]

norm. OS-RMS90 [-]

 [-]

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
 [-]
beam1

f1

185

EIC2

Normalization base = 14.6

20

1.5

15

1.0

10

0.5

5

0.0

0
-5

-4

-3

-2

-1

0

1

Frequency [Hz]

norm. OS-RMS90 [-]

2.0

2

20
15
10
5
0

-5

-4

-3

-2

-1

0

1

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

EIC5

15
10
5
0

2

-5

-4

beam 2+3

beam 4+5

-3

-2

-1

0

1

2

log() [-]

log() [-]

norm. OS-RMS90 [-]

beam 1

20

Frequency [Hz]

Normalization base = 5

2.0

f1

MAC2 Normalization base = 14.6

20

1.5

15

1.0

10

0.5

5

0.0

0

Frequency [Hz]

EIC3

norm. OS-RMS90 [-]

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Frequency [Hz]

norm. OS-RMS90 [-]

log() [-]
Normalization base = 4.3

1 1.25 1.5 1.75 2 2.25 2.5 2.75 3

1.5

15

1.0

10

0.5

5

0.0

0

2.0

MAC5

20

1.5

15

1.0

10

0.5

5

0.0

0

1 1.25 1.5 1.75 2 2.25 2.5 2.75 3

1 1.25 1.5 1.75 2 2.25 2.5 2.75 3

 [-]

 [-]

beam 1

186

20

beam 2+3

beam 4+5

f1

Frequency [Hz]

MAC3 Normalization base = 5

norm. OS-RMS90 [-]

2.0

Frequency [Hz]

norm. OS-RMS90 [-]

 [-]
Normalization base = 4.3

RTM2 Normalization base = 14.6

20

1.5

15

1.0

10

0.5

5

0.0

0
0

0.25

0.5

0.75

Frequency [Hz]

norm. OS-RMS90 [-]

2.0

1

20

1.5

15

1.0

10

0.5

5

0.0

0
0.5

15

1.0

10

0.5

5

0.0

0

1

0

beam 2+3

beam 4+5

0.75

0.25

15

1.5
1.0

10

0.5

5
0

0.0
-0.25

0

0.25

norm. OS-RMS90 [-]

20
Frequency [Hz]

norm. OS-RMS90 [-]

LEW3 Normalization base = 5

-0.5

0.75

1

2.0

f1

LEW5

Normalization base = 4.3
20

1.5

15

1.0

10

0.5

5

0.0

0
-0.5

0.5

-0.25

0

0.25

0.5

 [-]

 [-]
beam 2

beam 3

norm. OS-RMS90 [-]

beam 1

0.5
 [-]

 [-]
beam 1

2.0

20

1.5

Frequency [Hz]

0.25

RTM5 Normalization base = 4.3

beam 4

2.0

RBC2

beam 5

f1

Normalization base = 14.6

1.5

20
15

1.0

10

0.5

5

0.0

0

-0.25

-0.125

0

0.125

Frequency [Hz]

0

2.0

Frequency [Hz]

RTM3 Normalization base = 5

norm. OS-RMS90 [-]

2.0

Frequency [Hz]

norm. OS-RMS90 [-]

 [-]

0.25

20

1.5

15

1.0

10

0.5

5

0.0

0

-0.25

-0.125

0

0.125

2.0

RBC5

1.5

15

1.0

10

0.5

5

0.0

0.25

-0.25

beam 2+3

beam 4+5

0
-0.125

0

0.125

0.25

 [-]

 [-]
beam 1

20

Frequency [Hz]

RBC3 Normalization base = 5

norm. OS-RMS90 [-]

2.0

Frequency [Hz]

norm. OS-RMS90 [-]

 [-]
Normalization base = 4.3

f1

187

PDC2

Normalization base = 14.6

20
15

1.5
1.0

10

0.5

5
0

0.0
0

0.25

0.5

0.75

Frequency [Hz]

norm. OS-RMS90 [-]

2.0

1

20

1.5

15

1.0

10

0.5

5

0.0

0
0.25

0.5

0.75

20

1.5

15

1.0

10

0.5

5

0.0

0
0

1

0.25

0.5

0.75

1

 [-]

 [-]
beam 2+3

beam 4+5

norm. OS-RMS90 [-]

beam 1

2.0

f1

PTC2

Normalization base = 14.6

20

1.5

15

1.0

10

0.5

5
0

0.0
0

0.25

0.5

0.75

Frequency [Hz]

0

2.0

Normalization base = 4.3

Frequency [Hz]

PDC3 Normalization base = 5

norm. OS-RMS90 [-]

2.0

Frequency [Hz]

norm. OS-RMS 90 [-]

 [-]

PDC5

1

20

1.5

15

1.0

10

0.5

5

0.0

0
0

0.25

0.5

0.75

1

2.0

PTC5

15

1.0

10

0.5

5

0.0

0
0

188

0.25

0.5
 [-]

 [-]
beam 1

20

1.5

beam 2+3

beam 4+5

f1

0.75

1

Frequency [Hz]

PTC3 Normalization base = 5

norm. OS-RMS90 [-]

2.0

Frequency [Hz]

norm. OS-RMS 90 [-]

 [-]
Normalization base = 4.3

1.5

15

1.0

10

0.5

5

0.0

0
0.25

0.5

0.75

Normalization base = 4.3

PPC5

20

1.5

15

1.0

10

0.5

5

0.0

0
0

1

0.25

PRC3 Normalization base = 5

20

1.5

15

1.0

10

0.5

5

0.0

0
-0.125

0

0.125

0.25

beam 4+5

norm. OS-RMS90 [-]

beam 2+3

Frequency [Hz]

norm. OS-RMS 90 [-]

beam 1

-0.25

2.0

1

f1

PRC5

Normalization base = 4.3
20

1.5

15

1.0

10

0.5

5

0.0
-0.25

0
-0.125

0

0.125

0.25

 [-]

 [-]
beam 1

0.75

 [-]

 [-]

2.0

0.5

Frequency [Hz]

0

2.0

Frequency [Hz]

20

norm. OS-RMS90 [-]

PPC3 Normalization base = 5

Frequency [Hz]

norm. OS-RMS 90 [-]

2.0

beam 2+3

beam 4+5

f1

189

A

G

1500 mm

Eccentric pretension - triangle

E

D

Eccentric pretension - parallel

B

Centrical pretension

J

1500 mm

A

C

300 mm

I

H

3000 mm

F

3000 mm

A

Appendix D , Experiments

D.1 Designs of damping solutions for floorbeams
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D.2 Electrical circuit for increasing magnetic field drop off speed
The magnet used in the experiments is switched off at the start of the experiment. At
this point the magnetic field present in the magnet tries to maintain itself by
maintaining the current. Unmodified the time it takes to build off the magnetic field is
too long. To solve this problem an electronic circuit has been designed, Figure D.1, to
both increase this drop off speed as well as adding measuring points to monitor the
currents and voltages in the circuit at all times.

Figure D.1, Electronic circuit for increased magnetic field drop off

When the switch S1 is opened, the part of the circuit containing the power supply does
not take any part in the current and the current has to flow through the suppressor
diode which regulates the decay of the magnetic field due to internal resistance of this
electro magnet. Without the capacitor this takes about 140 msec. By adding the
capacitor most energy in the magnetic field is stored in the capacitor which takes it out
of the magnetic field. After this the capacitor will discharge into the resistor it is
parallel to. This reduces the time to discharge the electromagnet sufficiently to about
20 msec.
Measuring points
There are two measuring points, out1 and out2, provided for in the circuit as shown in
Figure D.1. The first measures the voltage over magnet through a divider circuit to
lower the actual measured voltage to protect the measuring circuitry. The divider
divides the voltage over the two resistors. For this combination the divider factor is
divider factor for out 1 

Where
Measured voltage [V]
VR1:
196

VR1 R2
VR1



I ( R1  R 2 ) 4350

 9.66
I R1
450

(D.1)

VR1+R2: Actual voltage [V]
I:
Current [A]
R1, R2: Resistors []
R1 for this measuring point consists of two separate parallel resistors that have an
equivalent resistance of

Req 

R1R2
1000820

 450
R1  R2 1000  820

(D.2)

Similarly the voltage over the 0,56 resistor in out2 is measured through a divider.
From this voltage the current in the magnet can be calculated. The divider factor for
out2 is
VR  R
I ( R1  R 2 ) 25600
(D.3)
divider factor for out 2  1 2 

 20.000
VR1
I R1
0, 56
Using the relation between current and voltage we get the factor between the
measured data and the actual current

I2 =

div . fac ( out 2 )[V ] 20.000

 35,7x 10 3
R
0,56

(D.4)
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D.3 Determining damping ratio from experimental data
In this appendix two methods are discussed for determining the damping ratio from
experimental data (57), the logarithmic decrement method, and the half bandwidth
method.
Logarithmic decrement method
With this method the damping ratio in a time – displacement dataset of a vibration in
the time domain is extracted by calculating the logarithmic decrement. The
logarithmic decrement, , is based on the difference in the amplitude of two
consecutive peaks. It is defined as:



1
x(t )
ln
N x ( t  NT )

(D.5)

Since the deflection at any given point is governed by equation (D.6):

x( t )  A sin(d t   )e n t

(D.6)

and the deflection a full N-cycles later is

x ( t  NT )  A sin(d ( t  NT )   )e n ( t  NT )

(D.7)

Dividing equation (D.6) by equation (D.7) we get the following formula, by using the
fact that the amplitude and sine function do not change at points in time separated by
NT :
x(t )
e n t
 n t n ( t  NT )  e n NT
(D.8)
x ( t  NT ) e
*e
By defining the logarithmic decrement  being the power of the exponent we get,

  n T 

x(t )
1
ln
N x ( t  NT )

(D.9)

This function needs the ratio of two peaks spaced at N full cycle intervals, while the
first peak does not have to be the actual first peak of the sampled signal, which allows
for analyzing the damping at different intervals of the sampled signal.
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Figure D.2, Graphical overview of logarithmic decrement method

From the logarithmic decrement from (D.9) we can calculate the damping ratio 
using the simple relationship between the two quantities






nT 2

(D.10)

This basic method to determine the logarithmic decrement has some drawbacks. In
case the signal is not really symmetric on the positive and negative amplitude side, or
the calculated equilibrium point is a little off, this method will result in erroneous
values for the logarithmic decrement. To compensate for this the method can be
expanded to include the half-cycle turning points as well as the full cycle turning
points, see Figure D.2. This method also can include an arbitrarily number of turning
points and can be calculated using equation (D.11),
  2 ln(1 

x0  xn
)
 xi

i  0,1, 2 n  1

(D.11)

with x 0 and x n both positive values

Half power bandwidth method
Besides the logarithmic decrement method which is calculated in the time domain,
there is a method that can be used in the frequency domain. This method can be used
on the natural frequencies of a sampled signal that appears in a frequency amplitude
plot as pronounced peaks. The width of this peak is a measure for the damping
present in the measured structure. When more than one peak exists in the signal the
damping for each peak can be determined using this method. The important
properties that are used in the method are shown in Figure D.3.
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Figure D.3, Half power bandwidth method

The frequency n is the frequency corresponding to the peak of the graph. At half
power, which corresponds to the value at the peak divided by √2 the half power
frequencies, 1 and 2 are found to the left and right of the peak value respectively.
These values can be used to calculate the damping ratio using equation (D.12)

  21

2  1
n

(D.12)

For this method to be valid one has to make sure enough datapoints are available in
the area of the peak. This can be achieved by having sampled the vibration a sufficient
length of time, see also Appendix B.1
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D.4 Experimental results
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Test-overview variant: SW-30-5-30 - EPDM
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Appendix E , Analytical model of sandwich beam with
damping
E.1 Auxiliary mathematical equations
In chapter 7 the analytical theory is developed for determining the damping in a
sandwich beam. In order to not unnecessarily clutter the chapter with intermediate
results and auxiliary equations these are included in this appendix.
Equation (7.23) lists the equilibrium equations and is repeated here

dMs

 Qs  0


dx
(E.1)

dQs

 q  N s w ''  0

dx
When the expressions for the section forces according to equation (7.22) are
introduced this becomes where the expression for N is not expanded for now.

BS  '' Bw ''' GS    Bt  Bb  w '''  0 

GS  '  Bt  Bb  w IV  q  N s w ''  0 

(E.2)

With replacing the total bending stiffness B with its components this becomes

BS  '' ( BS  Bt  Bb )w ''' GS    Bt  Bb  w '''  0 

GS  '  Bt  Bb  w IV  N s w ''  q

Which can be reduced to

(E.3)

BS   '' w '''   GS   0


(E.4)

GS  '  Bt  Bb  w  N s w ''  q 
The equation (E.4) represent the coupled differential equation that describes the
deflection and shear angle of the beam with general boundary conditions. It proves
possible to decouple them which makes them easier to handle. First the second
equation in equations (E.4) is reordered to
 B  Bb  IV
q N s
(E.5)

w '' t
w
'
GS GS
GS
Differentiating it twice this becomes
IV
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q '' N s IV  Bt  Bb  VI
(E.6)
w 
w

GS GS
GS
Differentiating the first equation in equations (E.4) and using equations (E.5) and
(E.6) this results in an equation that only contains expressions of w.

 ''' 

 q '' Ns IV  Bt  Bb  VI

 q N
 B  Bb  IV 

BS 
w 
w  w IV   GS   s w '' t
w   0 (E.7)
GS
GS
 GS GS

 GS GS

With first some reordering followed by dividing by Bs and grouping similar terms
together conform the steps in equations (E.8)

 N
 B  Bb  VI IV 
q '' BS
q
BS   s w IV  t
w  w   N s w ''  Bt  Bb  w IV 
GS
GS
 GS

 B  Bb  IV q '' q
N s IV  Bt  Bb  VI
N
w 
w  w IV  s w '' t
w  
GS
GS
BS
BS
GS BS

(E.8)

N
 B  Bb   IV Ns
q q ''
wVI   s  1  t
w ''  
w 
GS
BS
BS
BS GS
 GS

This leads to the uncoupled differential equation for w according to


 Bt  Bb 



 Bt  Bb 
GS

N
N
B
q '' q
wVI   s   w IV  s w ''   
BS
GS BS
 GS BS 

(E.9)

Similarly the uncoupled equation for  can be found by rewriting the first equation in
equations (E.4) as
GS
G
(E.10)
  w V   IV  S  ''
BS
BS
Using (E.10) with the second equation in equations (E.4) which is first differentiated
once after some rewriting similar to (E.8) an differential equation for  is obtained.
w '''   '' 



 Bt  Bb 
GS

 Ns B 
N
q'
   '' s   
BS
GS
 GS BS 

 IV  

(E.11)

In order to reduce the order of the differential equations (E.9) and (E.11) they are
integrated two times with respect to x. With the relation between the section forces
according to
dM s
 Qs ,
dx

they become
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dQ s
 q
dx

(E.12)

Bt  Bb IV B
M
q 
w  w ''   s  
GS
BS
BS GS 
(E.13)

Bt  Bb
Qs
B


 ''   

GS
BS
GS
For convenience equations (E.13) can be rewritten using the dimensionless
expressions according to (7.26). Multiplying both equations with the reciprocal
expressing before the term of the highest order they become


BGS
M s GS
q 

w '' 
BS  Bt  Bb 
BS  Bt  Bb  Bt  Bb 

BGS
Qs

 ''
 
BS  Bt  Bb 
Bt  Bb

w IV 

(E.14)

Expanding the expression for 2 in (7.26) we find the following relation
Bt  Bb
 B  Bt  Bb  GS 2
BS
BGS  2
1

 S

2 
Bt  Bb BS

 Bt  Bb  BS
 Bt  Bb  BS
BS GS  2
1

(E.15)

Using (E.15) in both equations of (E.14) we get
2
2
2

   M    qBS 
w IV    w ''    s   


   B    BGS 

2
Qs BS B GS  2


 ''     
2

B
B
B
B
G



 
t
b
S
S


(E.16)

Reordering the terms a bit according to
2
2
B 2 
1 

w    w ''     Ms  S 2 q 
B   
BGS  

(E.17)

2
B GS 2
1 BS


Qs 
 ''     
B GS 2 BS  Bt  Bb 


It becomes clear how the terms are the same as the expressions introduced in
equations (7.26) and (E.17) can be written as
IV
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2
2

1

w    w ''     Ms   2 q  
B  



2

1

 ''       2 Qs

B


IV

(E.18)

E.2 Solving differential equations for sandwich beam for the case of simply
supported beam
The differential equations (E.18) have the solution in the form


 x 
 x 
w  wc  w p  C1 cosh    C 2 sinh    C 3  C 4 x  w p 
  
  


x
x

   c   p  D1 cosh    D2 sinh     p

  
  

(E.19)

These solutions must also fulfill the original differential equations from (E.4) for
which the first equation can be rewritten with the dimensionless expressions from
equation (7.26) in the following steps



BS
 '' w ''' 
GS

(E.20)

      '' w ''' 
When the equations (E.19) are differentiated according to (E.20) this becomes
2

x 
x 
D1 cosh 
  D2 sinh 
 p 
  
  
   2 

x 
  x 
(E.21)
    D1 cosh 
  D2 sinh 
    p '' 
 
  
  

2 
 
3

     C 1 sinh   x   C 2 cosh   x    w p ''' 
  

  
  



This equation can be fulfilled when all coefficients of similar terms add up to zero.
This results in two similar equations
3
   2


D1    2    D1    C 2  

  


2
3



2  
D2       D2    C 1  
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(E.22)

As these equations are of similar form only the first of these will be treated further.
2
3

 

D1  1    2       2   C 2

   


(1   )
D1    2  1  
C2
 

D1 

(1   )
1
(1   )
1

C2
C2
2
1


     1



(E.23)



(1   )
(1   )
C 2 similarly
D2 
C1


Solving for the constants in the case of the boundary conditions as defined in
equation (7.30) the constants are
D1 

  2   w p ''(0)cosh     w p ''(  )
C2   2 
sinh   
 
(E.24)
2
2
 
   w p ''( L )  w p ''(0) w p (  )  w p (0)
C 3   2  w p ''(0)  w p (0) , C 4   2 



 
 
In these constants the particular solutions are present. To find the actual values for
the constants in equation (E.24) the particular solution has to be found. For the
second differential equation in equation (E.18) and using the equation for Q according
to equation (7.31) we find
 2 
C 1    2  w p ''(0) ,
 

2

q
1

 ''       2 0    2x 

(E.25)
B
2

which can be condensed by grouping the constants together using equation (E.26)
E

resulting in

2
2

,

F 

1
 2 q 0 ,
2B

G  F

 '' E  2Fx  G

(E.26)
(E.27)

When we take the particular solution in the same form as the right side of equation
(E.27).

 p  Hx  K



 p ''  0

(E.28)

Using (E.28) in equation (E.27) it becomes

0  E  Hx  K   2Fx  G

(E.29)
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By comparing coefficients in this equation we get

EHx  EK  2 Fx  G


EH  2 F 

EK  G 

1

2  2 q0

2 F
1
H
  2B 2
   q0  2 

E
B

2



1
2

q0 

G 2B
1
3

K 

 q0 

2
E
2B

2


(E.30)
Using H and K in the assumed form for the particular solution from (E.28) it
becomes

 p  Hx  K 
p 

1
1
  q0  2 x   q0  3
2B
B

1
 q0  2 (   2 x )
2B

(E.31)

Similarly the particular solution for wp can be found to be

wp 

q0  4
12 2 2 
3
 x  2 x  2  x 

24B 


(E.32)

With these equations for the particular solution it is possible to write the constants in
their definite form. First the appearances of the particular solution are determined
explicitly.

w p (0)  0,

w p ( ) 


1
4 
q0  4  12 2 
 
24B 

q 2
w p ''(0)  w p ''(  )   0 2
B 
Using equations (E.33) with (E.24) we get
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(E.33)

 2   q 2 
C1    2    0 2  ,
    B  

  q0  2 
 q0  2  
cosh









2
2 

 2    B  
 B   
C2   2 
sinh   
 

 2   q 2 
C3   2   0 2   0 ,
   B  

(E.34)

 q 0  2   q0  2 
 4
1
4 
q
12







0
0
2  
2 
 2 
 2   B    B   24 B 
C4   2 



 
Which can be rewritten into
q 4
q 4 cosh     1
C1   0 4 ,
C2   0 4
B 
B  sinh   

q 4
C3   0 4 ,
B 

q 3  1
1 
C4  0  

B  24 2  2 

(E.35)

With the constants determined they can be used in equation (E.19) together with the
particular solutions from (E.31) and (E.32) while keeping in mind the relation between
the constants from the two differential equations according to equation (E.23) the
resulting equations that are expressed as an function of x, with =x/ℓ, become for the
vertical displacement w()

w( ) 


q0  4
q0 4 cosh     1
q0  4


cosh
sinh






B  4
B  4 sinh   
B  4

q0  3  1
q 
1 
12 2 2 
x 
x  0  x 4  2 x 3 
 
2 
B  24 2  
24 B 
 2


 1 
cosh     1

sh
sinh
1


co









4
sinh   

q0 4   
w( ) 


B   1

1
1

4
3
  2  2  2  2     24     2   

 


(E.36)

 1 

cosh     1
1


sinh     1 
1




 4 cosh    

2
q    

sinh   
 2 
w( )  0 

B  1

3
2
 24  1    2  

4
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and the shear angle, 

 (x ) 

4
(1   )  q0 4 cosh     1 
  x  (1   )  q0 

cosh






  B  4 sinh    
  B  4
  

1
 q0  2 (   2x )
2B
 
q 3  1
1  cosh     1 
 ( )  0   1  2   
 cosh     sinh     
  sinh    
B  2
 



 x 
 sinh 

  

(E.37)

These equations have a slightly different form for the terms with the trigonometrical
functions than those found by Stamm, but it can be shown that they give equal results.
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Appendix F , Towards the design of lightweight floor systems
for vibration comfort
F.1 Structural analysis of a floor with beams versus solid floor systems

Figure F.1, Comparing a solid floor system (left) to a floor system consisting of beams (right)

The two typologies used in floor systems shown in Figure F.1, can be compared by
their mass to bearing capacity ratio. A representative part of each floor system will be
analyzed. For this the width of the solid slab will be taken to be equal to the width of
the floor consisting of beams. Similarly h will be chosen such that both sections area’s
are equal.
Asolid  Abeam
(F.1)
For the solid slab the section area, the second moment of inertia and moment of
resistance can be calculated using equation (F.2).

Asolid  bh
(F.2)
1
1
I solid  b h 3
Wbeam  b h 2
12
6
For the floor consisting of beams additional constraints are assumed relating the width
of the beams to that of the solid slab as well as relating the deck height to the overall
height h . Determining the section area of the floor consisting of beams and using
equation (F.1) h can be expressed as a function of h.
h  3.5714h

(F.3)

Before calculating the section properties first the centerline has to be determined
using equation (F.4)
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h
b  0.95h  2b 0.9h 0.45h
z c .l .  10
 0.6285h
(F.4)
h
b  2b 0.9h
10
Now both the second moment of inertia and moment of resistance can be calculated.
I beam  121  0.1h  b  2 121  0.9h  b  0.1hb  0.95h  z c .l .   2  0.9hb  0.45h  z c .l . 
3

3

2

I beam  0.0283bh 3  15.46I solid

Wbeam  Ibeam / z c .l .  2.051bh 2  12.30Wsolid

2

(F.5)

(F.6)

From this it can be concluded that both ratios are positive for the floor system
consisting of beams for a configuration with the same section area and thus mass.
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