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ABSTRACT
Jarnerö, Kirsi (2014). Vibrations in timber floors – Dynamic properties and
human perception Linnaeus University Dissertations No 195/2014, ISBN: 9789187925-23-8. Written in English.
Springiness and vibrations of timber floors are familiar to many as a ‘live’ feel
when walking on them, especially if living in single family housing with timber
framework. Since the building regulations in Sweden changed to performancedependent requirements in 1994 the use of timber in multifamily housing has
increased. New timber building systems have been developed and increased
bearing capacity of floors has made it possible to build with longer spans. The
low mass of timber floors makes them more sensitive to dynamic loading by
human activities, such as walking, running and jumping, compared to heavy
floors e.g. concrete floors. To improve vibration performance it is possible to
change the structural properties of the floors by increasing mass, stiffness or
damping properties. The most practicable solution is to increase the stiffness.
Improved damping is also highly effective, but is difficult estimate and design
accurately since it originates from many sources in the finished building. In the
present thesis the effects on dynamic properties from increased stiffness
transverse to the load bearing direction of a floor have been assessed from tests
in laboratory. The effect on dynamic performance of a timber floor from
elastic/damping interlayers (polyurethane elastomers) installed in the junctions
between walls and floors have been assessed in laboratory and in situ. Also the
change in dynamic properties of an in situ floor has been investigated at
different stages of construction and compared with results from laboratory tests.
The present criteria for design of timber floors with respect to vibration
performance were developed at a time when timber floors were mainly used in
single-family housing. The traditional timber joist floors differ in structural
behaviour from the new types of floors developed recently. The experienced
vibration annoyance by residents in single- and multifamily housing differs as
the source of vibration disturbance and those who become disturbed are
different. The changed conditions give cause for a review of present design
criteria. A laboratory and field study on vibration performance was conducted
with questionnaires and dynamic performance measurements. The subjective
and objective results were correlated and indicators for vibration acceptability
and annoyance were assessed and new vibration performance criteria and
vibration performance classes were suggested.
Keywords: wooden floor, timber floor, vibration, design criteria, damping,
frequency, questionnaire, field test, socio-vibrational survey, vibration
annoyance, vibration disturbance
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SAMMANFATTNING
Svikt och vibrationer i träbjälklag upplevs ofta som en "levande" känsla när man
går på dem, speciellt om man bor i ett enfamiljshus med trästomme. Seden
brandkraven 1994 ändrades från material- till funktionsbaserade krav har
användningen av trä i stomsystemet till flerbostadshus ökat. Nya
träbyggnadssystem har utvecklats och en ökad bärförmåga i bjälklagen har gjort
det möjligt att bygga med längre spännvidder. Den låga massan hos träbjälklag
gör dem dock mer känsliga för dynamisk belastning orsakad av personer som
går, springer eller hoppar på bjälklaget, jämfört med tunga bjälklag som
exempelvis betongbjälklag. För att förbättra vibrationsegenskaperna kan man
ändra på bjälklagets mekaniska egenskaper och öka massan, styvheten eller de
dämpande egenskaperna. Den mest praktiska lösningen är att öka styvheten. Att
förbättra de dämpande egenskaperna är också mycket effektivt, men det är svårt
att uppskatta effekterna av inbyggda dämpningslösningar och säkerställa
effekten, eftersom hela den sammansatta byggnadskonstruktionen bidrar till den
totala dämpningen. I denna avhandling har effekterna av ökad styvhet tvärs
bjälklagets bärningsriktning undersökts i laboratorium. Effekten på de
dynamiska egenskaperna från elastiska/dämpande mellanlägg (elastomerer av
polyuretan) placerade i knutpunkten mellan vägg och bjälklag har undersökts
både i laboratorium och i fält. Dessutom har effekten på bjälklagets dynamiska
egenskaper från olika stadier under uppförandet av ett bostadshus undersökts
och resultaten har jämförts med testerna i laboratorium.
De nuvarande konstruktionskriterierna med avseende på vibrationer i träbjälklag
utvecklades då träbjälklag främst användes i småhus. Det konstruktiva
verkningssättet hos traditionella träbjälklag med sågade träreglar och
skivmaterial skiljer sig från verkningssättet för de nya typer av träbjälklag som
utvecklats på senare tid. Den upplevda störningen av vibrationer för boende i
enfamiljshus och flerbostadshus är olika eftersom källan till störning och de som
blir störda skiljer sig åt. De förändrade förhållandena för både användning och
utformning av bjälklag ger anledning till en översyn av de nuvarande
konstruktionskriterierna.
Enkätstudier om upplevd vibrationskomfort genomfördes både i laboratorium
och i fält och vibrationsegenskaper för bjälklagen bestämdes med dynamiska
mätningar. De subjektiva resultaten från enkäter och objektiva resultat från
mätningar korrelerades för att hitta indikatorer för acceptans och störning av
vibrationer. Dessutom utvecklades ett förslag på kvalitetsklasser för
vibrationsegenskaper i bjälklag.
Sökord: träbjälklag, vibrationer, konstruktion, kriterier, dämpning, frekvens,
enkät, fält mätning, störning, acceptans, upplevelse, socio-akustisk studie
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1 INTRODUCTION
1.1 Background
To save natural resources a transition to a bio-based economy - a more resource
efficient economy based on sustainably produced renewable raw materials is
commonly discussed. Timber is a renewable material and the timber used in
construction acts like a carbon sink during the lifetime of structures. Despite
national efforts in Sweden, the share of timber in large-scale constructions is
still modest. The construction industry represents a socio-technical system that
is strongly linked to using concrete and steel as building materials. To enable an
increase in large-scale timber constructions more competitive building systems
and products with timber have to be developed. Increased use of timber and
wood-based materials are also relevant with respect to socio-cultural and
economic sustainability. Swedish forest products are produced sustainably and
create employment in rural areas; sawmills and wood processing industry are
important activities for small towns across Sweden. The number of jobs
increases when the forest is processed into engineered wood products instead of
being sold as pulpwood or planks and boards. The development of timber
building systems with acoustic performance that fulfills consumer expectations
is an important part of this. The present work contributes to an increased
knowledge about vibrations in timber floors and improves the possibility of
builders, contractors and suppliers of building systems with timber framework
to ensure a good vibrational performance of floor structures.
The vibration of floors is not a new phenomenon in buildings. The ‘live’ feel of
timber floors when walking on them is familiar to many, especially if living in
single family housing with timber framework. The use of timber in multifamily
housing in Sweden has increased ever since the building regulations changed
from material-dependent to performance-dependent requirements in 1994. New
building systems have been developed. Thus, traditional solid timber joist floors
with sheathing of chipboard have to a large extent been replaced by floors
including engineered wood products (EWP) as laminated veneer lumber (LVL)
and cross-laminated timber (CLT) in the loadbearing beams and the floor plate.

1
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These new types of floors differ in loadbearing characteristics compared to
traditional joist floors as the load bearing capacity is higher both in the load
bearing direction and in the direction transverse to it. This, of course, means
improvements also with respect to vibration performance, but since the new
design allows building with long spans the issue with floor vibration induced by
human activities is still very important.
Research on vibrations in lightweight floors concerns issues on how floor
design, support conditions and different structural components affect the basic
dynamic properties – natural frequencies, damping ratios and mode shapes. It
also concerns the human perception of vibrations, comprising e.g. loading by
human activities and comfort issues as acceptability and disturbance, including
methods for measurement and evaluation of these properties.

1.2 Objectives
The main objective of the present work has been to contribute to an increased
knowledge about vibrations in timber floors with regards to the new type of
timber building systems developed in recent years. Another objective has been
to contribute to the improvement and development of design criteria and
guidelines. This has been done by investigating different areas of interest
associated with timber floors as follows


The effect of improved structural design on dynamic performance of
floors was evaluated. Effects of increased stiffness properties were
specifically addressed since it is assumed that the stiffness is the most
affordable and efficient parameter to improve vibration performance of
timber floors.



Since the knowledge of damping in the new types of building systems
used in multi-family housing is limited and the use of damping in
serviceability design is simplistic, the influence of damping was
especially investigated. The structural design of the new type of floors
differs from traditional floors used in single family housing. Often they
involve special design solutions aiming at improved sound quality. This
is sometimes achieved by including elastic damping materials to reduce
sound transmission. The effect of such materials on the dynamic
performance of a floor was investigated in laboratory and in field.



The human perception of vibrations in timber floors was investigated
both in laboratory and in field. The present serviceability criteria for
vibration performance were developed for single family housing. Since
the use of timber floors today to a large extent also includes multifamily housing it is important to validate that the criteria in use provide
floor vibration performance that meets the expectations of the residents

2
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also in these houses. The present serviceability criteria and guidelines
for vibration performance are evaluated with regard to perceived
vibration disturbance by residents.
The work has been limited to residential buildings, since other kinds of premises
with timber framework are limited. The floor types considered in the present
work are high-frequency floors and consequently the problems associated with
low frequency heavy weight floors are outside the scope of the present work.

1.3 Outline of the thesis
This thesis comprises six appended papers that are presented in their original
format at the end of the thesis. In Chapter 2 different aspects of the research
field on vibrations in lightweight floors, such as structural properties, human
induced and human perceived vibrations and dynamic measurements are
discussed in some detail. In Chapter 3 an overview of the appended papers is
given. For each paper, a background, an aim and scope section and a summary
of findings are presented. The summary is held brief for all papers except for
paper VI, for which the respondent, Jarnerö, is third author. The extended
discussion there is due to the somewhat different fields of interest between this
thesis and the appended paper. The results that are discussed in more detail are
those that are of interest to with regard to the present work, but not discussed
thoroughly in the appended paper. For some of the papers that were published
several years ago, an additional section called “Further discussion and findings”
has been included in which supplementary comments and later results are
presented. In Chapter 4 the major conclusions are first summarized and after
that the implementation of results is discussed and suggestions on further
research are given.

3
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2 FLOOR VIBRATION
There are many aspects of vibrations in timber floors. In this chapter first some
basics on structural dynamics and its application to floor vibrations are given,
followed by subchapters on human induced vibration, prediction of vibration
performance and finally dynamic measurements.

2.1 Basic dynamics and structural properties of
rectangular floors
The vibration response of a floor when subjected to dynamic loading depends
on the dynamic properties of it. The basic dynamics of a floor may be illustrated
by a single degree of freedom (SDOF) system. An undamped SDOF system
consists of a mass m vibrating on a linear elastic spring of zero mass and
stiffness k. The free vibrations of the system are obtained applying Newtons´s
second law of motion, giving

mx  k  0 or

2
x   n x  0

(1)

where  n  k / m (radians/s) is the angular natural frequency of the system
which may be transformed to the more commonly used natural frequency fn
(Hz) by

fn 

n
1

2 2

k
.
m

(2)

The importance of the stiffness to mass ratio to the value of the natural
frequency is clear from the equation. Timber floors have a higher stiffness to
mass ratio compared to heavy concrete floors and thus in general also higher
natural frequencies.

4
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When an eigenvalue analysis is performed on a multiple degree of freedom
(MDOF) model, the physical parameters mass and stiffness of a floor structure,
together with the floor plan geometry and boundary conditions define the modal
properties; natural frequencies, mode shapes and modal mass. In addition to
these there is also the modal damping, which defines the decay of a certain
mode shape and is necessary to include when analysing response to dynamic
excitation. A floor structure should be considered a MDOF system rather than a
SDOF system. A MDOF system comprises multiple sets of modal parameters
i.e. multiple natural frequencies with associated mode shapes and modal masses.
The support conditions affect the mode shapes. Figure 1 shows the typical mode
shapes of a rectangular floor with joists in the loadbearing direction (dashed
lines) and simply supported support conditions on all four sides. The first-order
mode shapes are shown i.e. the first mode shape in the load bearing direction (a
half sine-wave) together with the four first mode shapes in the direction
transverse to the load bearing direction (increasing number of half sine-waves).

Figure 1. Typical mode shapes of a floor simply supported (ss) on four sides. Joists are
marked with dashed blue lines.

In Figure 2 the corresponding mode shapes for a floor, simply supported on two
opposite edges and free on the other two, are shown. The first mode shape in the
load direction is the same, but the mode shapes in the transverse direction differ.
The number of modes transverse to the load bearing direction with natural
frequencies lower than the second mode in the load bearing direction (one
period sine wave) will be different depending on floor plan geometry, i.e. span
length and width, and the stiffness properties of the floor.

5
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Figure 2. Typical mode shapes of a floor simply supported (ss) on two opposite sides and free
(f) on the other two sides. Joists are marked with dashed blue lines.

Not only the fundamental frequency but also the number of natural frequencies
below some threshold value, and the spacing between them, has been found to
have effect on the human perception of floor vibration performance [1, 2, 3]. In
addition to mass and stiffness, also damping is very important for vibration
performance and each of these three properties of a timber floor are further
discussed below.

2.1.1

Mass

The mass of a building with timber framework is much lower than that of a
building with a concrete framework. A low mass may be desirable on sites
where poor ground conditions involve expensive foundation work. Also in
densification projects when storeys are added to existing buildings a low mass
of added framework is necessary in order to enable use of excess capacity of the
existing loadbearing structure and foundations and to minimize the need of
structural reinforcements. It is also desirable when prefabricated volumes or
plane elements are transported and installed on a building site, which is a
common construction method in Sweden. Unfortunately, however, low mass of
floors implies higher sensitivity to excitation by human activities and higher
vibration amplitude when excited with an impact force.
The mass is a parameter that is relatively easy to change in a real structure and it
is also comparatively easy to estimate and predict the consequences of changed
mass in design calculations. Addition of concrete or gypsum (poured topping)
on top of the floor is commonly used for fire protection and improved acoustic
properties of the floor, especially in North America. This is desirable in
particularly in multifamily houses. It has been found that the stiffness properties
are improved and the deflection of the floor decreases [4, 5] due to such
measures. If the stiffness does not increase proportionally to the mass, increased
mass decreases fundamental frequency and reduces damping [5], which may
result in poor vibration performance. Imposed loading on the floor has been

6
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found to increase the damping [6]. In Sweden, poured toppings are generally not
used; instead acoustic performance is improved by applying additional mass in
the form of gypsum boards on top of the load carrying board material.
The effect from the presence of a person on a floor is larger on floors with low
mass than on floors with high mass and the effect is larger on the damping than
the frequency [7, 8].

2.1.2

Stiffness

Traditional timber floors in Sweden consist of joists in the load bearing
direction and a sheathing of structural board on top of the joists (sub-flooring).
This structural design makes the floor stiffness properties strongly orthotropic
with a much higher bending stiffness in the loadbearing direction than in the
transverse direction. From a dynamic point of view the orthotropic properties
become obvious as the modes will have a tendency to be clustered and that the
spacing between them, i.e. the difference in frequency, will become small [9, 2].
This is not good with respect to vibration performance since the vibration
amplitudes will be high when transverse stiffness is low. The number of modes
with frequencies below a certain value will be high for a floor with low flexural
stiffness in the transverse direction, compared to a floor with higher stiffness,
and the presence of many modes in the frequency range up to approximately
50 Hz gives poor vibration performance [9, 10, 11]. An increased transverse
stiffness in a joist floor may be achieved by using one or several rows of
bridging between joists. A concentrated load will then be distributed to adjacent
joists, resulting in beneficial load sharing. To be effective, the bridging has to be
firmly fastened to the joists, not allowing relative movements between the joists
and bridging. Even small movements reduce the efficiency and, for instance,
glued and screwed blockings are more effective than nailed ones [1, 9, 10, 11].
Bridging between truss joists and I-joists has been found to be less effective
than between sawn lumber joists [12]. Another way to increase the transverse
floor stiffness is to use a board with high stiffness properties on top of the load
bearing joists. This may be achieved by using engineered wood products as for
instance CLT or LVL. These products have become increasingly common in
new building systems.

2.1.3

Damping

Damping of a structure is the property that makes an induced mechanical
vibration decline and finally stop. The mechanical vibration energy is
transformed into predominantly thermal energy that is transmitted to the
surrounding air or media as heat. The damping of a finished structure is not
possible for designers to estimate in the same way as the mass and stiffness
properties, much because the total damping effect is the sum of damping
contributions from many different sources. The damping of a finished structure
is difficult to improve without major changes of the design, often leading to

7
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expensive solutions with uncertain outcome with regard to the performance.
Using tuned dampers, which is sometimes used for wind-induced vibrations in
high-rise buildings, could be possible. The effect of including tuned dampers in
floor structures were investigated in [3], where suspended ceilings of
lightweight steel-framed floors were equipped with dampers to increase the
damping properties and the vibration performance. Timber-framed structures
generally possess higher damping than steel-framed structures or heavy concrete
structures. Typical ranges of damping values for floors in different types of
structural systems are included in annex B of the international standard ISO
10137 [13]. The table from the annex is reproduced in Table 1 below. The
typical range and extreme range of damping values for certain spans are
presented and suggestions on values to use in design of bare floors are given.
Table 1. Table B2 from ISO10137 annex B [13].

Type of floor

Steel joist/concrete slab
simply supported
Steel joist/concrete
continuous slab
construction across walls
Fully composite steel
beams with shear
connectors to concrete slab
Prestressed concrete,
precast
Reinforced concrete,
monolithic
Wood joist floors

Range of
spans for
damping
ratios
given
(m)

Damping ratio 
(% of critical)
Typical
Extreme
range
range

Values for
preliminary
design of bare
floors

9 – 15

0.8 – 3.0

0.6 – 7.4

1.3

4–8

1.0 – 5.0

0.8 – 8.6

1.5

6 – 20

1.5 – 5.0

0.5 – 8.0

1.8

2 – 15

0.8 – 3.0

0.5 – 6.5

1.3

5 – 15

1.0 – 3.0

0.6 – 5.0

1.5

2–9

1.5 – 4.0

1.0 – 5.5

2.0

NOTE

Damping ratios depend on the type of construction, material, presence of non-structural elements, age, quality of
construction and amplitude and frequency of vibration. For concrete structures the presence or absence of cracks is
also significant. For any form of construction, the type of joint and the type of bearing employed play an important
role in damping. For floors, the presence of some floor and ceiling finishes and partitions can increase the damping
ratio considerably.

The damping ratio depends on the type of timber structure, assembly of
structural parts and support conditions, but also on additional effects from nonstructural components such as partitions, raised floors, suspended ceilings and
furnishing. The damping ratios differ between different modes of vibration as a
certain mode shape gives more or less energy dissipation within the structure
since internal damping and friction, for example, is different for the different

8
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modes. There is little information available about the contribution to the total
damping from different sources in timber structures. The values that are
recommended for design purposes, i.e. the rightmost column in Table 1, are
rough estimates, which is evident from the wide ranges of values presented in
the columns showing typical and extreme ranges. Furthermore in [14] a model
to predict material damping in timber floors, in which each component
contributes to the total material damping of the floor structure, was suggested.
Further work within this field should be encouraged resulting in better estimates
of the damping, valid for the types of structures actually being used.
2.1.3.1 Damping models and parameters
The inherent materials of a structure have different damping characteristics and
contribute in varying degrees to the total damping of the structure. This type of
damping is referred to as material damping. In the connections between surfaces
of different materials and in the junctions friction also causes damping. This
type of damping often forms the dominant part of the total damping of a
structure. There are two main models used to describe damping mathematically,
namely the viscous model and the hysteretic model. These models are described
below, together with the commonly used parameters to define damping
properties of materials which are the viscous damping coefficient c, the
hysteretic damping coefficient d, the damping ratio , the structural damping
factor  and the loss factor  [14, 15, 16, 17, 18].
Viscous damping
In the viscous damping model the damper is commonly described by a piston
inside a cylinder with a viscous fluid. The generated damping force is
proportional to the velocity of the piston. When including a damper the equation
of motion of a SDOF system becomes

mx  cx  kx  0 or

x 

c
x   n2 x  0
m

(3)

where c is the viscous damping coefficient. The solution of Equation (3) is

x(t )  A1e 1t  A2 e 2t

(4)

where A1 and A2 are determined from the initial conditions and 1 and 2
become

1, 2  

2

c
k  c 
j

 .
2m
m  2m 

(5)

By substituting k/m with the undamped natural frequency n2 from Equation (2)
the critical damping ccr of the system may be deduced from the square root part
of the expression, by
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ccr  2m n

or ccr  2 km .

(6)

The critical damping for a system is the minimum level of damping that stops
the system from oscillating i.e. the system returns to equilibrium after an
applied displacement without oscillation. Structural systems are mostly lightly
damped and the damping is commonly expressed as the damping ratio , which
is the ratio between the present and the critical damping

 

c
c
c
.


ccr 2m n 2 km

(7)

Depending on the value of the damping ratio three types of systems are
possible; underdamped systems where  < 1and vibratory motion exists, overdamped systems where  > 1 and no vibratory motion exists and the
intermediary value when  = 1, which is defined as a critically damped system.
Hysteretic damping
For real structures the damping caused by hysteresis in the included materials
and friction in interfaces between the materials is not possible to model
adequately by the described viscous damper model. For hysteresis and friction
phenomena it has been found experimentally that the energy lost per cycle of
loading is independent of the loading frequency and approximately proportional
to the square of the amplitude, whereas the energy lost per cycle of loading, for
a viscous damper depends on the loading frequency. To model the damping
caused by hysteresis and friction hysteretic damping (also called structural
damping) the equivalent damping coefficient, ceq, is used. It is inversely
proportional to the frequency and defined as

ceq 

h



(8)

where h is the structural damping coefficient. The structural damping is
proportional to the displacement and in phase with velocity. The analysis with
hysteretic damping must be performed in the frequency domain since rigorous
mathematical solutions do not exist in the time domain. Generally the
application is focused on forced response analysis.
Other types of damping in addition to viscous and structural damping are e.g.
Coulomb and fluid damping. In practice it is usually necessary to combine all
damping into a single form, approximating all the available damping effects.
Thus the equivalent viscous damping coefficient ceq makes it possible to relate
other forms of damping to the viscous damping coefficient by comparing the
amount of energy dissipated during a cycle of forced harmonic loading. A
commonly used special case of the viscous damping model is Rayleigh damping
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or proportional damping in which the damping is proportional to the mass
and/or stiffness of the system.
Structural damping factor 
Besides the viscous damping coefficient c, the hysteretic damping coefficient h
and the damping ratio , there is another parameter, the structural damping
factor , which can also be used to describe the damping of a material.
The hysteretic damping model is possible to use in forced vibration analysis.
For a SDOF system with a hysteretic damper the forced motion equation
becomes

mx  ceq x  kx  f (t )

(9)

For a harmonic problem it becomes




  2 mx  k 1  i 2  eq  x  f (t )
n



where

 eq 

ceq
ccr



h
2 m n 

(10)

(11)

At resonance when =n

mx  k (1  i ) x  f (t )

(12)

where k(1-i) is referred to as the complex stiffness in which =2eq = h/k is
called the structural damping factor.
Loss factor 
The loss factor  may be interpreted as the energy lost U per cycle of
harmonic steady state loading of a material and expressed



U
2U max

(13)

where Umax is the maximum energy per cycle. For a linear viscous material the
damping ratio  is equivalent to

  2 .

(14)

The effect on the damping of a whole structure from a polymer material, in
addition to the damping of the material, also depends on the material stiffness.
The combined effect is modelled by the complex elastic modulus E(1-iE) and
the complex shear modulus G(1-iG), where E andG are the elastic and shear
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loss factors respectively. From a comparison with Equation (10) it is found that
the complex stiffness k(1-ih/k) is similar to the complex elastic modulus and the
complex shear modulus. Thus the complex stiffness can be expressed as k(1-i)
and the structural damping factor  is found to be equivalent to the loss factor .
2.1.3.2 Estimation of damping
To obtain accurate values of modal parameters, especially modal damping
values, it is best to perform an experimental modal analysis (EMA), see section
2.4. However, there are methods commonly used to obtain damping estimates
from less extensive measurements. The simpler SDOF analysis methods analyse
one mode at a time from either frequency or time domain data. The time
domain based methods are e.g. the commonly used logarithmic decrement and
envelope fitting methods in which the decay of the free vibration response curve
is analysed. A commonly used SDOF method in the frequency domain is the
half-power bandwidth method, which estimates the damping from the width of
the resonance peaks in the frequency response function (FRF) [14,15]. When
estimating damping values from the decay of vibration in time domain the
obtained value will not represent a single mode, but a multi-frequency decay of
vibration, which overestimates the damping capacity [19, 20]. To obtain
accurate damping estimates with the half-power bandwidth method the modes
of vibration must be well separated in order not to have contributions from
neighbouring modes. Most importantly care must be taken for lightly damped
structures as the resonance value may rely on a single point in the FRF
spectrum. The method is only usable for real modal constants i.e. real modes or
proportionally damped structures [15]. There are, however, other SDOF
methods e.g. circle-fit and line-fit methods, that provide exact estimates of
damping for any level of damping and are usable for both structural and viscous
damping [15]. If the vibration modes are closely spaced, SDOF methods are not
reliable and MDOF modal analysis methods have to be used. In [15, 16, 21] the
theoretical and also practical aspects of modal parameter extraction of MDOF
methods are discussed.

2.1.4 Boundary conditions
The boundary conditions, i.e. the existing supports, have an influence on the
dynamic performance of a floor. If a floor is supported on only two sides or on
all four sides, influences the fundamental frequency to different extent
depending on the transverse stiffness and the width of the floor. According to
findings in [22] all the natural frequencies of a sawn timber joist floor with
nailed floor boards increased when the edges parallel to the load bearing
direction were supported compared to when they were free. For a floor with
similar joists but an oriented strand board (OSB) flooring, in [10] it was found
that only the frequencies of the modes higher than the fundamental one
increased, while the frequency of the fundamental mode decreased. Tests on
CLT floors performed in [23] show, however, that all the natural frequencies
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increase when also the two edges parallel to the load bearing direction are
supported, due to added stiffness to the structure by the supports. Also the
deflection of a floor decreases when supports are added. For a wider floor these
effects become less obvious than for a narrow floor.
If the floor is clamped in between walls of two storeys the clamping effect can
result in a somewhat stiffer behaviour of the floor, with increasing natural
frequencies [3, 8]. The clamping effect may, however, be limited in a timber
structure due to the compressibility of wood, allowing for rotational movement
of the floor in the joints between walls and floor. If the floor is supported on
flexible beams the dynamic performance of the whole system should be
considered, since the fundamental frequency of the system is different from the
fundamental frequency of the floor element alone [24, 25, 26]. This also applies
to the deflection of the system [1]. Floors with continuous joists over an
intermediate supporting wall or beam are commonly used in timber buildings. If
the intermediate support is a beam, its flexibility should be taken into account
when designing the floor with regard to vibration performance. In residential
buildings it is also important to avoid continuous beams over separating
apartment walls, since vibrations otherwise are transmitted between the different
spans and consequently also between the apartments [1].

2.2 Human induced vibration
2.2.1 Floor dynamics
The most common source of dynamic excitation on floors in occupied buildings
is human activities such as walking, running or jumping, of which walking is
the most common source and therefore the most interesting to relate to. Except
from the activity (walking, running or jumping), the force from a step also
depends on the characteristic of the person (weight and walking style) and the
floor construction, but not in any greater extent on the type of footwear [27, 9].
The common range of walking frequency is 1.2 to 2.4 Hz. The dynamic force
from walking has been found to excite frequencies up to the third or fourth
harmonic of the walking frequency [28, 29] or even as high as up to the eight
harmonic [30]. Depending on the value of the fundamental natural frequency of
a floor the response to forces from walking will differ. Low-frequency floors
with natural frequencies below 8-10 Hz that coincide with the harmonics of
walking frequency will respond to walking excitation with resonant vibrations.
The vibration is also maintained by the continuous walking. The resulting
vibration will be dominated by the natural frequency of the floor that is excited
the most by the walking frequency and its harmonics. Figure 3 shows an
example of resonant vibration response of a floor excited by walking with
constant pace.
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Figure 3. Resonant vibration response of floor excited by walking with constant pace. Based
on [47].

High-frequency floors with natural frequencies above 8-10 Hz will not be
excited by the walking frequency and its harmonics. Instead they respond to
each successive heel impact with a transient vibration that is damped out
between the successive steps, see Figure 4. Ellis [30] has, however, argued that
the resonant response of a floor is governed by the damping of the floor and not
only resonance frequencies, i.e. lightly damped floors will have a dominant
resonant response and heavily damped floors will have transient vibration
response to the individual steps. Consequently damping is of great importance
for all types of floors, not only low-frequency floors, and timber floors should
not be too lightly damped. In the future damping should be taken into account
in a more comprehensive way than what is presently done.

Figure 4. Transient vibration response of floor excited by walking with constant pace. Based
on [47].
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2.2.2 Walking load models
In Figure 5 the force-time history of a single step of walking and running,
respectively, are shown. The excitation of a step consists of two peaks that
correspond to the contact force caused by the heel impact (left peak) and the
push-off by the toes (right peak), respectively.

Figure 5. Typical force-time histories for a single step for walking and for a single step
running. Based on [9].

In Figure 6 the force spectrum of a single step from walking is shown. The lowfrequency components up to about 6 Hz are dominant, but there are force
components of significance up to the range between 40 to 50 Hz.

Figure 6. Force spectrum of a single step from walking. Based on [9].

In Figure 7 the force-time history of continuous walking by one person is
shown, the impacts of single steps overlap somewhat, resulting in a series of
pulses.
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Figure 7. Force-time history of continuous walking by one person. Based on [9].

Ohlsson [9] suggested an approximation of the force spectral density AF
(N2/Hz)0.5 for the series of successive steps by fitting a curve to experimental
results from tests on walking excitation by single persons, see Figure 8. The
approximation is fairly accurate in the frequency range from 6 to 50 Hz and is
given by the relationship

3.0  10 4 173.2
AF 

f2
f

(15)

where f is the frequency in Hz. The approximated relationship according to
Equation (15) is shown in the graph presented in Figure 8 together with the
averaged measurement results for successive steps.

Figure 8. Force spectral density AF (N2/Hz)0.5 for the series of successive steps shown in
Figure 7. Approximation of AF by Equation (15) is marked with a dashed line. Based on [9].
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Substantial research has been performed on the dynamic loading by human
activities and suggestions on force models have been presented for; the loading
by walking [9, 20, 28, 29, 30], the loading by several people walking
(uncoordinated activity) [29, 30, 31], the loading from rhythmic activities
(coordinated activities) [28, 32] and the loading from crowds in stadiums,
discotheques and theatres [33,34]. The dominant dynamic excitation in
residential buildings is walking by a single person. In buildings with large
spaces or corridors where several people may be expected to be in motion at the
same time the dynamic excitation from walking of a group of people is more
common and in large spaces as stadiums, discotheques and theatres excitation
from crowds has to be taken into account.
The international standard ISO 10137 - Bases for design of structures –
Serviceability of buildings and walkways against vibration [13] has been
developed with the objective of presenting the principles for predicting
vibrations at the design stage, in addition to assessing the acceptability of
vibrations in existing structures. In annex A of this standard the dynamic force
function expressed as Fourier series in the time domain in both vertical and
horizontal direction are defined for different types of human actions. Different
numerical coefficients are given for different activities such as walking and
running. The group size and level of coordination is taken into account by a
coordination factor that is multiplied with the force.

2.2.3 Human perception of motion
The human sensitivity to vibrations depends on the resonance frequencies of
different parts of the body. The frequency range of interest for whole-body
vibrations range from 0.5 Hz to 100 Hz [35]. The perception threshold base
curve expressed in rms acceleration is shown in Figure 9 and it can be seen that
the perception threshold for vibrations is least for the frequency range between 4
to 8 Hz. Setting the boundary between low- and high-frequency floors at 8 Hz
or higher means that resonant excitation is avoided for high frequency floors in
the most sensitive frequency range. The threshold curve shown in Figure 9 is
based on human response on vibration excitation with single sinusoidal signals.
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Figure 9. Perception threshold base curve for whole-body vibrations in foot-to-head
direction presented in rms-acceleration for a frequency range between 1 to 80 Hz. After
Figure C.1 in Annex C of [13].

Besides the bodily felt vibrations, vibrations may also be perceived as visual
effects when objects prone to vibration on the floor or on other structural parts,
or fittings in connection with the floor, begin to move. This could for instance
be movement of computer or television screens, plant leaves or chandeliers.
Audio effects such as structure-borne sound and vibrations transmitted through
the building structure, can be characterized as rattling, clinking or creaking from
moving objects on the floor or on other structural parts or fittings in connection
with the floor. The vibration disturbance experienced may be a combination of
different effects, which can influence threshold values if taken into account. The
excitation of annoying vibrations may be caused by the person experiencing the
disturbance, but often the source of vibration is someone else. The degree of
annoyance depends on the activity carried out by the person that is disturbed
and his or her relation to the source of disturbance [13] e.g. if the person is
moving, resting or reading, or if the disturbance is caused by a known source
such as a family member or by an unknown source.

2.3 Prediction of vibration performance
The earliest attempts to limit floor vibrations in timber floor serviceability
design were made by limiting the static deflection of the floor, i.e. to ensure
sufficient stiffness of the floor structure. Typically this was done by applying a
deflection limit that is related to the span width, L, as for instance that the
deflection caused by a uniformly distributed live load should not exceed L/600.
The performance of timber floors with regards to vibrations did, however, not
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always meet the expectations of users and during the 1980s and 90s research on
floor vibrations was conducted in several countries. The chronological
development from these years regarding design methods to minimize excessive
vibrations in residential timber floor is described in [36] and also in paper VI of
the present thesis. The work resulted in various methods using different limiting
parameters such as the deflection due to a unit point load [37]; consideration of
unit point load deflection in combination with unit impulse velocity response
[1, 9, 19]; fundamental frequency and rms acceleration [2]; the fundamental
frequency [24]; and the unit point load deflection in combination with the
fundamental frequency [38]. A material independent method based on a limited
fundamental frequency and unit point load deflection for high-frequency floors,
and the rms acceleration of low-frequency floors was suggested in [26].The
different methods also provide guidelines for engineers to assess floor
performance in the design phase of a building and most of them have also been
included in national building regulations and guidelines.

2.3.1 Design according to Eurocode 5
The Eurocode Series are a set of harmonized technical rules developed by the
European Committee for Standardisation for the structural design of
construction works in the EU. Eurocode 5 (EC5) [39] is the part on design of
timber structures. In addition to the common rules and guidelines given,
national regulations and limit values are specified in national annexes.
Design of timber floors with respect to vibration performance according to EC5
is largely based on a method presented by Ohlsson [1, 9,19]. Floor vibrations
are considered in the serviceability limit states. Design guidelines are specified
for wood-based plate type floors with a fundamental frequency higher than 8 Hz
(high-frequency floors). Floors with lower fundamental frequency (lowfrequency floors) are referred to special investigation of vibration performance.
The guidelines are only applicable to floors in residential buildings and thus
floors in other types of premises, as offices and buildings with large areas with
pedestrian traffic, are excluded. The design method relates to the human
sensitivity to vibration amplitude and velocity caused by walking excitation.
The walking excitation of floors is considered by the step frequency (lowfrequency effects) and by the heel impact (high-frequency effects).
2.3.1.1 Static deflection criterion
As the walking frequency is much lower than the fundamental frequency of the
floor, walking will not cause resonant vibrations and the effect on the floor is
assumed to be caused by a static step, i.e. by a static point load of 1 kN applied
at the most flexible point of the floor (at the centre of a simply supported floor).
The instantaneous vertical deflection w (mm) due to a vertical static point load
F (N) is calculated for a meter wide strip of the floor and the value is limited to
a value of a (mm/kN) so that

19

888121_Kirsi Jarnerö_inl.indd 33

2014-10-08 11:28

w
a
F

(16)

where a is defined in the national requirements of the country in question i.e. in
the National Annex (NA) to EC5, e.g. [40].
2.3.1.2 Dynamic impulse velocity response criterion
The high frequency effect, corresponding to the dynamic excitation by a heel
impact is simulated by a 1.0 Ns ideal unit impulse load applied at the most
flexible point of the floor. The maximum unit impulse velocity response v
(m/(Ns2)) is limited to a value calculated on basis of the point-load deflection w
(mm), the fundamental frequency and the damping ratio of the floor.
The fundamental frequency of a floor, f1, (Hz) is calculated for an unloaded
floor i.e. with only self-weight and permanent loads included. For the
considered type of joist floors it holds that (EI)B < (EI)L) and for a rectangular
floor with overall dimensions L×B, simply supported along all four edges the
fundamental frequency f1 (Hz) may be approximated as

f1 


2

2L

( EI ) L
m

(17)

where m is the mass per unit area (kg/m2), L is the floor joist span (m) and (EI)L
is the equivalent bending stiffness of a one meter wide strip of the floor about an
axis perpendicular to the beam direction (Nm2/m). The unit impulse velocity
response v (m/(Ns2)) for the same rectangular floor is approximated as

v

4(0.4  0.6n40 )
mBL  200

(18)

where n40 is the number of first-order modes with natural frequencies below
40 Hz, B is the floor width (m), m is the mass per unit area (kg/m2) and L is the
floor joist span (m). The value for n40 may be calculated as

  40  2  B 4 EI 
 
L
n40      1 



L EI B 
  f1 
 


0.25

(19)

where (EI)L is the equivalent bending stiffness of a one meter wide strip of the
floor about an axis perpendicular to the beam direction (Nm2/m). (EI)B is the
equivalent plate bending stiffness (Nm2/m) of the floor about an axis parallel to
the beams. The unit impulse velocity response v (m/(Ns2)), shall meet the
requirement
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v  b( f1 1)

(20)

where f1 the fundamental frequency of the floor (Hz),  is the modal damping
ratio and b is a constant that is related to the floor deflection limit value a
(mm/kN) as

a  0.5
 180  60a
0.5
b  120  40(a  1)  160  40a
b  150  30

when a ≤ 1 mm/kN

(21)

when a > 1 mm/kN

(22)

The Swedish limit a = 1.5 (mm/kN) yields b = 100 (mm/kN). The code
recommends that the damping ratio  is set to 0.01, unless no other value can be
shown to be more appropriate. This is a low value of damping resulting in
conservative limit values.
2.3.1.3 Design practice
In [41] a thorough presentation and comparison of design practices with regards
to vibration performance of floors by means of EC5 among thirteen European
countries is given. The comparison includes an assessment of method by
performing an analysis of floors with three different types of joists; solid timber
joists, engineered I-joists and metal web joists. It was found that for the
considered type of floors the static deflection criterion is the most decisive one
and that the importance of the frequency limit and the unit impulse velocity
response depend largely on the type of joist used in the floor.
Most importantly it was concluded that design values may be calculated in
different ways and that design limits, specified in national annexes, were very
different in the different countries included in the study. Thus further
harmonization is needed. The general outline of the code leads to variation in
design practice. This applies in particular how to the calculate deflection, as no
guidance at all about how this should be done is given in the code.
Also in the EN1990 Eurocode - Basis of structural design [42] which sets out
the way to use Eurocodes for structural design, the guidance with respect to
dynamic actions and structural modelling has a very general outline. In the
standard structural vibrations are considered in the normative annex A about
serviceability states. The aspects that should be considered are the comfort of
the user, the function of the structure and its structural members. Other aspects
and appropriate limits in each project should also be considered and be agreed
upon with the client. Sources for different dynamic loading are given. If
frequency limits are not met the designer is instructed to perform a more
detailed structural analysis that considers damping, but no further guidance is
given. For further guidance it is referred to EN 1991-1-1 Eurocode 1: Actions
on structures -Part 1-1: General actions - Densities, self-weight, imposed loads
for buildings (EC1-1) [43], EN 1991-1-4 Eurocode 1: Actions on structures -
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Part 1-4: Wind actions [44], and ISO 10137 - Bases for design of structures –
Serviceability of buildings and walkways against vibration [13]. In the EC1-1
about general actions it is referred to the material specific codes, as e.g. the EC5
on timer structures, when load models are considered if resonant vibrations or
other significant dynamic response is not expected. If dynamic actions from
synchronized rhythmical movement of people dancing or jumping may be
expected the advice is that a load model for special dynamic analysis should be
determined. Dynamic analysis is advised to be used in design when actions
causing significant acceleration of the structure or structural members are
expected. The EC1-4 [44] considers dynamic actions from wind loads, which is
outside the scope of the present work and therefore not further commented here.
As a whole, the Eurocode can be criticized for being sketchy and vague with
regards to guidance on design of structures loaded by dynamic actions.

2.3.2

Other present design guidelines

A guideline to limit floor vibrations is the relatively recent publication [45] by
the Concrete Centre, which presents a method for calculating the vibrations
caused by a single person walking on a floor structure that is significantly
heavier than the person walking (at least a factor of 10). It is valid for all kinds
of buildings (commercial, residential, hospitals) and includes also bridges,
ramps and walkways. The method is based on the principles of modal analysis
and the parameters used to limit the vibrations are the frequency weighted rms
accelerations for both the resonant and impulsive response of floors [46]. The
duration of vibration and how often it occurs is considered by the vibration dose
value (VDV), which is based on the fourth power of acceleration meaning that
the magnitude of vibration is weighted more than the duration.
Former guidelines from the Steel Construction Institute for floor vibration
design of steel-framed office floors have been improved and developed further
to comprise a variety of building types. The guidelines in [47] are meant for
design of steel-framed floors using hot rolled steel sections and lightweight
floors using thin cold formed steel members for various kind of dynamic
excitation from human activities. The floor vibration design parameters are
frequency weighted rms acceleration and VDV. Floors are divided into low- and
high-frequency floors depending on the use of the structure i.e. the limit value
for the fundamental frequency value is different for instance general for floors,
such as those found in offices with open plan, and for floors in enclosed spaces,
such as in residential buildings and operation theatres. Steady-state response and
transient response have to be considered for low-frequency floors while highfrequency floors have to be designed only for transient response. The method
for analysis of response is based on finite element modelling, since the natural
frequencies, modal masses and mode shapes are needed as input in calculations.
There is also a simplified analysis method possible to use for floors regular in
plan.
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In a floor vibration project [48] alternative and more general ways for the
determination of the floor response to dynamic human induced forces have been
developed [49, 50]. The method is based on the excitation by a single step and
the frequency weighted [46] rms velocity or acceleration response of the floor is
assessed (OS-RMS method). The response is obtained from measured or
simulated floor characteristics and a standard walking load function for a person
with given weight and walking frequency. By means of design charts it is also
possible to carry out the simplified design check for which it is sufficient to
determine the basic dynamic characteristics of the floor in terms of damping,
first natural frequency and modal mass. This method has been considered in the
work with harmonization and further development of the Eurocodes [51, 42].

2.3.3

Limit values for criteria

The tolerance for vibration disturbance depends on social and cultural factors,
psychological attitude and expected interference with privacy. These factors
most likely have national differences and could lead to different national criteria
even if design guidelines are harmonized. This was the reason why the vibration
criteria in the 1989 version of the standard ISO 2631-2 [46] were withdrawn
awaiting collection of more information on human perception of building
vibrations. Portions of those criteria were, however, considered relevant for
building vibrations and are now included in revised format in the Annex C in
the ISO 10137 [13]. The criteria are based on multiplying factors, which are
applied to the base curve of human vibration sensitivity (Figure 9) and
compared with the levels obtained by design calculations or measurements. The
multiplying factors take into account conditions like the type of excitation
(continuous or intermittent and impulsive), type of premises (residential, general
or quiet offices, workshops and critical working areas), and day or night time.
The British standard BS6472 [52] provides the same multiplying factors. The
guidelines [45, 47, 49, 51] above use these factors to assess acceptable vibration
levels.
Examples of design methods and criteria that are specific for timber floors
[1, 2, 9, 19, 24, 26, 37, 38] are presented in the beginning of section 2.3. The
criteria in the EC are regulated in the NA to EC5 of each member country. The
choice with regards to vibration performance primarily involves setting the
value for the unit point load deflection, but also other design parameters are
possible to fix, such as the frequency limit and value of damping.
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2.4 Dynamic measurements
The vibration response characteristics to dynamic loading i.e. the frequency
responses (FRF) of a structure may be obtained by detailed knowledge of
stiffness, mass and damping properties of the structure and formulating and
solving the Newton equation for the system. This is referred to as analytical
modal analysis. For a complex structure, however, it is difficult to have detailed
knowledge of the assembled properties; especially the damping properties of a
complex structure are rarely known. Another possibility to obtain the FRFs is to
use the modal parameters, since the FRFs of a system Hpq() with several
degrees of freedom can be expressed as

H pq ( ) 

Xp
Fq

N

Apqr

r 1

j  r





A*pcr
j  *r

(23)

where Xp is the vibration response in point p, Fq the force input in point q, r is
the mode index, N is the number of degrees of freedom and r is the eigenvalue
(combined natural frequency and relative damping coefficients, also referred to
as poles) of mode number r. The coefficients rApq are the system residues, which
are composed of the modal scaling constant Qr for each mode r and the mode
shape coefficients  in the points p and q

Apqr  Qr pr qr

(24)

The eigenvalues (the system poles) r for mode r of a proportionally damped
system can be expressed as

r   rr  jr 1   r2

(25)

The process to obtain FRFs by means of modal parameters is reversible i.e. it is
also possible to obtain the modal parameters from FRFs. This is the basis for
experimental modal analysis (EMA). This technique is used when analytical
methods are not sufficient to analyse the dynamics of a structure, which for
complicated structures is often a fact, and it is also used to obtain necessary
information about the dynamic parameters to include in finite element (FE)
models used for simulations of structural behaviour. Basic assumptions to
enable the application of the method is that the studied structure has a linear
behaviour and that the behaviour is time invariant i.e. the output does not
depend on input force level and that the system parameters do not change over
time (time invariance).
EMA involves two main tasks; the experimental part when measurements of the
system’s vibration response to a dynamic loading are performed, and the
analysis part when the modal parameters are extracted from the vibration
response data. The theory of vibration measurements and different steps of
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EMA have been described in detail in several topic-specific textbooks see for
instance [15, 16, 21]. The standards series ISO-7626 Vibration and shock Experimental determination of mechanical mobility gives guidance on different
aspects with respect to measurements of FRFs. Part 1 [53] gives guidance on
selection and calibration of transducers and instruments to use in measurements.
In part 2 and 5 [54, 55] the procedures to use a shaker and impact hammer
respectively are specified. In sections below a brief overview of EMA is given
with emphasis on the parts concerning the work in the present thesis.

2.4.1

Experimental techniques

The first part of EMA involves preparation of the test set-up and acquisition of
measurement data. The preparation involves arranging adequate support
conditions for the test object, attaching transducers to the test object and
connecting them to the data acquisition system, choice of measurement settings,
calibration etc. To enable extraction of modal parameters from FRFs the input
(excitation force) and the output (vibration response) of the structure have to be
measured. There are two main techniques to excite the structure; with impact
hammer or shaker. With the roving hammer technique the excitation is applied
in the points where movement of the structure is interesting to monitor and the
response is measured in one or more reference points. For each mode shape of
interest, at least one reference point has to be located in a point that moves, i.e.
is not located on a nodal line. Contrary to impact test with roving hammer,
excitation in one point and measurement of response simultaneously in several
points is referred to as Single Input Multiple Output (SIMO) measurements and
is the most common application with shaker excitation. A single input provides
sufficient information to enable extraction of modal parameters if the shaker
position is suitably chosen. Simultaneous excitation in multiple points and
measurement of response in multiple points, referred to as Multiple Input
Multiple Output (MIMO), is, however, necessary for certain symmetrical
structures that have several modes with the same frequency so called repeated
roots or when a point of excitation that excites all modes of interest is not
possible to obtain.
Advantages of excitation with impact hammer are ease of use and measurement
speed. The limitations are e.g. worse performance in the case of nonlinearities
and damping restrictions due to short excitation time relative to measurement
time. The repeatability of excitation is also highly dependent on operator skill,
which can affect the measurement quality. To excite large structures such as
floors with impact hammer can be difficult due to the special arrangements that
are necessary to take, in order not to have the operator loading the structure. An
operator on the floor, besides adding mass, also adds damping to the structure,
which could compromise the measurements. For a lightweight timber floor the
effect is larger on the damping than on the natural frequencies, as has been
shown in [7, 8, 56]. The added amount of damping depend on whether the
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operator is sitting on a chair or is in direct contact with the floor surface and, if
in contact with the floor, the posture effects. The dead weight from a shaker
suspended on soft springs from a tripod standing on the floor was, however,
found to affect frequencies and damping only marginally i.e. in the same
magnitude as the measurement accuracy [7]. Excitation with shaker gives high
measurement repeatability and possibility to choose an excitation signal with
which it is possible to have sufficient loading to enable extraction of modal
parameters also for structures with closely spaced modes and higher damping,
which is important for in situ measurements. To ensure excitation of all modes
of interest the measurements in the present work, both in laboratory and in situ,
were performed as repeated SIMO tests i.e. the FRFs of the floor surface were
collected with excitation in at least two points on the floor. In the laboratory
tests the shaker has been suspended from an over-head crane and in the in situ
tests from a tripod on the floor surface. The excitation signals were chosen to
attain best possible quality of FRFs. The linearity and reciprocity were checked
and the collected FRFs were averaged from several blocks of data and the
coherence function was monitored during tests to ensure high FRF quality.

2.4.2

Modal parameter extraction and validation

The second part of EMA involves modal parameter extraction from
measurement data and, when a set of parameters are obtained, validation of the
modal model. There are many different methods to extract the modal
parameters. For structures in which the modes are not well decoupled, multiple
degree of freedom methods are better and give more reliable results than single
degree of freedom methods. Available methods are divided into time or
frequency domain methods dependent on whether the analysis is based on time
or frequency data. The choice of method depends on the quality of measurement
data, the dynamic performance of the structure, and which results are the most
important to extract with highest possible accuracy. For more heavily damped
structures the resonance peaks are wide in the frequency domain and provide
more information than the time domain in which the response is damped out
quickly. Therefore frequency domain methods are more suitable to use for
measurements showing high damping characteristics. In frequency domain
methods out-of-band effects can also be approximated, which is useful when
estimating mode shapes. MDOF methods often consist of two major phases. In
the first phase global parameters (system poles and modal participation factors)
are estimated and in the second phase local parameters (mode shapes) are
estimated. The most commonly used method for the first phase is the
polyreference least squares complex exponential method and for the second
phase, the least squares frequency domain method. The practice of modal
parameter estimation is described in [16, 21] and the theoretical background of
methods is described in [15, 21]. The methods used in the present work are
specified in connection with the respective presentation of tests.
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When a set of modal parameters have been established, the validity of the
parameters has to be verified. A first natural step is to make a visual check of
the animated mode shapes and by means of knowledge, previous experience and
engineering judgment assess their validity. Synthesis of FRFs by means of the
estimated modal parameters and comparison with measured FRFs is another
natural verification method to use. Most important is the match in the resonance
areas where it should be within measurement accuracy. Another commonly used
verification method is the modal assurance criterion (MAC), which compares
the similarity between mode shapes and can be interpreted as the correlation
coefficient between mode shapes. The MAC value is a value between zero and
unity and for two mode shapes { }r and { }s is defined by
2

 rH  s
MACrs 
 rH  r  sH  s 

(26)

A MAC matrix computed with the same set of modes is called an auto-MAC
matrix. The value of the diagonal elements will be unity as the modes are
identical. High values for off diagonal elements however, may be an indication
that the mode shapes have not been well separated. Other tools to use in the
validation process are for instance modal participation factors, the mode
complexity indicator and modal phase collinearity, for details see for instance
[21]. None of the methods by themselves give a hundred percent indication of
validity. Combining several of methods and using experience and engineering
judgment can, however, give a reasonable estimate of validity.
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3 OVERVIEW OF APPENDED PAPERS
AND MAIN RESULTS
3.1 Paper I
VIBRATIONS OF WOODEN FLOOR ELEMENTS ON SUPPORTING STEEL
FRAMEWORK
Salmela K, Källsner B, Petersson H

Background

A low mass of a building may be desirable at sites where poor ground
conditions would involve expensive foundation work. Also in densification
projects when storeys are added to existing buildings a low mass of added
framework is necessary in order to be able to use excess capacity of the existing
loadbearing structure and foundations and to minimize the need of structural
reinforcement. In inner city areas with high land prices, it is an attractive
solution to increase the area of rentable office space. The planning of offices
often demands open flexible floor areas, with long spans as a consequence. A
commonly used structural system for office buildings is a steel framework,
consisting of columns and long span beams with prefabricated concrete floor
elements. To achieve a lighter system it is, however, interesting to replace the
concrete with light-weight wooden floor elements on secondary steel beams
spanning between the long span primary beams. This was done in an inner city
project in Malmö, Sweden in the early years of the 2000’s. A few months after
the tenants moved into the office they complained about annoying vibrations. In
order to get the tenants satisfied with the performance of the floors the builder
had to make an expensive reinforcement of the whole structure.
The design guidelines used at the time when the building was designed, were
those used prior to the EC5 was introduced in Sweden. They were very similar
to the ones given in EC5 and based on the methodology by Ohlsson [1]. In
practice they were limited to residential buildings with a span less than four
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meters and frequencies over 8 Hz with no criteria concerning floors with larger
spans than four meters and floors with long free surfaces that may be subjected
to walking loads. Such loads must be considered in office and public buildings.
The guidelines advised designers, in such, cases to compare their design results
with results obtained from already built projects with similar layout and loading,
which in practice was impossible as such results did not exist.

Aim and scope

The present paper is a case-study with the aim to illustrate the importance of
complete design guidelines and criteria making it possible for designers to
verify the performance of wooden floor systems considering human induced
vibrations.

Contributions by the PhD candidate

All the calculations and analyses were carried out by the candidate. The coauthors mainly contributed by discussions about the aim and scope of the study
case and on interpretation of results.

Main findings

The calculations of deflection due to a point load show that the floors fulfil the
point load criterion that limits the deflection of a timber floor to 1.5 mm/kN also
when additional deflection from supporting beams is considered. The
supporting steel structure contributes with 30 % of the total deflection, which is
a considerable amount. Furthermore a FE-analysis showed that the floor natural
frequency is 17 Hz, which is higher than the minimum requirements of 8 Hz.
Considering these results, showing that requirements are fulfilled, in
combination with the fact that the tenants are dissatisfied with the vibration
performance indicate that more strict requirements may be needed for these
kinds of buildings. However, it is also concluded in the paper that the analysis
of the natural frequency should not refer to the wooden floor elements only, but
the surrounding steel framework must also be included. Otherwise adequate
information regarding the total vibration performance of the floor is not
achieved.

Further discussion and findings

Field measurements of dynamic floor properties have been made after the
publication of the paper. The measurements show that the fundamental
frequency for the entire system is 5 Hz, which is well below 8 Hz and puts the
floor in the frequency range sensitive to resonant vibrations due to excitation by
walking. The vibrations excited by people walking in the corridor were also a
main complaint among the tenants. An assessment of the entire system’s
fundamental frequency has been made by means of hand calculations using the
Dunkerley equation and used in suggested criteria [24, 56]. The equation is
based on the calculation of the system stiffness for a number of springs
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connected in series and is also applicable to a calculation of the fundamental
frequency of a system consisting of a floor supported on primary and secondary
beams. The primary and secondary beams together with the floor were included
in the calculation. The frequencies of the beams were calculated according to
the Dolan method [24] in which only the dead weight of beams and floor is
considered. The fundamental frequency for the primary beam became 6 Hz and
for the secondary beam 9 Hz, which with the floor fundamental frequency of
17 Hz did yield, like according to the measurements, a system frequency of
5 Hz. The case-study shows the importance of taking the dynamics of the entire
system into account when designing a timber floor supported on flexible
supports.

3.2 Paper II
DYNAMIC PROPERTIES OF A SAWN TIMBER FLOOR ELEMENT WITH HIGH
TRANSVERSE BENDING STIFFNESS
Salmela K, Olsson A

Background

Traditional wooden floor systems in the Nordic countries consist of joists in the
main load-bearing direction and a panel sheathing that is glued and screwed on
top of the joists. These types of wooden floor systems represent the major part
of floors used in single family housing. The structures are characterized by a
high bending stiffness in the main load bearing direction and a low stiffness in
the transverse direction. The performance with regard to human-induced
vibrations is rather poor for long spans. Increasing use of wood in the
framework of multifamily houses has changed the demands on the building
systems. Open planning of apartments is often demanded and this implies long
floor spans which, with regards to floor vibration performance is difficult to
achieve with traditional floor structures. However, to improve vibration
performance it is possible to change the structural properties of the floor, i.e. to
increase the mass, to enhance the stiffness properties and to improve the
damping. A practicable way to improve the vibration performance of traditional
timber floor systems is to increase the stiffness in the direction transverse to the
load bearing direction.

Contributions by the PhD candidate

The candidate took part in the static measurements and did all the work on the
dynamic measurements. The numerical analyses were carried out by the
candidate in close cooperation with the co-author.
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Aim and scope

A novel wooden floor system for use in multifamily houses, schools and office
buildings where long spans are required is investigated. To achieve good
vibration performance the floor was designed to have high stiffness properties,
specifically in the direction transverse to the longitudinal, main load-bearing
direction. The concept of the structural design of the novel floor is similar to
that of corrugated cardboard and yields high bending stiffness in both the
longitudinal and the transverse directions. In the longitudinal, main load-bearing
direction, the floor system works as a truss with flanges of longitudinally
oriented solid timber members and web diagonals of transversely oriented solid
timber members. In the transverse direction of the floor the web diagonals act as
beams. The aim of the research is to evaluate the stiffness properties of a floor
element and to assess, with respect to vibration performance, the potential of it
as a long-span floor concept.

Main Findings

Static and dynamic laboratory tests as well as static FE calculations show that
the ratio between the bending stiffness in the main direction and the transverse
direction is of the order of one to four, which means that the floor is extremely
stiff in the transverse direction compared to traditional wooden floor systems for
which the typical ratio is about one to one hundred. The torsional stiffness of the
floor investigated is, however, low and of the same order as for traditional floor
systems. The dynamic properties, i.e. natural frequencies and modes of
vibration were evaluated using laboratory tests and FE calculations. The
dynamic tests were performed with free-free support conditions. In general,
laboratory tests and FE calculations were in good agreement. The difference
between natural frequencies obtained by measurements and calculations
suggests that the stiffness in calculations is overestimated by approximately
10 %. An increase in the torsional stiffness would contribute significantly to
increase the natural frequencies of the floor and thereby to the vibration
performance. The modal damping ratios of the floor range from 0.9 % to 3.2 %.
The latter value was obtained for the first mode of vibration and is much higher
than the second highest value 1.7 %. The higher value is due to the support
conditions that add damping to the first mode of vibration.
To assess the floor vibration performance due to excitation by walking a FE
calculation of the natural frequencies below 40 Hz was performed. A floor with
realistic spans supported on four sides, a 4.8 m span in the longitudinal load
bearing direction and 7 m width in the transverse direction was analysed. Two
natural frequencies below 40 Hz were obtained, 22 Hz and 29 Hz, which
indicate good floor vibration performance due to the comparably high
fundamental frequency and the low number of frequencies below 40 Hz. It was
concluded that the structural floor system has potential to perform well with
respect to human-induced vibrations. An improved test floor in which the
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transversely oriented wooden members were replaced by thin-webbed beams of
wood and hardboard was suggested.

Further discussion and findings

The investigated floor concept has still not had significant impact on the market
but the inventor is still working on development and he has presented different
prototypes with alternative design based on the same concept. A floor system
named Kielsteg [58], with a similar structural idea as for the floor investigated
has been developed by Stefan Krestel in Austria. The element is aimed for long
spanning roofs and floors. The main difference compared to the investigated
floor system is that the direction of the top and bottom timber members have
been rotated 90 degrees and are running in the same direction as the members
forming the diagonals in the truss, the ones that work like beams. This means
that in the load bearing direction the top and bottom timber members and the
inclined beams in between are utilized. In the transverse direction the inclined
members work analogous to diagonals in a truss.
In the last ten years several other wood floor systems with very high stiffness in
the load bearing direction have been developed for long-spans and reached
success on the market. In these EWPs, such as CLT, glulam (GL), LVL and
light-weight beams of wood, are assembled resulting in stiff floors with
improved vibration performance compared to traditional floors. For examples of
design see [59].

3.3 Paper III
EFFECT OF FLEXIBLE SUPPORTS ON VIBRATION PERFORMANCE OF
TIMBER FLOORS

Jarnerö K, Bolmsvik Å, Brandt A, Olsson A

Background

To reduce the flanking transmission of sound within a timber framework
building sometimes flexible and damping interlayers are placed in the joint
between the supporting walls and the floor. The performance of these interlayers
regarding noise reduction is better known than the effect on the vibration
performance of the floor which is laid upon them. As the supporting system is
altered the dynamic properties, frequencies, mode shapes and damping of the
floor are affected and by that the vibration performance of the floor. The
damping is a key factor for the human response to transient vibrations in floors.
The damping of a floor originates from different sources of energy loss, such as
in the included parts in the floor structure (material damping) and energy
interaction between included parts and with the surrounding structure (structural
damping). The damping, however, is not easy to predict and in design of timber
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floors the damping is often given a standard value regardless what kind of
timber structure, but with the possibility to use another value if proven more
correct.
The elastic and damping interlayers used in the junction between walls and
floors differ with respect to load bearing capacity. The type of interlayer to use
depends on the expected final static loading in the finished building. Thus
interlayers with decreasing static load capacity are used the higher in the
building they are installed. In the static range of use the relationship between
load and deflection of the material is mainly linear. After the static load range
the relation between load and displacement changes and the material becomes
“softer”, i.e. the deformation due to additional static and dynamic damping and
the deflections due to additional static and dynamic loads increases. This load
range is included in the dynamic range of use and allows, according to the
supplier of material, for effective vibration isolation. The achieved modal
damping ratios thus depend on the type of interlayer used, the ratio of material
utilization and the vibration mode shape.
A better understanding of the contribution to damping of the floor from elastic
and damping interlayers could contribute to the development of systems in
which certain damping characteristics is possible to achieve by inserting an
interlayer with known properties at the supports.

Aim and scope

The aim of the work is to investigate the influence of the support conditions on
the vibration performance of a prefabricated timber floor. Of particular interest
is to gain increased knowledge of the influence of flexible and damping
interlayers. Laboratory experiments are performed on supports with four
different types of interlayers, each intended for a certain interval of static
loading. For comparison, other support conditions are investigated as well. The
flexible and damping interlayers investigated are polyurethane (PUR)
elastomers (Sylodyn and Sylomer) that are used in a timber framework
building concept consisting of plane prefabricated elements with CLT as
loadbearing material. In the floors also glulam are used as beams. In laboratory
the change in modal parameters is studied for a floor element simply supported
on two sides. The tests are carried out with different configurations of support
conditions; the floor placed on the supports without any fastening or interlayer
between support and floor, the floor only screwed to the supports and tests with
the four different types of elastic interlayers between support and floor. The
results of the laboratory tests are also compared with results from an in situ test
with a copy of the floor element installed on and screwed to loadbearing walls
of CLT board with high performance interlayer between floor and wall.
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Contributions by the PhD candidate

The candidate planned the study and carried out the practical arrangements for
the laboratory work and evaluation of measurement results in cooperation with
the first co-author. Co-authors assisted by checking and discussing the extracted
results and editing the paper, but the candidate led all analyses and shaped the
entire paper.

Main Findings

The obtained results indicate that elastic and damping interlayers can be used to
increase the damping in a floor structure. In particular the softer interlayers,
intended for a static load level in the range that were actually applied in the
experiments, i.e. the self-weight of the floor, resulted in high damping for some
modes of vibration, in many cases resulting in the order of 6 % damping or
more. The modes of vibration that exhibit large movements at the supports are
the ones that contribute to increased damping.
The results also indicate that there is a correlation between the impulse velocity
response, which may be used to assess floor vibration performance, and the use
of different interlayers and the use of no interlayers at all. The interlayers
reduce the impulse velocity response, which decreases with the increased
utilization of interlayer load capacity. An increased damping thus improves the
floor vibration performance.
A comparison of the laboratory test and test in situ with similar interlayers
shows that the damping in situ is much higher than the damping in the
laboratory. This suggests that the surrounding structure in situ significantly
contributes to increased damping of the floor.

3.4 Paper IV
VIBRATION PROPERTIES OF A TIMBER FLOOR ASSESSED IN LABORATORY
AND DURING CONSTRUCTION
Jarnerö K, Brandt A, Olsson A

Background

The damping is a key factor for the human response to transient vibrations.
Damping is, however, not easy to predict and the contributions to damping of a
floor, when integrated into a finished building originate from many sources. In
design calculations regarding vibration performance the damping, if included as
design parameter, is often given a standard value regardless what kind of timber
structure. The variety of timber framework structures and types of floors in use
on the market is, however, large and in general little is known about the true
damping of systems in use. The different modes of actions regarding damping
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mechanisms, both in the floor and in the interaction with the surrounding
structure, should result in a large range of damping values, which should justify
a differentiation of recommended damping values to use in design calculations.
A better understanding of the different contributions to damping in buildings
with timber framework would enable application of more correct damping ratios
when performing calculations according to design codes. Improved knowledge
of true damping of timber buildings may also lead to improvements in the
design guidelines themselves and to ensure that consumer demands on
serviceability performance are met, which in the long run also may lead to
increased use of timber as structural building material.

Aim and scope

To increase the knowledge of the effect of changes in boundary conditions that
added fixtures and finishes have on modal parameters of timber framework
systems, the modal parameters of a prefabricated timber floor are assessed in
laboratory with different boundary conditions and in situ at different stages of
construction. The investigated prefabricated floor is a part of timber framework
building concept consisting of plane prefabricated elements with CLT as
loadbearing material. In the floors also glulam beams are used. To reduce the
flanking transmission, sound strips of polyurethane (PUR) elastomers that has
combined elastic and damping properties (Sylodyn and Sylomer) are placed
in the joints between the supporting walls and the floor. In laboratory the
change in modal parameters was studied with free-free boundary conditions and
simply supported on two sides. Three different simply supported tests with
changes in boundary conditions were carried out; the floor placed on the
supports without any fastening or interlayer between supports and floor, the
floor screwed to the supports and the floor placed on an elastic interlayer
between supports and floor. The in situ tests were carried out first on the floor
element itself and then on the entire floor of the room into which the floor
element was built in. As walls were raised and additional storeys were built
above the one investigated, measurements were repeated at different stages in
order to find out how modal parameters changed because of this.

Contributions by the PhD candidate

The candidate planned the study and carried out all the measurements and
analyses. The co-authors assisted in evaluation of measurement results and in
the editing of the paper but the candidate is main responsible for all parts of the
work.

Main Findings

The in situ conditions have a large influence on dynamic properties of the floor.
The effects are larger on the damping ratio than on the natural frequencies and
there is also a significant effect on the mode shapes. The main effect on
frequency occurred when installing the partitions on the floor. On average the
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damping ratio in situ increased to 6 % in the floor when the last storey had been
raised, the partitions in the room had been built, the plasterboard had been
installed on walls and in ceiling and the stabilizing system with pre-tensioned
steel-rods had been tensioned, but before the roof had been erected. This in situ
damping ratio is 4 times higher than the damping ratio for the single floor
element tested in laboratory when placed on the supports without any fastening
or damping interlayer. A comparison of the results from laboratory and in situ
measurements indicates that about half of the damping ratio of the floor
installed in the building is from contributions caused by in situ effects other than
those simply related to the elastic/damping interlayers. It is likely that the load
bearing timber structure below represents a major part of the in situ effects.
Consequently damping values measured in laboratory just for the floor structure
in most cases will yield lower values than measured in real structures. The
present measurements have been performed on bare floors. In a completely
finished building with top flooring installed and added loading from furniture
the values may increase somewhat more. 6 % damping ratio is also a rather high
value compared to the value of 1 % and 2 % stipulated to be used in timber
floors by the EC5 together with the Swedish and British national application
documents, respectively. This indicates that a higher value could possibly be
considered for this type of timber structure and supports that include damping
material.

3.5 Paper V
VIBRATION PERFORMANCE OF LIGHTWEIGHT FLOORS IN MULTIFAMILY
HOUSES – RESIDENT SURVEY AND FIELD MEASUREMENTS
Jarnerö K, Olsson A, Simmons C, Bard D

Background

The awareness and knowledge about vibration performance of timber floors
among building developers and contractors seems mostly to be limited.
Springiness and poor vibration performance are not recognized as problems in
the same way as poor sound insulation is. The increasing construction of timber
framework multifamily houses in Sweden makes, however, questions about
floor vibrations and springiness increasingly important and research is needed in
order to evaluate, and possibly to give basis for revision of, criteria and
guidelines given in codes. The present Swedish criteria for design of timber
floors with respect to vibration performance were developed at a time when
timber floors were used most in single-family housing. Also, the vibration
performance of a floor is presently judged only to have either acceptable or
unacceptable performance. This can be compared with the situation regarding
sound insulation quality for which four different sound quality classes are
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defined. The benefit of quality classes is that they make it easier for designers,
producers and consumers to grasp the meaning of limiting values of criteria and
thus assist them in decisions regarding performance. Another reason for a
review of design criteria is that there are now various new types of floor
systems available on the market. These are made of EWP and differ in structural
behaviour from the traditional timber joist floors.
In the national research program AkuLite conducted in Sweden between 2009
and 2012 different research matters on sound and vibration in lightweight
buildings were investigated. The overall aim of the program was to investigate
to what extent objective parameters obtained from in situ measurements in
multifamily houses correlate with the subjective ratings for perceived sound or
vibration disturbance from residents in the same buildings. Specific aims and
findings of the research regarding vibration performance are presented here.

Aim and scope

The first aim is to investigate to what extent objective parameters obtained from
in situ measurements in multifamily houses correlate with the subjective ratings
for perceived vibration disturbance from residents in the same buildings. Eight
different objects representing several different timber/light-weight systems, one
steel system and one concrete structure are included in the study. The findings
are compared with the present criteria in Sweden and other countries and with
research results obtained by other researchers. The possibility of introducing
vibration performance classes, similar to those already used for classification of
sound insulation is also investigated.

Contributions by the PhD candidate

The candidate planned the study, conducted the resident survey and summarized
the objective parameters extracted from field measurements. The field
measurements were performed by different co-workers in the AkuLite project
and the extraction of objective parameters was done by the person who made
the measurements. Co-authors contributed to the design of the questionnaire, the
evaluation of results from the resident survey and by editing the paper. The
candidate is main responsible for the analyses and the writing of the paper.

Main Findings

The results confirm the assumption that vibration performance is not a problem
in buildings with concrete framework, but in buildings with lightweight
framework the residents are more or less annoyed by vibrations. It is found that
the deflection due to a point load at the midspan of floors is the best parameter
of the evaluated ones to predict resident annoyance caused by general vibration
disturbance during the past 12 months. Based on the correlations it is concluded,
however, that the present deflection criterion used in Sweden, i.e. maximum
1.5 mm/kN deflection due to point load, needs to be revised since the number of
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residents getting annoyed due to vibrations in floors fulfilling this requirement
are higher than what should be regarded acceptable. The percentage of residents
getting “annoyed or very annoyed” is predicted to be as high as 41 % when
using the 1.5 mm/kN requirement.
In analogy with the criteria for sound classes a similar system for classification
also for vibration performance of floors is developed based on the correlations
of the measured deflection due to point load and the rating of general vibration
disturbance of residents. The defined quality classes would be A, B, C and D,
where class C corresponds to minimum requirements on performance in new
buildings. The tentative limiting values obtained from the correlation of
deflection due to a 1 kN point load and general disturbance is for vibration class
C 0.71 mm, for class B 0.33 mm and for class A 0.14 mm.

Further discussion

The tentative criteria for the vibration quality classes suggested are in
accordance with levels suggested by other researchers. In the German and the
Austrian drafts for national annex for EC5 three vibrations performance classes
for floors are suggested. Classes I and II are for use in occupied premises and
class III for floors with no vibration demands and not occupied premises. The
limiting value for deflection due to a 1 kN point load for floors within
apartments or in single family houses (class II) is 0.5 mm. For floors in offices,
multifamily houses, for continuous floors shared between apartments in
multifamily houses or premises with different users and for floors with short
span (class I) it is 0.25 mm. In the Finish national annex there is a limiting value
of 0.5 mm for floors in offices or residential buildings but there is a possibility
to increase the value for floors with span shorter than 6 m and additional
deflection is allowed for, from the board between load bearing joists and from
floating floors.

3.6 Paper VI
PSYCHO-VIBRATORY EVALUATION OF TIMBER FLOORS - TOWARDS THE
DETERMINATION OF DESIGN INDICATORS OF VIBRATION ACCEPTABILITY
AND VIBRATION ANNOYANCE

Negreira J, Trollé A, Jarnerö K, Sjökvist L-G, Bard D

Background

The present Swedish criteria for design of timber floors with respect to vibration
performance were developed at a time when timber floors were mainly used in
single-family housing. The annoyance experienced by residents in single- and
multifamily housing most likely differs as the source of vibration disturbance
and those who may become disturbed are different. The acceptance of
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disturbance is probably higher if the disturbance is caused by a known source,
as activities by family members in the own apartment, than corresponding
disturbance coming from neighbouring apartments [13].
The variety of timber building systems usable for multi-family houses on the
market is today increasing. Many of the systems aim for a high prefabrication
level. Improvements have been made regarding impact sound insulation in the
floors and EWPs are increasingly used in load bearing parts. The performance
of these floors regarding human perception of vibrations has not been examined
in the same extent as the sound performance, nor have the vibration
performance with regard to design criteria.
Aiming at improved understanding of human perception of vibrations, and in
particular how human perception correlates to parameters that can be measured
and calculated in an objective way, different strategies can be employed. If a
number of floors of different design are set up in laboratory many persons can
assess and compare all the different floors within a very limited time frame,
which of practical reasons cannot be done in situ. Still different test persons
have different experience of the floors and to evaluate the results statistically is
a skilled task for researchers. This also applies to the selection of objective
parameters and criteria to be included in the study as potentially effective
indicating properties to vibration annoyance.

Aim and scope

To increase the knowledge of the vibration performance of modern timber
floors, the human perception of vibrations on these floors and the ability of the
design methods to predict floor vibration performance, a laboratory study on
five prefabricated floors is carried out. An aim is also to investigate which
objective engineering parameters, describing vibration performance of floors,
that best correspond to perceived vibrational discomfort of users. Static and
dynamic measurements are carried out on floors to extract objective engineering
parameters and these are compared with calculations of corresponding
parameters. Human response on floor vibration performance is gathered from
persons taking part in vibration performance tests in the laboratory by asking
questions about experienced vibrational discomfort and judgments about
performance acceptability with regard to floor vibrations induced by themselves
or by someone else walking on the tested floor. Objective parameters are
obtained both from tests carried out with human dynamic excitation and when
the floors are excited by a shaker. The objective parameters are, together with
the subjective responses used to evaluate three different design criteria used
when designing timber floors with regard to human induced vibrations.
Relationships between the subjective responses and the objective parameters are
found by means of multilevel regression analysis.
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The five different floors are tested at the same occasion in laboratory conditions.
First one series of tests is done at SP Wood Technology in Växjö, Sweden, and
later another series of tests at Lund University, Sweden. The floors are installed
on similar supports on two sides and the fastening to the supports was done
according to each floor supplier’s instructions. The three evaluated design
criteria for floor vibrations are; the fundamental frequency limit of 15 Hz
suggested by Dolan [24], the criteria combining fundamental frequency and
deflection due to a static point load suggested by Hu and Chui [61] and the
criteria in the EC5 [39] together with the Swedish national annex [40]. The
design methods are applied on all the five floors.

Contributions by the PhD candidate

The candidate planned, carried out and analyzed the non-subject-dependent tests
and contributed to the planning and carrying through of the subject-dependent
tests performed at SP Wood Technology in Växjö. Other co-authors carried out
the corresponding work at Lund University. The candidate performed design
calculations and took part in the analyses of the results, but was not very much
involved in the advanced statistical evaluation of them. The presentation of
main findings below includes an extended discussion on some issues compared
to what is presented in the appended paper, while the advanced statistical
analysis presented in the detail in the paper is just mentioned below with respect
to obtained results. The results that are discussed in more depth here, compared
to in the paper, concern the relationships and the lack of consistency between
measured and calculated resonance frequencies, deflections and damping ratios.
Results in general are here discussed from a structural or mechanical point of
view, rather than from a statistical point of view.

Main Findings
Measured versus calculated frequency
The objective engineering parameters obtained from testing of floors were
compared with the values obtained from calculations according to the evaluated
design methods. The Dolan method underestimates the fundamental frequency
values for all floors, which means conservative results on the safe side. As the
method only takes into account the stiffness of the joists in the floor and not any
contribution to floor stiffness from composite action with load bearing boards
connected to the joists, the discrepancy between measured and calculated
frequency value increase if high performance boards are used and composite
action is considerable. In the obtained results this is most obvious for the floor
with a CLT board on top of CLT beams, as the CLT board contribute
considerably to the overall stiffness. The Dolan method may work well for
floors in which the joists are the main load bearing elements, but for floors
involving composite action the method gives too conservative results and lead
to oversized structures. The fundamental frequency values calculated by the
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EC5 method and by the method proposed by Hu and Chui are similar in
magnitude. Compared to the values obtained from measurements the
calculations overestimate the fundamental frequency of four floors. The
measured fundamental frequencies exceed, however, 8 Hz which is the lower
limit for high-frequency floors. The discrepancy between calculated and
measured values could be due to an underestimation of floor mass or
overestimation of floor stiffness in calculations.
Measured versus calculated deflection
The deflections calculated by the EC5 method are underestimated compared to
the measured values for three floors. The measured deflection is 36 % and 24 %
higher, respectively, compared to the calculated deflections for the floors with
LVL and CLT board, respectively, on top of the load bearing joists. This also
indicates that the stiffness of these floors is overestimated in the calculations.
The deflection calculated by the Hu and Chui method underestimates the
measured deflection by 56 % for one floor, the floor with CLT board on top of
the joist. The explanation for this can be that the floor stiffness is overestimated,
but also that in the calculation method the floor is assumed to be supported on
four sides while the tests are made on floors supported on only two sides. For
floors with high stiffness in the across-joist direction, i.e. in the direction
transverse to the load bearing direction, this can result in large discrepancies
between measured and calculated deflections. The ratios between stiffness in the
along- and across-joist directions are much lower for the other floors and
consequently comparisons between measured and calculated results do not show
such discrepancies.
Measured versus calculated modal density
In the EC5 method the number of natural frequencies below 40 Hz is calculated.
The formulas assess only the number of first order mode shapes in the load
bearing direction i.e. the first bending mode shape in the along joist direction
combined with the mode shapes that develop in the across-joist direction. The
method has been developed for floors in which the stiffness in the along-joist
direction is much higher than in the across-joist direction. In the present
investigation the floor most similar to traditional joist floors is the floor for
which the vibration modes have been predicted most accurately (floor C). The
calculated second mode of vibration has not been found in measurements, but it
is due to the close spacing between the two first modes and may be considered a
minor difference. The floor with the highest stiffness across joist direction (floor
B) has the lowest number of calculated modes of vibration according to EC5,
but the highest number of measured modes (3 versus 11). In this case the high
number of measured vibration modes is most likely due to the special design of
the floor structure that allows the beams to exhibit local vibration modes that
influence the whole structure. It is however also possible that some of the
measured modes are second order modes in the along-joist direction, which is
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not taken into account in the EC5 method. In [8] the results from EMA
performed on CLT plates show additional seconder order modes among the first
order modes. The number of vibration modes of the other floors, with higher
ratio between along- and across-joist stiffness, is predicted fairly well. In
conclusion, due to the ambiguous results it is difficult to draw any firm
conclusions about the applicability of the EC5 method for floors with high
stiffness in the direction transverse to the load-bearing direction.
Measured damping ratio
The measured damping ratios of the fundamental mode of vibration range from
0.7 % to 2.3 %, which are values that can be expected from laboratory
measurements on different types of timber floor structures. If the damping ratios
are averaged for modes below 40 Hz they range from 1.2 % to 3.2 %. Field
measurements on floors in finished and occupied buildings would most likely
result in higher values. The fact that damping of a structure is a property that is
difficult to predict and difficult to achieve with precision in a structure makes it
a parameter that is difficult to use in design. It is not used that often in design
and when used it is mostly represented by a fixed value that is common for all
types of timber structures [39, 49] or sometimes as proposed for low-frequency
timber floors by differentiated values depending on floor finish and type of
timber structure [62, 63]. In the present study these difficulties have been
considered and therefore the aim has been to assess other indicators that are
easier to use by engineers.
Classification of floors with non-subjective-dependent parameters
All the floors fulfil the design requirements stated by EC5 and the Swedish
national annex, i.e. the fundamental frequency is higher than 8 Hz, deflection
due to a point load is less than 1.5 mm/kN and the calculated unit impulse
velocity response is lower than the calculated limit value. The Dolan criterion
was, however, only fulfilled by two floors. The Hu and Chui’s criterion was
fulfilled by three of the floors, of which two were the same ones that also
fulfilled the Dolan criterion. A floor has in the present study been considered to
have acceptable vibration performance when more than 50 % of subjects in the
subjective tests have found the floor acceptable. Comparison of results from the
subjective tests and the results from evaluation of design criteria show that the
two floors fulfilling all three design criteria are also found acceptable by 56 %
and 58 %, respectively, of the test subjects. The three other floors are only
accepted by 30 %, 35 % and 25 %, respectively, of the test subjects and thus
these were not classified as acceptable regarding vibration performance. It is
therefore concluded that the EC5 design method is not able to separate floors
that are considered by the subjects to have acceptable vibration performance
from floors considered to have unacceptable performance. The other methods
are, according to the results, able to do this.
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Classification of floors with subjective-dependent parameters
The objective parameters obtained from subjective testing of floors were
computed from the time histories measured during tests with each of the test
subjects. The objective parameters assessed and included in the regression
analysis were the overall frequency-weighted rms acceleration, overall
frequency-weighted rms velocity and Maximum Transient Vibration Value
(MTVV) averaged from the used measurement points. Design of and criteria
for classification of low-frequency timber floors by means of frequencyweighted rms acceleration excited by walking have been proposed among others
by Hamm and Richter [64]. The limit value for floors with normal vibrations is
0.1 m/s2 and for floors with higher demands 0.05 m/s2. Corresponding values
proposed by Talja and Toratti [26] is 0.075 m/s2 and 0.05 m/s2. Additional
classes for floors within one apartment with lower demands and higher demands
are also proposed with limit values of 0.12 m/s2 and 0.03 m/s2 respectively.
Comparison with results obtained from the subjective testing show that the
50 % percentile values of the frequency-weighted rms acceleration are in
accordance with these. The two floors considered acceptable by test subjects
would, according to the Hamm and Richter criteria, be floors fulfilling the
higher demands and the three others are floors only fulfilling the lower
demands. According to the classification from A to D proposed by Talja and
Toratti [26] the two floors considered acceptable by test subjects would be in
the highest class A and the three others in class C, which is the normal class for
vibrations within one apartment. It may be concluded that the assessed
acceleration levels from subjective tests and experienced disturbance by test
subjects is in accordance with results obtained by other studies.
Indicators to predict vibration performance
The objective parameters obtained by calculations according to the evaluated
design methods and by measurements during subjective testing with dynamic
excitation by walking (subject-dependent indices) and from tests performed
with shaker excitation (non-subject-dependent indices) were used together with
the response from test subjects during subjective testing to find the parameter
that best correspond to perceived vibrational discomfort, specifically the
acceptability of vibration performance of floor and perceived annoyance caused
by vibrations in the floor. Multilevel regression was used to find the parameters
and the fundamental frequency (calculated according to EC5) and the Hu and
Chui's criterion (calculated from measured deflection and fundamental
frequency) proved to be the best indicators of vibration annoyance, and the
MTVV computed from the accelerations experienced by the test subjects during
subjective testing to be the best indicator of vibration acceptability.
The measured damping ratio of the fundamental vibration mode was also found
to be correlated to both vibration annoyance and vibration acceptability, but to a
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lesser degree than the fundamental frequency, the Hu and Chui’s criterion and
the MTVV. To include the damping ratio as second variable together with the
fundamental frequency in the regression model did not improve the model
power and to include the damping ratio together with the MTVV in the model
only slightly improved the model power. Regression analysis with data from
measurements and consumer experience of vibrations from field floors could
possibly change the outcome and prove that damping is the most important
indicator for acceptability and/or annoyance of floor vibrations, as has been
shown by Lenzen [64], but this was not investigated in the present study. The
present study shows, however, that damping is an important indicator for the
human perception of vibrations in high-frequency floors. Even if not used as an
indicator of vibration acceptability and annoyance it should be taken into
account in design of timber floors. To do this with certainty, more knowledge
about damping in different types of timber structures is needed.
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4 CONCLUSIONS, PROPOSAL FOR
FURTHER RESEARCH AND
IMPLEMENTATION OF RESULTS
4.1 Conclusions
The most important conclusions from the appended papers can be summarized
as follows:


The dynamic properties of the entire structural system, not only the
floor itself, should be considered in design and prediction of vibration
performance of floors. This is especially crucial when a floor is
supported on flexible beams. Although a floor by itself would have
high-frequency characteristics, the fundamental frequency of the
system including the floor and supporting beams can sometimes be
below 8 Hz and accordingly result in a low-frequency floor structure
with greater risk for vibration annoyance induced by human activities.
This should be considered in the EC5 guidelines on floor vibrations, as
it might otherwise be overlooked in the design phase.



Structural design of a floor element giving high stiffness in the
direction transverse to the load bearing direction may be a practicable
solution to achieve good vibration characteristics in a long span timber
floor. The number of low frequency vibration modes in the range up to
50 Hz is comparatively low for a floor with high transverse stiffness.
This leads to better vibration performance with respect to vibrations
excited by walking compared to a floor with lower transverse stiffness.



Elastic and damping interlayers can be used to increase damping in a
floor structure. The modes of vibration that exhibit large movements at
the supports are the ones that contribute to increased damping. For such
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modes, and well adapted elastic interlayers, the damping can be 6 % or
even higher, compared to less than 2 % when no interlayers are used.


The dynamic properties of floors are strongly dependent on the in situ
conditions and the effects are not explained solely by the influence of
elastic interlayers. The effects of the in situ conditions are larger on the
damping ratio than on the natural frequencies. Large changes in
frequencies occur when partition walls are installed on floors. Damping
ratios increase substantially when a floor is installed on the supporting
walls in a building compared to when it is supported on the same elastic
interlayers in laboratory. Successive construction stages, i.e. additional
storeys built above the floor studied, also contribute to increased
damping. The average in situ damping ratio of a floor investigated was
6 % when the construction of the building frame was finished (no top
flooring or furniture installed). This is about twice as much as the
damping of a floor supported on elastic interlayers in laboratory
proving the significant contribution of the surrounding structure on the
damping.



Tests from the laboratory study of human perception of floor vibrations
show that the damping ratio is a fairly good indicator of vibration
annoyance and vibration acceptability. Damping ratios of floors in a
finished real building would be higher than those measured in
laboratory i.e. the correlation with respect to vibration annoyance and
vibration acceptability should also become higher if subjective ratings
and measured damping ratio values from field tests were correlated.
Therefore, the damping is a parameter that should be taken into account
in vibration serviceability design of timber floors; not as a design
parameter with limiting values, but rather as a parameter included in
design when predicting vibration response from human activities.



Residents in buildings with lightweight framework are annoyed by
vibrations in an extent that should not be neglected. The present
deflection criterion used in Sweden, i.e. maximum 1.5 mm/kN
deflection due to point load, is far too generous and needs to be revised.
Results supports, however, that criteria based on deflection due to a
point load are suitable since annoyance of residents correlates well with
point load deflection.



By analogy with the criteria for sound classes a similar system could be
used for classification of vibration performance of floors and based on
the measured deflection due to point load. The defined quality classes
would be A, B, C and D, where class C corresponds to minimum
requirements on performance in new buildings. The limiting values
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obtained from correlation of deflection due to point load and general
disturbance would be, for vibration class C 0.71 mm, for class B 0.33
mm and for class A 0.14 mm. These values are in accordance with
levels, but somewhat higher (less restrictive) than others have
suggested.

4.2 Implementation of results
The comments below on implementation of results relate to new research
findings on vibration performance in general and not only the research findings
presented in this thesis.


In recent years new research results on the relation between, on the one
hand, human perception and disturbance of vibration and, on the other
hand, measured and calculated physical properties regarding vibrations
have been added to earlier results and should be considered in revised
criteria and limit values for vibration performance. For example, it has
become obvious that the limit value of 1.5 mm/kN deflection due to a
point load, now valid in Sweden, does not lead to acceptable vibration
performance in multi-family residential buildings.



Floor vibrations design guidelines for other types of buildings than
residential building should be discussed in the ongoing revision of the
EC5 and, as far as there are research findings available, guidelines on
such floors should be included in the code. Another matter that should
be considered is to include guidance regarding the effects on floor
fundamental frequency when the floor is supported by beams. Flexible
supports as beams with low fundamental frequency run the risk of
lowering the fundamental frequency of the floor system below 8 Hz.
Furthermore, the recommendations on damping values to use in
calculations should be revised and diversified with respect to structural
type.



The Swedish national board of housing, building and planning is
responsible for issuing building regulations and the Eurocodes and
national applications are published in the Boverket mandatory
provisions and general recommendations on the application of
European design standards (Eurocodes) and national applications
[40]. The Board has published a handbook [66] for designers that
summarize the contents of the Eurocodes EN 1990, Eurocode - Basis of
structural design [42] and EN 1991, Eurocode 1 - Actions on structures
[43]. The Swedish concrete association has published a handbook in
two parts to facilitate design of concrete structures according to the EN
1992, Eurocode 2 - Design of concrete structures [67], but for the EN
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1995 Eurocode 5 - Timber structures (EC5) [39], no similar handbook
is yet available. The instructions in EC5 regarding design of vibration
performance are brief and do not, for example, consider how the
calculation of static deflection shall be made with respect to different
types of beams, reinforcement by bridging between joists etc. There is a
risk that the lack of easily comprehensible guides for designers leads to
resistance to using wood as a material for structural design. Therefore
the development of such a guide should be of interest both to the actors
on the Swedish timber construction market and to the suppliers of
timber building products.

4.3 Further research
Although much work has already been done on human perception and vibration
performance of floors more investigations need to be carried out to achieve
improved criteria and limit values for vibration classes in Sweden and other
countries. More field studies and collection of data are needed to give basis for
vibration classes that with statistical certainty correspond well to human
perception.


The present research regarding human perception of vibration
performance has been focused on vibrations in residential buildings. In
residential buildings floors between apartments are separated to meet
sound quality requirements, which result in that floor vibrations
transmitted between apartments on the same storey does not often cause
disturbance. In office buildings and other large buildings, such
separation may not be possible because of the demands on flexibility.
In combination with large open areas or walkways, the dynamic loads
of moving people may cause vibrations in the floor slabs that are
transmitted on to premises designed for other activities, for instance
office, where they may cause disturbance. Also, in this kind of
buildings demands on long spans is more common than in residential
buildings, which make them more sensitive to dynamic loading. The
dynamic loading is different compared to residential buildings as
excitation also by walking of several persons at the same time may
occur on floors with corridors and open spaces. Moreover the human
tolerance of vibrations in e.g. offices is probably different compared to
residential buildings since the activities performed and the attitudes and
expectations of interference are different. At present the design
requirement with regard to vibration performance of floors in the EC5
are adapted only to residential buildings and lacks guidance for other
types of buildings. In order to get a thorough basis for revision of the
EC5 and inclusion of additional guidelines in this area additional
research, such as field studies, resident surveys and measurements,
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corresponding to the studies on residential buildings presented in e.g.
Paper IV and Paper V, but on office buildings, should be carried out.


The potential of using damping more actively in floor design should be
investigated and therefore more research on the damping properties of
timber frame structures should be performed. To be able to develop
diversified damping values for different structures the contribution to
the total damping from different floor structures themselves and in
combination with different types of supporting structures, such as post
and beam structures, CLT and traditional lightweight structures should
be investigated. Investigations similar to the one presented in Paper IV,
but applied on different types of timber floor structures, would
contribute to increased knowledge in this respect.



In acoustics there are standardized methods for determining values for
the impact sound level and airborne sound insulation, meaning that
measured results are comparable regardless of where and by whom a
measurement is performed. Regarding vibrations there are no such
standards that define measurement procedures or methods to evaluate
data from measurements in order to make comparisons with design
criteria and ensure that the dynamic properties aimed for in the design
process meet the requirements specified in the EC5. A common
methodology to perform measurements and to evaluate results for
timber floor vibrations is needed. In addition to the need of comparing
calculation results from the design process with measured results on
finished buildings, such common procedures would be useful to settle
disputes about acceptable vibration properties between users, clients,
planners or contractors. Within the European Committee for
Standardization (CEN) a work in developing a standard for
determination of vibration properties of timber floors, which includes
topics such as fundamental frequency, damping, deflection due to a
point load and vertical acceleration response, has started. The
International Organization for Standardization (ISO) has formulated a
draft version of a standard for test methods for timber floor structures,
which has been on review but not yet on formal vote. It is important
that Sweden is actively involved especially in the CEN work to ensure
practicality of use of the standard and that special aspect on, or
requirements connected to Swedish lightweight construction techniques
are taken into account.
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