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ABSTRACT
Bolmsvik Åsa (2013). Structural-acoustic vibrations in wooden assemblies:
Experimental modal analysis and finite element modelling. Linnaeus University
Dissertations No 115/2013. ISBN: 978-91-87427-04-6. Written in English
with a summary in Swedish.
This doctoral thesis concerns flanking transmission in light weight, wooden
multi-storey buildings within the low frequency, primarily 20-120 Hz. The
overall aim is to investigate how the finite element method can contribute in
the design phase to evaluate different junctions regarding flanking
transmission.
Two field measurements of accelerations in light weight wooden buildings
have been evaluated. In these, two sources; a stepping machine, and an
electrodynamic shaker, were used. The shaker was shown to give more
detailed information. However, since a light weight structure in field exhibit
energy losses to surrounding building parts, reliable damping estimates were
difficult to obtain.
In addition, two laboratory measurements were made. These were
evaluated using experimental modal analysis, giving the eigenmodes and the
damping of the structures. The damping for these particular structures varies
significantly with frequency, especially when an elastomer is used in the floorwall junction. The overall damping is also higher when elastomers are used in
the floor-wall junction in comparison to a screwed junction. By analysing the
eigenmodes, using the modal assurance criterion, of the same structure with
two types of junctions it was concluded that the modes become significantly
different. Thereby the overall behavior differs.
Several finite element models representing both the field and laboratory
test setups have been made. The junctions between the building blocks in the
models have been modeled using tie or springs and dashpots. Visual
observation and the modal assurance criterion show that there is more
rotational stiffness in the test structures than in the models.
The findings in this doctoral thesis add understanding to how modern
joints in wooden constructions can be represented by FE modelling. They will
contribute in developing FE models that can be used to see the acoustic effects
prior to building an entire house. However, further research is still needed.
Key words: wooden framed structure, light weight buildings, multi-storey,
flanking transmission, junction, vibration distribution, impact noise, damping,
elastomers, finite element analysis, experimental modal analysis, FRF
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SAMMANFATTNING
Denna doktorsavhandling behandlar flanktransmission i flervåningshus med
trästomme, inom det lågfrekventa området, främst 20-120 Hz. Det
övergripande målet är att undersöka hur finita elementmetoden kan bidra i
konstruktionsfasen för att utvärdera olika knutpunkters inverkan på
flanktransmissionen.
Två fältmätningar av accelerationer i trähus har utvärderats. I dessa har två
olika lastkällor använts, i den första en stegljudsapparat och i den andra en
elektrodynamisk vibrator (shaker). Det visades att shakern kan ge mer
detaljerad information, men eftersom vibrationerna även sprider sig till
omgivande byggnadsdelar vid fältmätningarna var det svårt att estimera
tillförlitliga dämpningsdata även då shaker användes.
Fältmätningarna följdes av två mätningar i laborationsmiljö. Dessa två
experiment utvärderades med experimentell modalanalys, vilket ger
egenmoder och dämpning hos strukturerna. Dämpningen för dessa
trähuskonstruktioner varierar kraftigt med frekvens. Extra stora variationer
registreras då en elastomer användes i knutpunkten mellan golv och vägg. Den
totala dämpningen är generellt högre när elastomerer används i knutpunkten
mellan golv och vägg i jämförelse med då knutpunkten är skruvad. Genom att
analysera egenmoder och deras korrelationer (MAC), för samma trästruktur
men med olika typer av knutpunkter, drogs slutsatsen att knutpunkten
drastiskt förändrar strukturens dynamiska beteende.
Flera finita elementmodeller av både fält- och laboratorieuppställningar har
gjorts. I dessa har knutpunkterna mellan byggnadsdelar modellerats helt styvt
eller med hjälp av fjädrar och dämpare. Visuella observationer av egenmoder
och korrelationen dem emellan visar att det finns mer rotationsstyvhet i
försöken än i finita elementmodellerna.
Resultaten i denna doktorsavhandling har gett förståelse för hur
knutpunkter i träkonstruktioner beter sig och kan simuleras med finit
elementmodellering. Vidare kan resultaten bidra till utvecklingen av FEmodeller som kan användas för att kunna se de akustiska effekterna redan
under konstruktionsstadiet. Dock behövs ytterligare forskning inom området.
Nyckelord: Trästomme, träkonstruktion, träbyggnad, flervåningshus, EMA,
FEM, flanktransmission, koppling, knutpunkt, vibrationsspridning, stomljud,
stegljud, dämpning, elastomerer, finit elementmetod, experimentell
modalanalys, accelerationsmätning, frekvensresponsfunktion, modalanalys.
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1. INTRODUCTION
1.1 Background

When the building regulations were changed in 1994 it was again possible to
design buildings with several floors with a load-carrying structure in timber.
The official acoustic requirements were not always fulfilled in those building.
Nowadays, the acoustic requirements are fully meet even if the conceptions of
the wooden houses are not always as good as heavier building structures. This
doctoral thesis study flanking transmission in light weight/wooden multistorey buildings in the low frequency range. Lightweight floors have been
reported to have vibration problems primarily for frequencies up to 250 Hz,
but problems above approximately 100 Hz can be solved using ceiling or
floating floor improvements [1]. In [2] the frequencies of interest are given to
be as low as 20 Hz. Consequently, the frequencies of interest for this study
were decided to be between 20 and 120 Hz. The study is done by means of
numerical models, laboratory measurements and full scale measurements, see
examples in Figure 1.

a)
b)
Figure 1: a) Full scale measurements are performed at Limnologen in Växjö within this thesis,
architect Arkitektbolaget , photograph from [3]. b) Picture from one of the laboratory
measurements within this thesis, Paper VI.
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For a wooden multi storey building in Sweden a field impact sound
measurement should be done according to the national standard, called SSEN ISO 140-7 [4] and evaluated according to SS-EN ISO 717-2 [5]. These
standards give the user the option to either measure or calculate the impact
noise. Presently, there are no calculation method developed for a wooden
multi-storey building. This is why measurements are made in order to verify
that a wooden multi-storey building fulfills the sound requirements. In the
future it would be desirable if engineers should be able to establish an FE
model of a specific wooden structure and be able to make small construction
changes within the model to study the acoustic effects prior building the
house.
Field measurements of impact sound are made using a tapping machine.
The tapping machine was developed when multi-storey wooden houses were
prohibited. However, the tapping machine does not fully mimic the human
step. Some adjustments to the standards were done in 1999 on the evaluation
procedure, but it was not sufficient to be used when evaluating the acoustic
properties of a wooden structure. Today, a large research program called
AkuLite [2], is on-going in Sweden. The aim is to determine appropriate
methods for analysing and measuring the acoustic properties of wooden
structures. This shows the importance of research within this area.
Structures can respond with magnified vibration at certain frequencies, i.e.
at the resonance frequencies of the structures. A well-known incident caused
by resonance is the Tacoma Bridge which started to oscillate with magnified
vibrations due to wind loading. The vibrations eventually led to total failure of
the entire bridge. The consequences are not so dramatic within impact noise
but it is based on the similar phenomenon. At certain frequencies the vibration
groves and the magnitude depends on the system’s damping at that frequency.
The resonances/eigenfrequencies of a system can be altered by changing the
mass, stiffness or damping of the system. Within this thesis the
eigenfrequencies and damping of wooden structures are evaluated for different
designs of junctions. The structures are evaluated both experimentally and
numerically.

1.2 Aim and limitations

One aim in this thesis is to examine an alternative measuring method for
impact sound assessments at low frequencies in timber-framed buildings. The
objective is that the result must be comparable to analysis results. The method
shall give more information about the flanking transmission than would be
gained if a traditional measuring method had been chosen.
The experimental results are limited to detailed measurements performed
in two wood-framed buildings in field and two laboratory measurements,
which limit the types of wooden junction. The major focus in the laboratory
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measurements is the junctions between floor and walls with and without
different elastomers.
Another aim of this doctoral thesis is to see if Finite Element (FE) models
can be used to obtain the same results as given by an experimental modal
analysis of a junction typically used in a wooden multi-storey building. FE
models can of course have different levels of detailing. In this study, the
models are made of solid elements that can be applied directly on the
geometry imported from a CAD system. All connections within each building
parts are therefore modelled as stiff. The junctions in-between the building
blocks are modeled more in detail by using springs and dashpots.
The study is limited to evaluate the impact sound caused by vibrations in
the low frequency range, 20-120 Hz.

1.3 Outline of the thesis

This thesis consists of an extended summary covering the research topics
related to the seven appended papers. The aim is to give a theoretical
overview. The subject of the thesis is placed in an area in-between several
engineering fields. The existing literature in the same or adjoining areas
sometimes gives the feeling that by doing just some more small studies, the
knowledge about impact noise in wooden houses could be raised considerably.
Hence, well planned and executed measurements in combination with
correctly performed evaluations would increase the knowledge of transmission
of impact noise in wooden structures. The extended summary consists of 9
sections followed by the appended papers:
•

Section 1 describes the background and the aim of the thesis.

•

In section 2, the coupling between an impact load and the
vibrations propagated through the structure to become sound in
another room is discussed.

•

A single degree-of-freedom system subjected to a time varying
load is discussed in section 3. The solution of a single degree-offreedom system is described with its particular and homogeneous
responses, with and without damping. The difference between a
single degree-of-freedom system and multiple degrees-offreedoms system is shown.

•

In section 4, the equations for a multiple degrees-of-freedoms
system are solved using a modal approach. The theoretical
background is given as well as how the calculations are practical
done within an FE program.
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•

Damping is a complex issue. In section 5, some background to
damping in a wooden structure is given. The existing theoretical
approaches to handle damping are given and briefly described in
order to clarify the damping issues discussed in some of the
appended papers.

•

Experimental modal analysis is used within this thesis. Section 6
aims to give an understanding what can be gained and explaines
the difference between observing acceleration levels and analysing
modal properties.

•

In section 7, the difficulties combining FEM and EMA in
particular when applied to a wooden construction are discussed, as
well as the problems obtained by using FE and EMA on a
wooden construction are raised and explained. The energy-losses
in material junctions will be shown. The FE modelling of building
block junctions using spring and dashpot elements is described.
The damping as well as the actual material properties of a building
unit is found to be crucial for obtaining good agreement between
FE-analysis and measurement results.

•

In section 8, the idea behind each appended paper is given, the
division of the work between the authors and a short description
of the papers are presented.

•

The most important conclusions of this thesis are summarized in
section 9, which also presents a proposal of future work within this
area.

After all sections in the extended summary the references are listed as well
as the appended papers in chronological order in their original format.
The theory described in the following sections is necessary to give a better
understanding of the appended papers. In Table 1 the relation between the
theory sections and the appended papers are given.
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Table 1: The appended papers and their related theory sections.

Paper I, Structural
vibrations in different
types of wooden
house walls,

Section 2, Section 3, Section 4, Section 5,
Section 6,
Section 7,
StructureSingle
Modal
Damping Experimental Structuralborne
degreeanalysis on
modal
acoustic
sound and
ofmultiple
analysis
vibrations
vibrations freedom degrees-ofin wooden
systems
freedom
assemblies
systems

Paper II, Evaluation
of vibration
distribution from a
full scale
measurement in an
eight storey wooden
house
Paper III, Flanking
transmission in a
timber-framed
building - a
comparison of
structural vibrations
in measurements and
FE analyses
Paper IV, FE
Modelling of wooden
building assemblies
Paper V, FE
modelling of a
lightweight structure
with different
junctions
Paper VI, Vibration
Properties of a Light
Wooden Assembly
With and Without
Damping Material
Paper VII, FE
Modelling of Light
Wooden Assemblies parameterstudy and
comparison between
analysis and
experiments
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2. STRUCTURE-BORNE SOUND
AND VIBRATIONS
The sound radiation of a structure is caused by solid waves that move the
structure and thereby start moving the surrounding air. The movements of the
air close to the structure give rise to pressure differences that propagate,
creating an undesired sound, a noise. The sound pressure is just shortly treated
in this thesis and is outside the main scope.
A short duration, shock-like excitation is denoted impact load. When an
impact load is transmitted through the structure it can give rise to structure
borne sound. The magnitude of the transmitted noise depends for instance on
the load frequency content, the structure-fluid interaction, the energy level of
the load and the properties of the structure.
If the structural load is transmitted through the structure to a adjacent
room, the transmission is called flanking transmission, i.e. if the transmission
is caused by another path than directly through the structure which separates
the rooms. The difference between direct transmission and flanking
transmission is shown with two examples in Figure 2. The impact sounds can
for instance be a step or a hit towards a wall.
Direct
transmission

Flanking
transmission

a)
b)
Figure 2: Example on a) direct transmission and b) flanking transmission of two examples on
impact sound.
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When flanking transmission is examined according to the standard [4], the
propagation of vibrations caused by a tapping machine from one room to
another is considered. The impact sound pressure level, in decibels, is
calculated as,
𝐴
𝐿′𝑛 = 𝐿𝑖 − 10 log
(1)
𝐴0

according to the Swedish standard. In the equation 𝐿𝑖 is the averaged
measured sound pressure in the receiving room at every 1/3 octave band, 𝐴 is
the equivalent absorption area of the partition between the rooms and the
reference absorption area is 𝐴0=10m2.

2.1 Impact load

The actual force applied to the structure due to an impact load could have
different frequency contents and energy level since the impact of the load
depends on the structures impedance and the load type.
Common impact loads in residential buildings are footsteps. The impact
sounds in a light weight wooden construction are larger for low frequencies
than in a concrete structure, cf. [6] where the author shows measured impact
sound curves due to typical walking in wooden and concrete structures, see
Figure 3.
Step on floor in house with wooden frame
Step on in house with concrete frame

Figure 3: Typical impact sound pressure in a receiving room due to normal walking in wooden
and concrete structures, figure from [6].

If a building, built either with wood or concrete structure having the same
sound class, evaluated according to the Swedish classification [5], the wood
structure are often apprehended worse due to impact sound [7].
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A tapping machine has lower force amplitude in the low frequency range
in comparison to a heel impact, see Figure 4. It is in the same frequency range
that the wooden structures shows higher impact sound levels compared to
concrete structures. This shows the importance of using a source that has the
correct frequency content for low frequencies where the wooden structures
generally experience problems with structure borne sound.
Heel impacts
Impacts from one
ISO tapping
machine

Figure 4: Impact forces in the frequency domain from repeated heel impacts and repeated impacts
from one ISO tapping machine, figure from [8].

2.2 Vibrations

Instead of studying the sound pressure level directly, vibrations causing the
sound pressure can be measured. The level and direction of the transmitted
vibrations depend on the structure. If the structure is homogenous, the
distribution will be the same in all directions. However, a wooden beam floor
exhibit an orthotropic behavior due to the bearing beams [9]. In Figure 5, the
variation of the velocity for a typical wooden floor due to an impact load is
shown. It is evident that the distribution is more pronounced along the
bearing beams than transverse the beams.

Along the beams

Transverse the beams

Figure 5: The variation of velocity level of the surface of a wooden framed structure, figure
from [9].

9

The flanking transmission can be quantified by velocity level difference
between the two flanking surfaces, in the decibel scale, the so called
transmission loss, [10]. First the vibration level, 𝐿𝑣 , for each surface need to be
calculated. It can be done when a stationary source is used an is calculated as,
𝑣12 + 𝑣22 + ⋯ + 𝑣𝑛2
𝐿𝑣 = 10log
(2)
𝑛 ∙ 𝑣02

which is the spatial averaging of all measurement points. In the numerator
𝑣12 + 𝑣22 + ⋯ + 𝑣𝑛2 is given, it is the root mean square velocities in the 𝑛
measurement points. The reference value is 𝑣0 = 1x10-9 m/s or 5x10-8 m/s.
Than the transmission loss is calculated as,
𝑇𝐿𝑣 = 𝐿𝑣,𝑠 − 𝐿𝑣,𝑐

(3)

the difference in vibration level in the receiving, 𝐿𝑣,𝑐 , and sending room, 𝐿𝑣,𝑠 .
In [11], the vibration level difference across a junction depending on the
beam-direction of the floor is measured. The transmission from the floor
structure to the walls is lower along the floor beams than perpendicular to the
floor beams in the frequency region 60-1000Hz, below 60 Hz it is the
opposite situation, see Figure 6. This shows that the vibrations are transmitted
differently in different frequencies.

Figure 6: Vibration level difference from floor to wall depending on the if the wall is perpendicular
or parallel towards the floor beams, figure from [11].

The boards typical used in a floor structure also has an effect on the
vibration distribution. Transmission of an impact load due to the number of
boards used over the beams on the floor structure is studied in [12]. By using
two boards over lapping each other it is observed that the vibration
distribution between the boards are lower, see Figure 7. The vibration level in
one point in decibels is calculated as,
v2
𝐿𝑣 = 10 log �
�
(4)
𝑣𝑐𝑒𝑓 2

where the reference value is 𝑣𝑐𝑒𝑓 = 1x10-9 m/s
10

a)
b)
Figure 7: Vibration level distribution at 57 Hz over a floor depending on the number of board
layers used, in a) one layer and in b) two layers, figure from [12].

2.3 Structure borne sound

The energy propagates through the structure as solid waves of different types,
and the wave type can change due to changes in the structure.
However, in the acoustic field the bending (=flexural) waves constitute the
far most interesting wave type. The flexural wave gives large sideway
deflections perpendicular to a beam, see Figure 8.

Figure 8: Bending wave, the wave type that generates the largest sideway deflection, figure from
[13].

The flexural wave of a structure is strongly coupled to the acoustic medium
and can thereby most easily transfer energy into the air.
Changes of material, cross section area, material and/or orientations, all
influence the wave pattern. Since a lightweight building is made up of several
beams and plates, there are several internal junctions. All types of change in
the structure also change the waves and the energy being transmitted. When
flanking transmission is studied, it is desirable to minimize the transmitted
waves. If the transmitted wave is most minimized, the main part of the energy
will be kept close to the source either as power loss or being reflected back
towards the source. However, it is important to remember that the energy
content is the same independently of the wave type and the fact that one wave
type be changed to a new wave type that could transmit energy.
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3. SINGLE DEGREE-OF-FREEDOM
SYSTEMS
When a single degree-of-freedom system, SDOF, is statically loaded, i.e. the
load is constant in time and all transients have settled, see Figure 9, the mass
has moved to a new position and stays there. The final static displacement is
𝑢𝑠 = 𝑓0 /𝑘 .
f0

u [m]

m
k

us

u(t)
c

t [sec]

Figure 9: Single degree-of-freedom system statically loaded. The mass settles at a constant
displacement

If the system is loaded with a time varying load, see Figure 10, we will have a
displacement that varies with time.
f(t)
m
k

u [m]
u(t)

c

t [sec]

Figure 10: Single degree-of-freedom system with a time varying load.
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Many real-world forces are periodic or can be approximated as being periodic
time signals. They can be represented by a series of harmonic functions, i.e.
sines and cosines. Therefore it is valuable to study a system subjected to a
harmonically time varying load, e.g.
𝑓(𝑡) = 𝑓0 ∙ cos 𝛺𝑡

(5)

𝑓(𝑡) = 𝑓𝑎 + 𝑓𝑠 + 𝑓𝑑 = 𝑚 ∙ 𝑢̈ (𝑡) + 𝑐 ∙ 𝑢̇ (𝑡) + 𝑘 ∙ 𝑢(𝑡)

(6)

where 𝛺 is the driving frequency and 𝑓0 is the amplitude. The solution to this,
consist of two parts; one homogenous and one particular. Below it will be
shown how the displacement can be found for a single degree-of-freedom,
SDOF, system. In the end of the section the similarity for a multiple degreesof-freedom system, MDOF will be described.
The linear single degree-of-freedom system with a time varying load, see
Figure 10, can be described with a combination of Newtons second law
𝑓𝑎 = 𝑚 ∙ 𝑢̈ (𝑡), the spring force 𝑓𝑠 = 𝑘 ∙ 𝑢(𝑡), and the damping force
𝑓𝑑 = 𝑐 ∙ 𝑢̇ (𝑡) . The three contributions should balance the total load, 𝑓(𝑡) ,
applied to the system. The equation of motion then becomes the second order
differential equation,
where, 𝑚 is the mass , 𝑐 is the damping , 𝑘 is the stiffness and 𝑓(𝑡) is the time
dependent load.

3.1 Undamped SDOF system

In reality all systems have some damping. Nevertheless, the undamped SDOF
system forms an important theoretical case. The solution, 𝑢(𝑡), to the
undamped system,
𝑓(𝑡) = 𝑚 ∙ 𝑢̈ (𝑡) + 𝑘 ∙ 𝑢(𝑡)

consists of two parts,
𝑢(𝑡) = 𝑢𝑝 (𝑡) + 𝑢ℎ (𝑡)

(7)
(8)

where 𝑢𝑝 (𝑡) is the particular solution and 𝑢ℎ (𝑡) is the homogeneous solution.
The particular solution, 𝑢𝑝 (𝑡), corresponds to,
𝑚 ∙ 𝑢̈ 𝑝 (𝑡) + 𝑘 ∙ 𝑢𝑝 (𝑡) = 𝑓0 ∙ cos 𝛺𝑡

a case with a harmonic load.
The homogeneous solution, 𝑢ℎ (𝑡), corresponds to,
𝑚 ∙ 𝑢̈ ℎ (𝑡) + 𝑘 ∙ 𝑢ℎ (𝑡) = 0

a situation with no load.
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(9)

( 10 )

In a linear system the response to a harmonic force is also harmonic. Due
to linearity, superposition can be used. This means that the response is the
sum of the responses due to each one of the harmonic components of the
original force.
The particular solution, 𝑢𝑝 (𝑡), can for the undamped harmonically loaded
case thereby be stated as,
𝑢𝑝 (𝑡) = 𝑈 ∙ 𝑐𝑜𝑠 𝛺𝑡

( 11 )

𝑢ℎ (𝑡) = 𝐴 ∙ 𝑐𝑜𝑠 𝜔𝑛 𝑡 + 𝐵 ∙ 𝑠𝑖𝑛 𝜔𝑛 𝑡

( 14 )

where 𝑈 is the amplitude. Equation ( 11 ) inserted in equation ( 9 ) gives,
𝑢𝑠
𝑢𝑝 (𝑡) =
∙ 𝑐𝑜𝑠 𝛺𝑡
𝛺
( 12 )
1 − (𝜔 )2
𝑛
where 𝑢𝑠 is the static displacement 𝑢𝑠 = 𝑓0 /𝑘, and 𝜔𝑛 is the undamped
natural frequency, where 𝜔𝑛 = �𝑘/𝑚. Equation ( 12 ) can be rewritten as,
𝑢𝑠
𝑢𝑝 (𝑡) =
∙ 𝑐𝑜𝑠 𝛺𝑡
( 13 )
1 − 𝛽2
when introducing the frequency ratio term 𝛽 = 𝛺/𝜔𝑛 . If 𝛺 ≡ 𝜔𝑛 the
assumption in equation ( 11 ) is not valid, but it can be observed that the
magnitude of the particular solution ( 13 ) goes towards infinity if 𝛺 approches
𝜔𝑛 and another assumption is needed, see [14] for instance.
The homogeneous part of the solution,
is found by studying the equation of motion for the unloaded system. The
homogenous solution varies with time, but will not be unbounded.
By using equation ( 12 ) and ( 14 ) , ( 8 ) can be rewritten to,
𝑢0
𝑢(𝑡) = �
∙ 𝑐𝑜𝑠 𝛺𝑡� + [𝐴 ∙ 𝑐𝑜𝑠 𝜔𝑛 𝑡 + 𝐵 ∙ 𝑠𝑖𝑛 𝜔𝑛 𝑡]
( 15 )
1 − 𝛽2
which is the total solution. The constants 𝐴 and 𝐵 are determined by the
initial conditions, i.e. the initial displacement and velocity of the SDOF. As
before, it is evident that when the frequency, 𝛺, is close to the systems natural
frequency, 𝜔𝑛 , an infinite displacement is obtained due to the particular part
(first part) of the total displacement expression.
An example of a total response of an undamped SDOF subjected to a
harmonic load can be seen in Figure 11. In case of damping, the homogeneous
response 𝑢ℎ (𝑡) will vanish with time, see Section 3.2.
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Figure 11: Example on the total response of an undamped system subjected to a harmonic force,
figure from [15].

3.2 Damped SDOF system

The damping is assumed to be viscous, giving the damped equation of motion,
𝑚 ∙ 𝑢̈ + 𝑐 ∙ 𝑢̇ + 𝑘 ∙ 𝑢 = 𝑓0 ∙ cos 𝛺𝑡

( 16 )

where 𝑐 is the damping. The damping force is 𝑓𝑑 = 𝑐 ∙ 𝑢̇ (𝑡) i.e. proportional
to the velocity. The total response consists of two parts,
𝑢(𝑡) = 𝑢𝑝 (𝑡) + 𝑢ℎ (𝑡)
( 17 )
one particular solution, 𝑢𝑝 (𝑡), and one homogeneous solution, 𝑢ℎ (𝑡).
Due to the damping present, the particular solution can be given as
𝑢𝑝 (𝑡) = 𝑈𝑝 ∙ cos(𝛺𝑡 − 𝛼)
where 𝑈𝑝 is the amplitude,
𝑢𝑠
𝑈𝑝 =
�(1 − 𝛽 2 )2 + (2ζ𝛽)2

( 18 )
( 19 )

of the particular solution. The relative critical damping ratio is defined,
c
ζ=
( 20 )
c𝑐𝑐
where c𝑐𝑐 is the critical damping, 𝑐𝑐𝑐 = 2m𝜔𝑛 .
The equation,
2ζ𝛽
tan(𝛼) =
1 − 𝛽2
describes 𝛼 the phase (lag) angle, [14].
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( 21 )

By using equation ( 19 ) and ( 21 ), ( 18 ) in this case can be rewritten to,
1
𝑢𝑝 (𝑡) = 𝑢𝑠 ∙
cos(𝛺𝑡 − 𝛼)
( 22 )
�(1 − 𝛽 2 )2 + (2ζ𝛽)2

which forms the particular solution. The particular solution depends on the
loading frequency. The frequency ratio term 𝛽 = 𝛺/𝜔𝑛 controls the response.
If the loading frequency, 𝛺, is close to the natural frequency, 𝜔𝑛 , the particular
part of the solution,
𝑢𝑠
𝑈𝑝 ≈
( 23 )
2ζ
is dominated by the damping, ζ .
The homogeneous solution can be written as [14],

𝑢ℎ (𝑡) = 𝑒 −ζ𝜔𝑛 𝑡 (𝐴 ∙ cos(𝜔𝐷 𝑡) + 𝐵 ∙ sin(𝜔𝐷 𝑡))

where 𝜔𝐷 = 𝜔𝑛 �1 − ζ2 is called the damped natural frequency.
The total response becomes
1
𝑢(𝑡) = 𝑢𝑠 ∙
cos(𝛺𝑡 − 𝛼)
�(1 − 𝛽 2 )2 + (2ζ𝛽)2
+𝑒

−ζ𝜔𝑛𝑡

(𝐴 ∙ cos(𝜔𝐷 𝑡) + 𝐵 ∙ sin(𝜔𝐷 𝑡))

( 24 )

( 25 )

Where the constants 𝐴 and 𝐵 are determined by the initial conditions, i.e. the
initial displacement and velocity of the SDOF. However, the homogeneous
solution will vanish due to damping when time is increasing and the total
response will be governed by the particular response after some time, see
Figure 12. That gives,
𝑢(𝑡) ≈ 𝑢𝑝 (𝑡)
( 26 )

The single degree-of-freedom system, now damped, excited with a
harmonic time dependent load, here a cosine, gives the response exemplified
in Figure 12, where it is seen that the particular solution constitute the total
response after some time.
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Figure 12: Example on the total response of a damped system subjected to a harmonic force, figure
from [15].

3.3 Multiple degrees-of-freedom system

A viscously damped multiple degrees-of-freedom system, having N degreesof-freedom can be described by a set of coupled second order differential
equations forming the equations of motion. In matrix form these can be
written as,
[𝑀] ∙ {𝑢̈ (𝑡)} + [𝐶] ∙ {𝑢̇ (𝑡)} + [𝐾] ∙ {𝑢(𝑡)} = {𝑓(𝑡)}

( 27 )

where [𝑀] is the 𝑁𝑥𝑁 mass matrix, [𝐶] is the 𝑁𝑥𝑁 viscous damping matrix
and [𝐾] is the 𝑁𝑥𝑁 stiffness matrix. The force, {𝑓(𝑡)}, and the
displacement, {𝑢(𝑡)} , are 𝑁𝑥1 column vectors.
For a general time dependent load, a direct time domain solution using
numerical time integration can be used. Direct time integration methods are
predominately used for dynamic analyses that are nonlinear, but they are costly
since they rely on solving a linear system of equations in all of the systems
degrees-of-freedom, in each time-increment, equation ( 27 ). A modal
approach can result in a quicker calculation time in time-domain, thus it may
be reduced by use of its associated eigenmodes, see section 4.1.2. For harmonic
loads, a frequency domain solution is preferred. A large system may be
reduced by use of its associated eigenmodes; often the ones stemming from
the undamped system are used.
For time domain, and particularly for transient response, a solution using
modal superposition is common. The basic idea in modal superposition is that
the response of a system can be represented as a sum of the individual
harmonic responses due to each mode, see section 4.
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4. MODAL ANALYSIS IN MULTIPLE
DEGREE-OF-FREEDOM SYSTEMS
The transmission of vibrations through a structure can be calculated using
several different methods depending on the load applied and the type of
damping present. The method used also depends on the size of the model, the
computer capacity, and the aim of the analysis. Modal superposition is often
applicable to linear dynamic analyses. The modal superposition approach will
be described more in detail, since it is the method used in this thesis. Also,
within the modal approach there are different options as explained in
section 3.3. A modal approach can be either solved in time or frequency
domain.
•

A modal approach time domain method calculates the response to
a time-dependent load using a chosen number of eigenmodes, and
gives the response in time. In Abaqus this is called transient modal
dynamic analysis [16].

•

A modal approach frequency-domain method frequently used is
the modal harmonic dynamic analysis, which uses the eigenmodes
to find the steady-state (particular) response due to a harmonic
excitation. The solution gives the response in frequency. This
method is called mode based steady state dynamic analysis in Abaqus.

When a modal method uses all associated eigenmode shapes it could
efficiently match the exact solution. However, it is common to make a modal
reduction, i.e. only use some of the eigenmode shape vectors. This way of
calculating gives an approximate solution, but can if sufficient numbers of
modes or the appropriate ones are used give good results.
In this thesis, the modebased steady state dynamic analysis method is used.
This method is capable of handling large scale problems. The calculation is
made in two steps, first an eigenmode extraction and then a steady state
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solution. The eigenmodes are solved for an undamped system. The physical
displacement vector is replaced by linear combinations of eigenmodes and the
responses in the structure is given in the frequency domain.

4.1 Modal space

In a modal approach the response of the system is expressed as a linear
combination of its eigenmodes.
Determining the eigenmodes can be done in different ways, both for
undamped and damped situations. When the undamped situation is solved
only real eigenvalues and real eigenvectors are given. On the other hand the
damped system of equations is solved; complex eigenvalues and eigenvectors
are obtained. This is the most realistic case. Within FE programs the
eigenvectors are found by iterations. Examples of extraction procedures are;
Lanczos, subspace iteration methods, subspace projection method and
automatic multi-level substructuring eigensolver (AMS) [17]. However, the
theoretical background to an eigenvalue problem will be explained below.

4.1.1 Eigenmode extraction

The undamped, homogeneous system has the governing equation of motion,
[𝑀] ∙ {𝑢̈ (𝑡)} + [𝐾] ∙ {𝑢(𝑡)} = 0

( 28 )

{𝑢(𝑡)} = {𝜙} ∙ 𝑒 𝑖𝜔𝑛 𝑡

( 29 )

([𝐾] − 𝜔𝑛 2 ∙ [𝑀]) ∙ {𝜙} ∙ 𝑒 𝑖𝜔𝑛 𝑡 = 0

( 30 )

where {𝑢(𝑡)} is the displacement in all DOFs with respect to time. The
homogenous solution is assumed to have the form,
where {𝜙} is the amplitude vector of the displacement. By this assumption the
time and the spatial dependencies are separated. By inserting ( 29 ) into ( 28 )
the eigenvalue problem is obtained,
and from this equation the eigenvectors, {𝜙}, can be solved. If this should be
valid for all times, 𝑡, and {𝜙} ≠ 0, the first part has to be singular. Thus, the 𝑁
non-trivial solutions are given by solving the characteristic equation,
det[[𝐾] − 𝜔𝑛 2 ∙ [𝑀]] = 0

2

( 31 )

for which the determinant will get zero for 𝑁 eigenvalues 𝜆𝑛 = 𝜔𝑛 . Where
±𝜔𝑛 are the natural circular frequencies. By using the eigenvalues in the first
part of ( 30 ) will be,
([𝐾] − 𝜔𝑛 2 ∙ [𝑀]) ∙ {𝜙} = 0
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( 32 )

and the non-trivial solutions to the corresponding eigenvectors, {𝜙}, can be
solved. The eigenvectors could be determined except from a scaling factor.
The eigenvalues are placed in the diagonal of a matrix
𝜔 2
⎡ 1
⎤
𝜔2 2
⎢
⎥
⎥
[𝑋] = ⎢
𝜔𝑘 2
( 33 )
⎢
⎥
…
⎢
⎥
⎣
𝜔𝑁 2 ⎦
and the corresponding eigenvectors, {𝜙}, build up the eigenvector matrix,
⋮
⋮
⋮
⋮
[𝜙] = ��𝜙1 � �𝜙2 � �𝜙𝑘 � ⋯ �𝜙𝑁 ��
( 34 )
⋮
⋮
⋮
⋮

in which each column represents a mode shape. As examples the first two
eigenmodes of a cantilever beam are shown in Figure 13.
𝜙1
𝜙2
Figure 13: Example of the mode shapes of the first two eigenmodes of a cantilever beam, figure
from [18]

4.1.2 Spectral decomposition

When damping is included, in this case viscous, and loading is present the
coupled equations of motion are,
[𝑀] ∙ {𝑢̈ (𝑡)} + [𝐶] ∙ {𝑢̇ (𝑡)} + [𝐾] ∙ {𝑢(𝑡)} = {𝑓(𝑡)}

( 35 )

where [𝐶] is the damping matrix. An uncoupled system may be obtained by
making a spectral decomposition [14], i.e. first assuming the solution to be
expressed as a linear combination of the undamped eigenmodes,
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{𝑢(𝑡)} = [𝜙] ∙ {𝑝(𝑡)}

𝑝1 (𝑡)
⎧
⎫
⋮
⋮
⋮
⋮
⎪ 𝑝2 (𝑡) ⎪ ( 36 )
= ��𝜙1 � �𝜙2 � �𝜙𝑘 � ⋯ �𝜙𝑁 �� ∙ 𝑝𝑘 (𝑡)
⎨ ⋮ ⎬
⋮
⋮
⋮
⋮
⎪
⎪
⎩𝑝𝑁 (𝑡)⎭

where {𝑝}, is the vector of the principal coordinates (also called generalized or
normal coordinates). The principal coordinates represent the modal
amplitudes. By substituting ( 36 ) into equation ( 27), we obtain,
[𝑀] ∙ [𝜙] ∙ {𝑝̈ (𝑡)} + [𝐶] ∙ [𝜙] ∙ {𝑝̇ (𝑡)} + [𝐾] ∙ [𝜙] ∙ {𝑝(𝑡)}
( 37 )
= {𝑓(𝑡)}

the equations of motion expressed with its undamped eigenmodes and the
principal coordinates.
Equation ( 37 ) is pre-multiplied with the transposed eigenvector matrix,
[𝜙]𝑇 giving,
[𝜙]𝑇 ∙ [𝑀] ∙ [𝜙] ∙ {𝑝̈ (𝑡)} + [𝜙]𝑇 ∙ [𝐶] ∙ [𝜙] ∙ {𝑝̇ (𝑡)} +
( 38 )
[𝜙]𝑇 ∙ [𝐾] ∙ [𝜙] ∙ {𝑝(𝑡)} = [𝜙]𝑇 ∙ {𝑓(𝑡)}

which can lead to uncoupled equations. Since, the operation in ( 38 ), on the
mass matrix gives,
𝑚
�1 0
0 0 0
⎡0 𝑚
�2 0 0 0 ⎤
⎢
⎥
��
[𝜙]𝑇 ∙ [𝑀] ∙ [𝜙] = ⎢ 0
� 𝑘 0 0 ⎥ = �𝑀
0 𝑚
( 39 )
0
⋱
0
0
⎢0
⎥
⎣0
0 0 𝑚
� 𝑁⎦
0
in which each 𝑚
� 𝑘 is the modal mass for mode 𝑘. This part of the equation is
� � is denoted the modal mass matrix. In the same manner, the
diagonal and �𝑀
operation on the stiffness matrix gives,
𝑘�
0 0 0 0
⎡ 1
⎤
�
⎢ 0 𝑘2 0 0 0 ⎥
��
[𝜙]𝑇 ∙ [𝐾] ∙ [𝜙] = ⎢ 0
0 𝑘�𝑘 0 0 ⎥⎥ = �𝐾
( 40 )
⎢
0 0 ⋱ 0⎥
⎢0
0 0 0 𝑘�𝑁 ⎦
⎣0
� � is called the modal
where 𝑘�𝑘 is the modal stiffness for mode 𝑘 and �𝐾
stiffness matrix.
It can be shown [19] that if,
[𝑀]−1 ∙ [𝐶] ∙ [𝑀]−1 ∙ [𝐾] = [𝑀]−1 ∙ [𝐾] ∙ [𝑀]−1 ∙ [𝐶]
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( 41 )

is valid the damping matrix become diagonalised. If equation ( 41 ) is valid the
damping matrix is diagonalized by the multiplication,
𝑐̃1 0 0 0 0
⎡ 0 𝑐̃
⎤
0 0
2 0
⎢
⎥
[𝜙]𝑇 [𝐶][𝜙] = ⎢0
0 𝑐̃𝑘 0 0 ⎥ = �𝐶̃ �
( 42 )
0 0 ⋱ 0⎥
⎢0
⎣0
0 0 0 𝑐̃𝑁 ⎦
giving a diagonal damping matrix, where 𝑐̃𝑘 is the modal damping for mode 𝑘
and �𝐶̃ � is called the modal damping matrix. Often (viscous) modal damping is
used and referred to as modal damping (described further in section 5.2.1, 5.3
and 7.8.1).
This means that equation ( 37 ) contains diagonalized matrices and thereby
giving 𝑁 uncoupled second order differential equations in terms of {𝑝(𝑡)}. In
Abaqus this is called transient modal dynamic analysis explained in the start of
section 4. For general damping this is not the situation, damping will be
explained further in Section 5.

4.1.3 The uncoupled modal space equation

By the operations explained in Section 4.1.2 the uncoupled modal space
equations are obtained, and can by shortening be written as,
� � ∙ {𝑝̈ (𝑡)} + �𝐶̃ � ∙ {𝑝̇ (𝑡)} + �𝐾
� � ∙ {𝑝(𝑡)} = [𝐹� ]
�𝑀
( 43 )

where the modal force vector [𝐹� ] = [𝜙]𝑇 ∙ {𝑓(𝑡)} .
After a while, as for the SDOF, a damped systems behavior is controlled
by the particular solution. Therefore, hereafter only the particular (also called
steady state) case will be studied. By making the assumption of a harmonic
load, the load vector can be expressed as,
{𝑓(𝑡)} = �𝑓̂� ∙ 𝑒 𝑖𝛺𝑡
( 44 )
which gives that the principal coordinates can be expressed as
{𝑝(𝑡)} = {𝑝̂ } ∙ 𝑒 𝑖𝛺𝑡

( 45 )

where �𝑓̂� and {𝑝̂ } are the load and the principal coordinate amplitudes
respectively. When ( 44 ) and ( 45 ) are inserted in ( 43 ),
� � ∙ {𝑝̂ } ∙ 𝛺2 + �𝐶̃ � ∙ {𝑝̂ } ∙ 𝑖 ∙ 𝛺 + �𝐾
� � ∙ {𝑝̂ } = [𝐹� ]
−�𝑀
( 46 )

is obtained where the time dependent is suppressed. Having a diagonal modal
matrices decouples equation ( 46 ), which can be expressed as 𝑁 uncoupled
SDOF systems. The principal coordinate amplitudes for DOF 𝑘 are solved
from,
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𝑝̂ 𝑘 =

[𝐹� ]𝑘

−𝑚
� 𝑘 ∙ 𝛺2 + 𝑐̃𝑘 ∙ 𝑖 ∙ 𝛺 + 𝑘�𝑘

=

[𝜙]𝑇𝑘 ∙ �𝑓̂�

−𝑚
� 𝑘 ∙ 𝛺2 + 𝑐̃𝑘 ∙ 𝑖 ∙ 𝛺 + 𝑘�𝑘

( 47 )

and when all DOFs are solved the real displacement,
{𝑢(𝑡)} = [𝜙] ∙ {𝑝(𝑡)} = [𝜙] ∙ {𝑝̂ } ∙ 𝑒 𝑖𝛺𝑡

( 48 )

in all DOFs are obtained. A complex system can thereby be separated into
several modal single degrees-of-freedom systems as shown in Figure 14.
𝑝(𝑡)1
𝑘�1

𝐹� (𝑡)1

𝑚
�1

𝑐̃1

𝑝(𝑡)2
𝑘�2

𝐹� (𝑡)2

𝑚
�2

𝑝(𝑡)𝑁

𝑐̃2

𝑘�𝑁

𝐹� (𝑡)𝑁

𝑚
�𝑁

𝑐̃𝑁

Figure 14: Multiple degrees-of-freedom system expressed using several modal single degree-offreedom systems.

4.2 Frequency response functions

The frequency response function (FRF), here receptance, which is the
displacement in one degree-of-freedom due to a harmonic excitation in
another degree-of-freedom of the structure, is a common description of the
dynamics of a structure. The transfer function is per definition expressed as,
𝑈(𝑓)
𝐻(𝑓) =
( 49 )
𝐹(𝑓)
where 𝑈(𝑓) is the fourier transform of the displacement at frequency, 𝑓, and
𝐹(𝑓) is the fourier transform of the excitation at frequency, 𝑓.
By starting from the coupled equations of motion ( 35 ) and assuming a
particular (steady-state) case where the excitation can be expressed as
{𝑓(𝑡)} = {𝐹} ∙ 𝑒 𝑖𝛺𝑡 , the response can also be expressed as {𝑢(𝑡)} = {𝑈} ∙ 𝑒 𝑖𝛺𝑡 ,
where {𝑈} can be complex. By inserting those expressions in the coupled
equations of motion the expression,
−𝛺2 ∙ [𝑀] ∙ {𝑈} + 𝑖 ∙ 𝛺 ∙ [𝐶] ∙ {𝑈} + [𝐾] ∙ {𝑈} = {𝐹}

( 50 )

{𝑈} = �{𝜙}𝑘 ∙ 𝑝𝑘 = [𝜙] ∙ {𝑝}

( 51 )

will be obtained. By assuming
𝑁

𝑘=1

and inserting it into ( 50 ) and post multiplying with the transposed
eigenvector matrix, this will be obtained,
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� � ∙ {𝑝} ∙ 𝛺2 + �𝐶̃ � ∙ {𝑝} ∙ 𝑖 ∙ 𝛺 + �𝐾
� � ∙ {𝑝} = [𝜙]𝑇 ∙ {𝐹}
−�𝑀

which are 𝑁 decoupled equations. They can be expressed,
(−𝛺2 ∙ 𝑚
� 𝑘 + 𝑖 ∙ 𝛺 ∙ 𝑐̃𝑘 + 𝑘�𝑘 ) ∙ {𝑝}𝑘 = [𝜙]𝑇𝑘 ∙ {𝐹}

( 52 )
( 53 )

for mode number 𝑘. When the system is excited only at DOF 𝑗, the load
vector will be a vector with elements equal to zero in all positions except in
DOF 𝑗,
0
⎧0⎫
⎪ ∗⎪
{𝐹}𝑙𝑜𝑎𝑑 𝑖𝑛 𝑖 = 𝑓
( 54 )
⎨0⎬
⎪⋮⎪
⎩0⎭

and in this case [𝜙]𝑇𝑘 ∙ {𝐹}𝑙𝑜𝑎𝑑 𝑖𝑛 𝑖 will become a scalar which and can be
𝑖
expressed as 𝜙𝑘 ∙ 𝑓 ∗. Thereby the principal coordinate amplitude for mode 𝑘
for a system loaded in DOF 𝑗 are solved from,
𝑖
𝜙𝑘 ∙ 𝑓 ∗
𝑙𝑜𝑎𝑑 𝑖𝑛 𝑖
𝑝𝑘
=
( 55 )
−𝛺2 ∙ 𝑚
� 𝑘 + 𝑖 ∙ 𝛺 ∙ 𝑐̃𝑘 + 𝑘�𝑘

and in the same manner the principal coordinates for the other modes will be
solved.
The displacement response due to a system loaded in DOF 𝑗 can be then
be expressed as a summation,
{𝑈}𝑙𝑜𝑎𝑑 𝑖𝑛 𝑖 = [𝜙] ∙ {𝑝}𝑙𝑜𝑎𝑑 𝑖𝑛 𝑖
𝑁

= �{𝜙}𝑘 ∙ (
𝑘=1

−𝛺2

𝑖

𝜙𝑘 ∙ 𝑓 ∗

∙𝑚
� 𝑘 + 𝑖 ∙ 𝛺 ∙ 𝑐̃𝑘 + 𝑘�𝑘

over all 𝑁 modes. Hence, the response in DOF 𝑖 is,
𝑙𝑜𝑎𝑑 𝑖𝑛 𝑖
𝑈𝑖

=

𝑁

� 𝜙𝑘𝑖
𝑘=1

∙(

𝑖

𝜙𝑘 ∙ 𝑓 ∗

−𝛺2 ∙ 𝑚
� 𝑘 + 𝑖 ∙ 𝛺 ∙ 𝑐̃𝑘 + 𝑘�𝑘

and from that it is easy to establish the receptance FRF,
𝑁

𝑖

𝑈𝑖
𝜙𝑘𝑖 ∙ 𝜙𝑘
𝐻𝑖𝑖 = = �
𝐹𝑖
−𝛺2 ∙ 𝑚
� 𝑘 + 𝑖 ∙ 𝛺 ∙ 𝑐̃𝑘 + 𝑘�𝑘
𝑘=1

)

)

( 56 )

( 57 )

( 58 )

between an excitation at DOF 𝑗 and a response at DOF 𝑖.
This means that if a harmonic excitation, 𝑓(𝑡) = 𝐴 ∙ cos(𝛺𝑡) where 𝐴 is
the force amplitude is applied to DOF 𝑗, the displacement at DOF 𝑖 will be
the receptance between the two degrees-of-freedom multiplied with the
harmonic excitation, see Figure 15, with a phase difference, 𝛼.
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DOF j
𝑓𝑗 (𝑡) = 𝐴 ∙ cos(𝛺𝛺)

𝐻(𝛺)𝑖𝑖

DOF i

𝑢𝑖 (𝑡) = �𝐻(𝛺)𝑖𝑖 � ∙ 𝐴 ∙ cos(𝛺𝛺 − 𝛼)

Figure 15: Explanation of the response to a harmonic excitation as a linear combination of the
frequency response function.

4.3 Mass normalization

As explained before the eigenvectors could be determined except from a
scaling factor. It is common and convenient to mass normalize the eigenvector
matrix. The eigenvector were denoted [𝜙] and the mass normalized will here
be denoted [𝜓], and used hereafter. When mass normalization of the
eigenvectors are done the modal mass matrix will correspond to,
𝑚
�1 0
0 0 0
⎡0 𝑚
�2 0 0 0 ⎤
⎢
⎥
[𝜓]𝑇 ∙ [𝑀] ∙ [𝜓] = ⎢ 0
�𝑘 0 0 ⎥
0 𝑚
0 ⋱ 0 ⎥
0
⎢0
0 0 𝑚
� 𝑁⎦
⎣0
0
( 59 )
1 0 0 0 0
⎡0 1 0 0 0 ⎤
⎢
⎥
= ⎢0 0 1 0 0⎥ = [𝐼]
⎢0 0 0 ⋱ 0⎥
⎣0 0 0 0 1⎦
in which each modal mass for mode equal 1.
In the same manner, the operation on the stiffness matrix gives,
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𝑘�
⎡ 1
⎢0
[𝜓]𝑇 ∙ [𝐾] ∙ [𝜓] = ⎢ 0
⎢
⎢0
⎣0

𝜔2
⎡ 1
⎢0
=⎢0
⎢
⎢0
⎣0

0
�
𝑘2
0
0
0

0
𝜔22
0
0
0

0
0
𝑘�𝑘
0
0

0
0
𝜔𝑘2
0
0

0
0

0⎤
0⎥
0 0⎥
⎥
⋱ 0⎥
0 𝑘�𝑁 ⎦

0 0⎤
0 0⎥
0 0⎥
⎥
⋱ 0⎥
2
0 𝜔𝑁
⎦

( 60 )

where 𝑘�𝑘 = 𝜔𝑘2 is the modal stiffness for mode 𝑘.

4.4 Linear dynamic analysis using modal reduction

To calculate the response of a system with many degrees-of-freedom using all
eigenvectors can be time consuming. Therefore a solution that is based on a
subset of eigenvectors is often used; this is called modal reduction. Modal
reduction means that only some 𝑛 ≪ 𝑁 of the eigenmodes are used to obtain
the particular (even called steady state) solution of the system due to a forced
harmonic excitation. The approximate receptance, between response in DOF
𝑖, and loading in DOF 𝑗, is when using mass normalization given as,
𝑛<𝑁
𝜓𝑖 𝑘 ∙ 𝜓𝑖 𝑘
𝐻𝑖𝑖 (𝛺) = �
+ 𝑅𝑖𝑖
( 61 )
2
−𝛺 + 𝜔2 + 𝑖 ∙ 𝛺 ∙ 𝑐̃
𝑘

𝑘=1

𝑘

where 𝑅𝑖𝑖 is the residual obtained when 𝑛 < 𝑁.
From ( 49 ) it can be seen that when the receptance are known between
two points the displacement in DOF 𝑖 due to an added load in DOF 𝑗 can be
found by multiplying the receptance with the load,
𝑁

𝑈𝑖 (𝛺) = �

𝑘=1

−𝛺2

𝜓𝑖 𝑘 ∙ 𝜓𝑖 𝑘

+ 𝜔𝑘2 + 𝑖 ∙ 𝛺 ∙ 𝑐̃𝑘

and the mobility is found by differentiating once,
𝑁
𝜓𝑖 𝑘 ∙ 𝜓𝑖 𝑘
𝑌𝑖 (𝛺) = 𝑖 ∙ 𝛺 ∙ �
−𝛺2 + 𝜔𝑘2 + 𝑖 ∙ 𝛺 ∙ 𝑐̃𝑘
𝑘=1

and the accelerance is found by differentiating twice,
𝑁
𝜓𝑖 𝑘 ∙ 𝜓𝑖 𝑘
2
𝐴𝑖 (𝛺) = −𝛺 ∙ �
2
−𝛺 ∙ 𝑚
� 𝑘 + 𝑘�𝑘 + 𝑖 ∙ 𝛺 ∙ 𝑐̃𝑘
𝑐=1

( 62 )

( 63 )

( 64 )
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5. DAMPING
All systems contain energy losses which are usually approximated by an overall
damping term in dynamic models. A damped system can either be over, under
or critical damped, depending on the relative damping ratio. Looking at the
equation of motion, the damping of a system can be expressed in different
ways. The options of expressing damping need to be evaluated in order to
make a proper model of the system. Most common is to assume a modal
damping model or to represent the damping as a series of springs and dashpots
[20].
A wooden structure is a relative complex assembly, which has many
connections and a combination of several different building materials. The
overall structural damping can be obtained experimentally. The experimentally
determined damping includes a combination of all existing energy losses,
stemming from the material, screwed connections, damping material in
junctions etc. Damping is a complicated physical phenomenon.
The damping can be visualised by observing the mobility FRF. If the peaks
are high and sharp the system has low damping, if the peaks are low and wide
the system has high damping. Figure 16, shows an e evaluation [21] in where
the FRF’s of two steel-plates with and without having a damping layer
between them have been measured. It is obvious that the damping is much
higher in the dashed case using damping layer.
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setup with low damping
setup with high damping

a)

Figure 16: Example on difference in FRF having high or low damping, figure from [21].

Two types of commonly used damping models are structural (also referred
to as hysteretic) damping and viscous damping. They are described by the
damping loss factor 𝜂 and the viscous damping ratio ζ respectively. The two
types of damping are identical at the eigenfrequency, where the relation
between the damping loss factor 𝜂 and the viscous damping ratio ζ is,
𝜂 =2∙ζ

( 65 )

In a normal wooden building, the viscous damping ratio, ζ, (see Section 5.2
and 7.9.3) varies between 1 and 6%, even though higher values are reported.

5.1 Damping materials commonly used in junctions
of wooden building structures

In a single-family wooden house, the different junctions are usually either
screwed or nailed, sometimes in combination with glue. In multi-family
houses, better sound reduction is demanded. Therefore, a different building
techniques have been developed e.g. roofing that is separated from the floor or
elastomers placed in-between the floor/wall junctions. Combination of both
elastomers and separated roofing also exist.

5.1.1 Screwed and glued structures

In order to make the different building materials of a building part to work as
one unit they are either screwed, nailed, glued or in a combination, to create
building blocks such as walls and floors, see Figure 17 a and b. In a wooden
building also friction between the surfaces in a nailed junction can contribute
to the damping. In [22], the damping in different nailed wooden junctions are
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studied. The damping ratio in a screwed junction between a spruce beam and
a plywood board are shown to span between 10 and 15% in relative (viscous)
damping ratio ζ. When assemble the entire building, the building blocks are
connected tightly against each other by means of screws or nails, see Figure
17 c, or by using a damping junction material in-between the building blocks.

a)
b)
c)
Figure 17: Different screwed connections, in a) a floor-structure is glued and screwed inside a
wooden house fabric, in b) a pre-built floor assembly are lifted to its position, figure from [23],in c)
a wall is diagonally screwed towards the next floor, figure from [24].

5.1.2 Elastomers

Elastomers are often made of cellular polyetherurethane, PUR and are used in
several engineering and industrial designs to obtain good vibration isolation.
Today, it is common to use elastomers also within civil engineering, for
instance Sylomer® see Figure 18 a, in-between the floors and the walls to
prevent flanking transmission due to impact noise. In wooden constructions,
elastomer strips can be placed on top of the walls, Figure 18 b, or between
building volume elements, Figure 18 c. Elastomers can also be used to increase
the damping between walls or in different assembling solutions as hanger for
ceilings, see Figure 18 d.

a)
b)
c)
d)
Figure 18: Elastomer materials commonly used in junctions in wooden construction, a) Sylomer®
from Getzner, figure from [25], b) normal way of assembling elastomers, c) elastomer in-between
volume elements, figure from [26], d) elastomers used in different assembling solutions, figure from
[27].
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In [28], 31 nominally identical prefabricated lightweight timber
constructions were evaluated. In all cases, elastomer strips had been used
between the load bearing walls and the prefabricated floors. The authors
showed that there were large differences in the sound pressure levels between
apartments. The differences were especially pronounced depending on which
floor the apartment was situated in. The sound reduction was improved higher
up in the building, which was explained by the higher compression of the
elastomers further down in the house. The elastomers were found to have
lower stiffness higher up in the house but probably the stiffness of the selected
elastomer for the lower floors were inappropriately selected. The author
highlights the importance of correctly dimensioned stiffness of the elastomers
in order to get correct function of the damping elements in the building.
In [29], an extended study was made in the same buildings as in [28]. Here
the author tested different types of elastomers, and showed that using microcell structured polyurethane (for instance Sylodyn® = cell polyurethane)
installed as pads along the volume’s borders increased the insulation in
comparison to continuous bonded polyether foam strips along the volume’s
borders in all floors.
In [30], the damping in the cross laminated wooden floor structure was
determined during different stages of building construction. The floor
structure had elastomer strips below each floor-support. The author showed
that the mean damping in all building stages examined up to 90Hz, was 4.8 %.
The author also showed that the damping from the stage when several floor
parts were assembled together sidewise until all floors above in the building
were built increased, from 4.7% to 6%. This shows that the damping is highly
influenced by the connections to the rest of the structure.
Elastomers have a behavior that can be described as both elastic and
viscous, i.e. it is stiff as a spring, but energy absorbing like a viscous material, it
is therefore possible to model as a spring/dashpot [31]. The behavior of an
elastomer is frequency depending. The stiffness of the elastomer is acting as a
spring which, in combination with the mass of the building parts loading the
spring, causes a natural frequency. According to general vibration isolation
theory, vibration isolation then occurs for relative frequencies above
𝛺/𝜔𝑛 > √2, as shown in Figure 19.
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Figure 19: Elastomer behavior, figure from [31].

5.1.3 Other methods

Examples of different methods used to prevent impact sound distribution are
found on the market. More than 10 years ago, roller bearings were tested in a
building in-between the floor and the wall to prevent shearing and avoid
moment transmission [32], see Figure 20 a. It was shown that the roller
bearings decreased the impact sound transmission. When a reduction of
vibrations from the subgrade is desired a building can be built on top of
springs as described in [33], see Figure 20 b.

a)
b)
Figure 20: Other methods to get less impact sound transmission, in a) a roller bearing, figure from
[34], and in b) a vibration isolation, figure from [35].

The ceiling is often mounted on soft profiles working as springs to prevent
impact sound transmission, see Figure 21 a. Another type of damping material
is rubber, which itself has a viscous damping ratio ζ ≈5% [36]. Rubber is both
elastic and viscous, like the elastomer described previously. Rubber can also be
used as stud beam isolators, see Figure 21 b.

a)
b)
Figure 21: In a) a profile used to assembly ceilings, figure from [37], and in b) example on rubber
stud beam isolators, photoghraph from [38].
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5.2 Material damping

Material damping is one of all the existing damping types. It means that the
kinetic energy due to vibrations in the structure ultimately is transformed into
heat. Damping is an issue within engineering that is still hard to handle
correctly. Different types of models for material damping exist. For instance
viscous-, structural/hysteric-, frictional/coulomb- and Maxwell-damping. The
first two material damping model is shortly explained below.
Damping properties for different building materials, both the damping of
the raw material and the material damping in typical structures, are listed in
literature. Some examples on material damping and damping in structures
including the connections to other material are summarized in Table 2 and
Table 3.
Table 2: Material damping properties, for common material in wooden buildings.
Material
Damping Loss Factor, 𝜂
Gypsum Board
0.6 %, [39]
Pressed-wood Panels
1-3%, [39]
Light Concrete
1.5%, [39]
Plywood
1.3%, [39]
Fir
0.8%, [39]
Table 3: Damping ratio’s for complete or part of light weight structures.
Structure
Viscous Damping Ratio, ζ
Continuous Metal Structures
2-4%, [36]
Metal Structure with Joints
3-7%, [36]
CLT structure with elastomers
6%, [30]
Wood beam
0.35%, [40]
Wood beam nailed to plywood
0.5%-2.5%, [40]
Wood beam nailed and glued to plywood
0.75%-0.9%, [40]
Wooden walls with gypsumboards
0.26%, [41]
Wooden floor with plywood
0.12-0.19%, [41]
Wooden ceilings with gypsumboards
0.19-0.3%, [41]

The materials given in Table 2 are typically used within light wooden
structures. It can be noticed that there is a spread in damping material
properties. Although not shown in the table, damping can also be frequency
dependent. In Table 3 recommended damping ratios for complete structures
or part of structures of different materials are given. By using joints, i.e. bults,
in a metal structure the damping ratio can be increased compared to a
continuous metal structure. No damping value for a complete light weight
wooden structure is given, since it is difficult to find any recommendations in
literature. The damping values given for part of light weight structures differs,
therefore it is hard to assume a damping value to use and the damping in light
weight structures need to be studied further.
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5.2.1 Viscous damping models

Viscous damping is the only linear damping type which is based on a rigid
mathematical foundation, and thus allows to be used for all solutions, in time
domain and frequency domain alike. The magnitude of the damping is
proportional to the velocity of the structure. In a viscously damped system the
spring and dashpot act in parallel, see Figure 22. If a load is present, the spring
and damping counteract it. The equation of motion for an unloaded single
degree-of-freedom system with a viscous damper is,
𝑚 ∙ 𝑢̈ (𝑡) + 𝑐 ∙ 𝑢̇ (𝑡) + 𝑘 ∙ 𝑢(𝑡) = 0

( 66 )

where 𝑐 is the damping coefficient, and the viscous damping force is −𝑐 ∙ 𝑢̇ .
The viscous non-dimensional damping coefficient is ζ = 𝑐/𝑐𝑐𝑐 where 𝑐𝑐𝑐 is
the critical damping value, 𝑐𝑐𝑐 = 2 ∙ 𝑚 ∙ 𝜔𝑛 = 2 ∙ √𝑘 ∙ 𝑚.
m

k

c = c𝑐𝑐 ∙ ζ = 2 ∙ √𝑘 ∙ 𝑚 ∙ ζ

Figure 22: A single degree-of-freedom system with a viscous damper.

The corresponding FRF,
𝐻(𝛺) =

−𝛺2

1
∙𝑚+𝑖∙𝛺∙𝑐+𝑘

( 67 )

is complex due to damping. Written in terms of the natural frequency, 𝜔𝑛 , the
FRF can be written
1/𝑘
𝐻(𝛺) =
( 68 )
2
2
−𝛺 /𝜔𝑛 + 2 ∙ ζ ∙ 𝑖 ∙ 𝛺/𝜔𝑛 + 1

5.2.2 Structural/Hysteretic damping model

A viscous damping model is not always a good approximation of actual
damping in structures due to the frequency dependence of the damping.
Therefore, another type of linear damping model is often used in those cases,
referred to as structural or hysteretic damping. It is hereafter called structural
damping.
The mathematical foundation of structural damping is not particularly
rigid. The structural damping ratio, 𝑑, depends on the energy losses in the
material and in the friction of joints between materials. The structural
damping is proportional to displacement and in phase with the velocity of the
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structure. The structural damping coefficient is inversely proportional to the
frequency, 𝑐𝑒 = 𝑑/𝛺 and is used in the frequency domain.
This system with structural damping has a damped spring, explain by
Figure 23.
f(t)
m
k(1+i.d)

Figure 23: A damped single degree-of-freedom system, having structural/hysteretic damping.

A common way to express the structural damping is with the structural
damping loss factor, 𝜂. At resonance the two damping models can be made
equal by letting,
𝜂 =2∙ζ

which gives the receptance ,
1/𝑘
𝐻(𝛺) =
2
−𝛺 /𝜔𝑛 2 + 𝑖 ∙ 𝜂 + 1

( 69 )
( 70 )

The disadvantage with structural damping is that it is not possible to use
structural damping in the time domain.

5.3 Modelling damping properties using modal
damping

When it comes to modelling damping in analyses, a combination of the
calculation time and the quality of the result will determine which damping
model to use.
Modal damping can be used when a harmonic analysis using the
eigenmodes of the structure (modal analysis) is made. Modal damping is based
on the diagonalisation of the damping matrix in equation ( 42 ) in section
4.1.2. If this diagonalisation holds, equation ( 41 ), the damping matrix can be
diagonolised. The damping matrix can then be replaced by a relative damping
ratio for each mode.
For instance if viscous modal damping is used, the theory explained for a
SDOF system in section 5.2 are used for each mode of the MDOF system and
is valid as long as harmonic solution in frequency are studied.
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For a multiple degrees-of-freedom system, when using viscous modal
damping, the damping matrix is pre- and post-multiplyed with the
eigenvectors, see section 4.1.2. The damping matrix becomes diagonal and each
mode in the system acts as single degree-of-freedom systems [42]. The
receptance FRF when having viscous damping can be written as,
𝑁

𝑖

𝜙𝑘𝑖 ∙ 𝜙𝑘
𝐻𝑖𝑖 (𝛺) = �
𝑚
� 𝑘 ∙ (−𝛺2 + 𝑖 ∙ 𝛺 ∙ ζ𝑘 ∙ 2 ∙ 𝜔𝑛 + 𝜔𝑛2 )
𝑘=1

( 71 )

which is a complex FRF.
One often used general form of viscous damping in multiple degrees-offreedom system is Rayleigh damping. In this case the damping coefficient is a
weighted sum of the mass and stiffness, given as,
[𝐶] = 𝛼 ∙ [𝑀] + 𝛽 ∙ [𝐾]

( 72 )

The receptance FRF when having Rayleigh damping can be written as,
𝑁

𝑖

𝜙𝑘𝑖 ∙ 𝜙𝑘
𝐻𝑖𝑖 (𝛺) = �
𝑚
� 𝑘 ∙ (−𝛺2 + 𝑖 ∙ 𝛺 ∙ 𝛼𝑘 + 𝑖 ∙ 𝛺 ∙ 𝛽𝑘 ∙ 𝜔𝑛2 + 𝜔𝑛2 )
𝑘=1

( 73 )

which also is a complex FRF.
The third example will be structural damping. The receptance FRF when
having structural modal damping can be written as,
𝑁

Or as,

𝐻𝑖𝑖 (𝛺) = �

𝑘=1
𝑁

𝐻𝑖𝑖 (𝛺) = �

𝑘=1

𝑖

𝜙𝑘𝑖 ∙ 𝜙𝑘

−𝛺2 ∙ 𝑚
� 𝑘 + 𝑖 ∙ 𝑑𝑘 + 𝑘�𝑘
𝑖

𝜙𝑘𝑖 ∙ 𝜙𝑘
𝑚
� 𝑘 ∙ (−𝛺2 + 𝑖 ∙ 𝛺 ∙ 𝜂 ∙ 𝜔𝑛 + 𝜔𝑛2 )

( 74 )

( 75 )

The damping can have different coefficients in the different modes, i.e. a
mode (frequency) dependent damping can be used, see section 7.8.1.

5.4 Obtaining damping from experimental data

The damping ratio can experimentally be obtained using the resonance
bandwidth, the 3dB bandwidth. At each eigenfrequency, 𝑓𝑐 , the viscous
damping ratio,
𝐵𝑐
𝜂𝑐 ≈
( 76 )
2 ∙ 𝑓𝑐

where 𝐵𝑐 are the 3dB bandwidth and 𝑓𝑐 is the damped eigenfrequency. This is
valid for damping less than approximately 10%. The bandwidth is,
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𝐵𝑐 = 𝑓𝑏 − 𝑓𝑎

( 77 )

where 𝑓𝑏 and 𝑓𝑎 are the half power upper and lower frequencies, see example
in Figure 24 for a single degree-of-freedom system.
3 dB

fa

fr

fb

Figure 24: Obtaining damping using the resonance bandwidth.

However damping is one of the modal parameters obtained in the modal
parameter estimation, which is shortly explained in Section 6.4.
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6. EXPERIMENTAL MODAL
ANALYSIS
The dynamic properties of a system are determined by its mass, stiffness and
damping as well as the boundary conditions. Another way to describe a
dynamic system is by its eigenfrequency, damping ratio, eigenvectors, modal
mass and stiffness. These parameters are called the modal parameters and
when any of those are changed the system will react differently.
Measuring and evaluating the dynamic properties; eigenfrequencies, mode
shapes and damping of a system is called Experimental Modal Analysis,
EMA. EMA is a subject that is described in detail in several different
literatures, see for instance [14, 19, 42-44]. The information given in section
6.1-6.5 is brief but aims to give an orientation about the procedures and
methods used in the papers included in this thesis.

6.1 The practical procedure

The classical approach to compute the frequency response functions based on
experiments, is to use both known input and output. With a traditional EMA
the input is the excitation force, either an impact hammer or one up to several
shakers depending on the situation. The output is most commonly measured
as accelerations, which are registered by means of accelerometers. The
principal setup of these two ways is shown in Figure 25. Both the hammer and
the shaker have a force transducer that measures the applied load.

a)

b)

Figure 25: The principal setup of the measuring system with a) an impact hammer and b) an
electrodynamic shaker as the excitation source.

If an impact hammer is used as the excitation source, the position of the
accelerometers is kept fixed and the hammer is moved to hit several points, see
Figure 25a. The impact hammer generates a short force impulse with a wide
frequency spectrum. When an electrodynamic shaker is used as the excitation
source, the shaker is mounted to the structure and kept in the same position
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during the measuring campaign. The accelerometers are moved according to a
predefined measuring grid until the desired number of output points is
reached. The measurement setup can look like the example in Figure 25b.
An electrodynamic shaker can generate different combinations of loads.
Examples of excitation signals for FRF measurements are sine, stepped sine,
pure random, pseudo/periodic random, burst random and chirp. All signals
except the sine and stepped sine signals excite a broad band of frequencies, see
examples in Figure 26. The sine frequency signals are based on harmonic
signals and the frequency can be increased with time, like in stepped sine, or
kept steady during a certain time, like in sine. The broad band signals are
divided into periodic ones, as pseudo/periodic random and chirp signals, and
non-periodic ones, as pure random and burst random [19]. The advantage
with the periodic signals is that their energy is concentrated in the frequency
lines measured, which will increase the signal-to-noise ratio in the FFT
analysis and that the analysis can be made leakage-free.

a)

b)

c)

d)
e)
f)
Figure 26: Different broad band shaker excitation signals. Time spectrum for a) sine shaker signal,
b) periodic chirp shaker signal, c) periodic pseudo random noise shaker signal and history spectrum
for d) sine shaker signal, e) periodic chirp shaker signal, f) periodic pseudo random noise shaker
signal history, figures from [45].

A stinger should always be used, see Figure 27 a, since the force transducer
is sensitive to transverse forces. In order to transfer forces within the required
frequency range the stinger needs to be stiff in the axial direction but weak in
the shear direction.
Accelerometers, see Figure 27 b, are used to measure the response of the
system. The desired number of measuring points is often more than the
number of available channels in the measuring system, and thus the measuring
campaign has to be done in several steps. The accelerometers are often
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piezoelectric. It is important that weights of the accelerometers are low so the
weight of the accelerometers does not influence the result. However, there is
often a trade-off since between weight of accelerometers and quality of
measuring results since heavier accelerometers commonly have better
sensitivity.
Stinger
Force transducer

a)

b)

Figure 27: a) The stinger and force transducer used between the shaker and the measuring object,
in b) An example of an accelerometer.

6.2 Background to experimental modal analysis

The use of a modal analysis in engineering was first applied in the aircraft
industry [46] and the use widely increased after the FFT, Fast Fourier
Transform, algorithm was presented [47] in the mid 60’s. The acquisition
system used in experimental modal analysis can make a FFT on the results
approximately immediately after the measurement and the results can be
displayed in the frequency domain. The FFT is based on the fact that all
harmonic signals, p (t ) , can be divided into several harmonic components
[48], see Figure 28.

Figure 28: A periodic signal can be described both in the time and the frequency domains by a
number of harmonic signals, figure from [49].
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The harmonic signal can be summarized in a Fourier series according to
𝑁

𝑝(𝑡) = � 𝑎�𝑛 ∙ cos(2𝜋𝑛𝑓0 𝑡 + 𝛼𝑛 )

( 78 )

𝑛=1

where 𝑁 is the number of harmonic components used to describe the signal,
𝑎�𝑛 the maximum value, 𝑓0 = 1/𝑇𝑛 , where 𝑇𝑛 is the period time and 𝛼𝑛 is the
phase value.
The harmonic signal can also be expressed using an exponential function
and complex Fourier coefficient. During an experiment the time varying
acceleration signal is measured and by FFT the signal frequency contents can
be found. In Figure 29 an example of the load signal from an electrodynamic
shaker is shown both in time and in frequency domain.

a)
b)
Figure 29: A typical a) load time history and b) frequency spectrum here exemplified by a pseudorandom excitation force, figure from Paper VI.

6.3 Creating spectra and FRFs from experimental
modal analysis measurements

The frequency response functions, FRFs, enable extraction of the modal
parameters. As explained in ( 49 ) the FRF is theoretically calculated by
dividing the source and receiving spectra after that they have been Fourier
transformed. This is explained by Figure 30, where 𝑋𝑐 (𝑓) is the
fouriertransform of the time domain input 𝑥𝑐 (𝑡) in degree-of-freedom, DOF,
𝑟, and 𝑌𝑘 (𝑓) is the fouriertransform of the time domain output 𝑦𝑘 (𝑡) in DOF
𝑘.
Time domain, xr(t)

Analysed structure

yk(t)

Frequency domain, Xr(f)

FRF, Hkr(f)

Yk(f)

Figure 30: Explanation of the time and frequency domain in relation to the frequency response
function.
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The experimentally determined FRF, 𝐻𝑘𝑐 (𝑓), between DOF 𝑟 and DOF 𝑘 is
the ratio between them, i.e.
𝑌𝑘 (𝑓)
𝐻𝑘𝑐 (𝑓) =
( 79 )
𝑋𝑐 (𝑓)

where 𝑌𝑘 (𝑓) is the output in DOF 𝑘 and 𝑋𝑐 (𝑓) is the input in DOF 𝑟, as
showed before in Figure 30.
The so called autospectral density is created by taking the expected value
(averaging,) at each frequency of the Fourier-spectrum, simply described as,
𝐺𝒚𝒚 (𝑓) = 𝐸[𝑌(𝑓) ∙ 𝑌(𝑓)∗ ] ( 80 )
𝐺𝑥𝑥 (𝑓) = 𝐸[𝑋(𝑓) ∙ 𝑋(𝑓)∗ ]
or the cross-spectral density as,

𝐺𝑦𝑥 (𝑓) = 𝐸[𝑌(𝑓) ∙ 𝑋(𝑓)∗ ]

( 81 )

where 𝑋(𝑓)∗ is the complex conjugate of 𝑋(𝑓) and the expected value is

denoted 𝐸[].

The explanation given above for the FRF is theoretical. In experiments
there is normally noise in both the applied force and the measured results.
Therefore there exist 2 estimators both assuming there is a noise on either the
output, 𝐻1or the input, 𝐻2. The estimators are ratios of the averaged crossand autospectral densities, found by,
𝐺�𝑦𝑦 (𝑓)
𝐺�𝑦𝑥 (𝑓)
𝐻𝟐 (𝑓) =
𝐻1 (𝑓) =
( 82 )
𝐺�𝑥𝑦 (𝑓)
𝐺�𝑥𝑥 (𝑓)
where 𝐺� (𝑓) is the estimated value of 𝐺(𝑓).
The 𝐻1 estimator underestimates the FRF and the 𝐻2 estimator
overestimates the FRF. Thereby the true value lies in between the two
estimators. Further information can be found in, for example [19].
The quotient between the two FRF estimators is called coherence,
2
�𝐺𝒙𝒚 (𝑓)�
𝐻1 (𝑓)
2 (𝑓)
𝛾
=
=
( 83 )
𝐻2 (𝑓) 𝐺𝑥𝑥 (𝑓) ∙ 𝐺𝒚𝒚 (𝑓)

and is used when the measured data is examined. The coherence shall be as
close to 1 as possible which indicates that the measurement quality is high
[50].

6.4 Obtaining modal parameters and curvefitting

When all the spectra are obtained the modal parameters can be evaluated.
This can for instance be done either in an universal code like Matlab [51] or in
the acquisition program itself, like LMS [52]. The procedures used to obtain
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the modal parameters will hereafter only be briefly described since it is beyond
the scope of this thesis.
The eigenfrequency and damping parameters are evaluated using some
type of parameter estimation, either using timedata (impulse responses, i.e the
inverse of the FRF) or in the frequency domain using FRF’s. Some of the
most common methods are listed below with some of the underlying methods
given with name:
• Frequency domain curve fitting
o Orthogonal Polynomial Method
o Frequency-Domain
Direct
Parameter
Identification
Algorithm
o Complex Mode Identification Function Method
o Polyreference Least-Squares Complex Frequency-Domain
Method (PolyMAX)
• Time domain curve fitting
o The Polyreference Time Domain Method
o The Eigensystem Realization Algorithm
There are more methods available than the ones listed above the theory of
which can be studied further in [14, 42-44, 52].
A stabilization diagram is a helpful and important tool within modal
analysis. At the bottom of the stabilisation diagram only one mode is assumed.
The numbers of modes is increased in steps until the maximum numbers of
modes are reached. For each step, locations of the estimated poles are plotted
in the stabilisation diagram.
The mode indicator function is a curve that is often plotted within a
stabilisation diagram in order to even clearer indicate modes. There are several
mode indicator functions avaible e.g.:
• SUM, the summation of the absolute values of all FRFs
• MIF, the normal mode indicator function
• mvMIF, the multivariate mode indicator function
• CMIF, the complex mode indicator function
Each one of the different mode indicator functions have their own strengths
and weaknesses. The SUM gives a great overview, but if the modes are close
in frequency or if the system is highly damped the modes are difficult to
observe. When there are several modes placed close in frequency the MIF is
preferable. The MIF is the sum of the real parts of the FRF divided by the
magnitude. The MIF gives values close to zero where there are modes and
thereby they are easier to observe. The mvMIF is similar to the normal MIF
but used for multiple references (example multiple shakers). In the case of
complex modes the MIF and mvMIF do not work well, then the CMIF is an
alternative. The CMIF based on a singular value decomposition which
decomposes all FRFs into equivalent SDOF FRFs. Normally, it is helpful to
use several of the mode indicator functions to detect the modes. More
information about mode indicator functions is given in [14, 42-44, 52]. In
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Figure 31 a stabilization diagram assuming around 20 × 2 modes are plotted
together with the MIF.

Figure 31: EMA stabilization diagram also showing the mvMIF, from a screwed setup evaluated
in Paper VI.

The poles are manually chosen by picking in a pole stabilization diagram. By
picking the modal parameters are defined, i.e. the eigenfrequency and
damping parameter along with the modal participation factors (see [19]).

6.5 Evaluating the modal parameters

Next step is to evaluate the synthesized modal parameters. This can be done
by for instance
• Comparing the synthesised FRFs with the measured FRFs.
• Visually comparing the experimental mode shapes with analysed
mode shapes.
• Comparing the modal assurance criterion.
The synthesized FRFs are obtained from the evaluation described in
section 6.4. The evaluation by comparing the synthesised FRFs with the
measured FRFs can look like Figure 32. The Synthesis Correlation
Coefficient can also be calculated, see [42, 43]. The parameter extraction
process will be repeated, until satisfactory agreement between the measured
and synthesised FRFs are obtained.
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Figure 32: Example on Synthesized FRFs in three measurement DOFs contra the measured
FRFs, figure from Paper VI.

A visual comparison of the experimental mode shapes and analysed mode is
demonstrated in Figure 33.

Figure 33: Example on measured and calculated mode shapes that can be visually compared,
figures from Paper II and Paper III.

For a simple structure this method can be good enough, but for a more
complex structure the accuracy is too insufficient. The reason is that there can
be modes that look like each other but are not really similar in reality since the
representation of the modes shapes in the measured data is depending on the
number of points measured (density of mesh).
An alternative is to evaluate the correlation numerically. This is made by
using the well-known modal assurance criterion, MAC [19]. The auto-MAC
is calculated according to,
|{𝜓𝑐 }𝑇 ∙ {𝜓𝑠 }|2
𝑀𝐴𝐶𝑎𝑢𝑡𝑜 =
( 84 )
{𝜓𝑐 }𝑇 ∙ {𝜓𝑐 } ∙ {𝜓𝑠 }𝑇 ∙ {𝜓𝑠 }

where {𝜓𝑐 } and {𝜓𝑠 } are two modes from the same set of modes, for instance
the experiment. A diagonal auto-MAC matrix with small off-diagonal values
is thus an indication that the modes are well separated.
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Sometimes it is of interest to compare modes stemming from two sets.
This is done with the cross-MAC, and a prerequisite to be able to use the
modes for cross-MAC comparison is that the auto-MAC has showed that the
modes are well separated. The cross-MAC is calculated according to,
|{𝜓𝐴𝑐 }𝑇 ∙ {𝜓𝐵𝑠 }|2
𝑀𝐴𝐶𝑐𝑐𝑜𝑠𝑠 =
( 85 )
{𝜓𝐴𝑐 }𝑇 ∙ {𝜓𝐴𝑐 } ∙ {𝜓𝐵𝑠 }𝑇 ∙ {𝜓𝐵𝑠 }

where {𝜓𝐴𝑐 } and {𝜓𝐵𝑠 } are two modes from the two sets that are examined,
for instance FE analysis and experiment. A cross-MAC value of unity
indicates that the two mode shapes are identical, whereas a cross-MAC value
of zero indicates that there is no resemblance between the two mode shapes
[19].
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7. STRUCTURAL-ACOUSTIC
VIBRATIONS IN WOODEN
ASSEMBLIES
Several studies on light weight structures have been carried out in order to
examine the response of a wooden construction due to impact loads. A
tapping machine is commonly used as the load source and the studies are
primarily made in order to evaluate the effect of different floor toppings.
Moreover, the evaluation of the measurements are often made in 1/3 octave
bands. Distribution of sound between apartments in light weight wooden
constructions are in many cases through flanking transmission [2]. Flanking
transmission can be studied in different ways and some aspects are discussed in
this thesis. This section will discuss thoughts raised during planning and
execution of the measurements and FE-analysis. The presented material is
based on results given in the appended papers along with findings in literature.

7.1 Flanking transmission

Flanking transmission due to impact load normally occurs when something
hits the floor on one level and is distributed to the surfaces of the level below,
see section 2. It is of interest to see which one of the surrounding building
elements in the apartment below that has the largest acceleration levels. In this
thesis this has been studied in two field experiments and one laboratory
measurement.
The distribution of vibrations in a receiving room situated below an impact
load was studied in a field measurement in Paper I. In this study, a tapping
machine was used as the load source and one accelerometer was moved to
measure totally 7 positions on each flanking surface. During the same day a
traditional impact sound measurement were made. However, in this paper the
mean equivalent acceleration level was calculated for each flanking surface.
The results showed that the partition wall and the non-bearing interior wall
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had the largest acceleration levels in the low frequency range, see Figure 34.
This study demonstrated the possibility to observe not only the impact sound
level in the receiving room, but also determine from which of the flanking
walls the sound pressure in the receiving room could have been generated. The
acceleration levels of the ceiling were not included in this study.

Acceleration level [dB]

110

Partition wall

100
90
80

Interior wall
Outer bearing wall

70
60

Inner bearing wall

50
10

100
Frequency [Hz]

1000

Figure 34: Recorded flanking transmission acceleration levels on the surrounding walls, result
from Paper I.

The flanking transmission was also studied in field in Paper II. In this
study, an electrodynamic shaker with a chirp signal was used as load source.
However in this study both a microphone and accelerometers where collecting
data. The accelerations were as well measured using 13 accelerometers
simultaneously to measure the accelerations in 15 sets. The accelerometers
were placed on all four flanking walls and the ceiling/roof of the receiving
room. From this measurement it was clear that the ceiling/roof had the largest
acceleration level in all measured frequencies, see Figure 35.
Mean values of the surface FRF and the sound pressure
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Figure 35: Recorded flanking transmission FRFs on the surrounding walls, result from Paper II.
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Also in Paper VI flanking transmission was observed by studying the
acceleration levels on different surfaces. A laboratory measurement was then
utilized in order to eliminate the unknown energy losses to the surrounding
structures. The setup enabled measurements that gave more information about
the structure itself without interaction from the surrounding structures as in
Paper II and Paper I. In this study, an electrodynamic shaker with a
pseudorandom signal was used as load source.
The test setup in Paper VI allowed for comparison of the flanking
transmission within the full size room structure, as it was assembled with and
without damping material in the floor/wall junctions, see Figure 36. In this
case, the setup consisted of three walls and one floor.

a)

b)
Figure 36: Mean acceleration levels from the two configurations in Paper VI plotted for a) the
screwed configuration and b) the elastomer configuration. The excitation was on the floor.
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It is evident from the examples above that extended knowledge of the
flanking transmission phenomena will be given by using accelerometer
measurements as complement to using traditional sound pressure
measurements in the receiving room. Detailed information about the
acceleration levels of all flanking parts is needed. Furthermore, field
measurements in a full size building could be hard to use for the specific
evaluation of different joint assemblies since a certain part of the energy from
the load source will be distributed to the surrounding parts of the building.
This is easier to study in a laboratory situation.

7.2 Excitation signal sources

Different excitation signal sources can be used to create the excitation. It is
important that the excitation source is chosen based on the purpose of the
study in mind as well as the outcome of the study. The frequency range of the
excitation should be considered. Two possible excitation sources are the
tapping machine, see Figure 37 a, and the shaker, see Figure 37 b.

a)
b)
Figure 37: Two different impact load sources, a) a tapping machine and b) an electrodynamic
shaker.

Tapping machines which is traditionally used for evaluation of flanking
transmission consist of five steel hammers, each one hitting the floor with two
taps per second. In total this gives totally ten taps per second. This means one
hit every 0.1 second with a short delay in between. A constructed symbolic
figure of the force-time spectra can be seen in Figure 38 a. This corresponds
to the frequency of 10 Hz. However when the FFT is calculated for this
signal, a spectrum of discrete peaks [55] every second Hz is obtained due to
the fundamental tone, see Figure 38 b.
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Time [msec]

Frequency [Hz]

a)
b)
Figure 38: A tapping machine, in a) a generated force-time signal, figure from [53], in b) the
driving point measured acceleration-frequency spectra on the floor using high resolution, figure
from [54].

Hence, when using a tapping machine, the result spectra need to be
observed with higher resolution than 2 Hz. A continuous excitation is prefered
in order to study result spectrum with high resolution. Another issue with the
tapping machine is that the actual applied load is not measured as for an
electrodynamic shaker or impact hammer, which therefore are good
alternatives. Therefore, an alternative to the tapping machine is to use an
electrodynamic shaker or an impact hammer. Of these, an electrodynamic
shaker is preferred since it gives a better signal to noise ratio than a
conventional impact hammer [56]. In Figure 39, the different excitation
spectra can be seen, both in time and for narrow frequency resolution.

a)
b)
Figure 39: Load spectra from a pseudorandom excited shaker, in a) the time spectra and in b) the
frequency spectra, using high resolution.

In the first paper, Paper I, a tapping machine was used as the excitation
source. Thereafter an electrodynamic shaker has been used in all
measurements, since the tapping machine does not have continuous amplitude
frequency spectrum and the actual load applied to the structure is not known.
In Paper II a chirp excitation signal was used for the shaker. A chirp excitation
signal consists of a sine signal that is swept through the frequency range
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within each time block. In the appended papers, Paper V and Paper VI, the
shaker signal was a pseudorandom noise signal. That signal gave the best
coherence of the tested signals, and can definitely be recommended for future
measurements. Pseudorandom is a broad band signal, periodic within the time
window of the FFT process, with random phase of each periodic component.
It introduces no leakage and the bias error in the estimated FRFs is negligible.
It can be seen in Figure 39 b that the shaker excitation signals has more or less
constant amplitude within the whole frequency spectrum which is preferable
for vibrational tests.
It can be concluded that the type of excitation signal used in the
measurement influence the amount of information that can be extracted from
test data. Generally said, if the distribution of the vibration through a wooden
structure is to be studied it is crucial that the applied load is known or is the
load causing the problems. In [8] a tapping machine was shown not to give
the same amplitude level as a heel impact in the low frequency region, as
shown in Figure 4, in section 2.1. The actual forces fed into a structure are a
result of the exciter-structure interaction, since the force is not generally
measured when a tapping machine is used; the stimuli are not well known.
Furthermore, the load signal should have high resolution and high quality
since it allows for a good evaluation of the results, especially if damping is to
be evaluated.

7.3 Measuring accelerations instead of sound
pressure

In [57] the velocity level, using 10 randomly placed accelerometers on two
connected surfaces, was studied using both a loudspeaker and an impact
hammer source. In this study, the authors conclude that the method based on
accelerometers could be a good diagnostic tool to find the most important
flanking paths. The study in Paper I, also showed that using accelerometers
gives information about the major flanking part in different frequencies, as
showed earlier in Figure 34. However when several accelerometers are used at
the same time, as in Paper II, it is also possible to observe the actual
synchronous movements of the wall at all measured frequencies, see Figure 40.

Figure 40: The operating deflection shape of the apartment separating wall in Paper II at 53Hz.
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In Paper II, a combination of accelerometers and microphone
measurement were done. By evaluating the sound pressure spectrum and the
acceleration spectrum it was showed that the flanking surfaces have
acceleration peaks at the same frequencies as the sound pressure. Thereby
combining sound pressure and acceleration measurements makes it possible to
learn even more about flanking transmission and which part that is most
sensitive.

7.4 Measured frequencies

In acoustic papers measurements in each 1/3 octave are commonly evaluated
band. To not evaluate with a higher resolution is probably a heritage from old
times. Today, when the computers have large memory capacity the resolution
is not a limiting issue. Therefore, it is recommended to evaluate using higher
resolution than 1/3 octave band in order to cover vital information about the
structure. In Figure 41, examples of acceleration FRFs, from Paper VI, with
different frequency resolution are shown, plotted in decibels using a reference
acceleration of 𝑎0 = 1 ∙ 10−6 m/s2.

Figure 41: Measurement points every 0.2 Hz as well as 1/3 octave bands.

The two curves in Figure 41 clearly shows the importance to not only
measure and observe the results in 1/3 octave bands but to use narrow
resolution in order to capture the true behaviour of the structure.

7.5 Material properties of wooden materials

Representative material parameters of naturally grown materials are difficult to
determine, no matter if it is cross-laminated boards or conventional wood
beams. This has been one big issue coupled to the development of the FE

55

modelling within this thesis. There are a lot of test campaigns made
measuring the material properties of wood. In [58], the bending stiffness is
measured along one beam. It is shown that the bending stiffness varies
significantly along a beam having constant cross section, see Figure 42. This
indicates large differences in Young’s modulus even along a single beam.

Figure 42: The edgewise bending stiffness along one beam with dimensions 45x145x3600 mm of
Norway spruce, figure from [58].

Furthermore, the Young’s modulus also differs from beam to beam. To
conclude general strength and stiffness properties for wooden materials is
approximately impossible. It is most likely this feature that explains why so
many different values of the wood material properties are found in literature.
In Table 4 the material properties for wooden beams found in [59-62] are
given.
Table 4: Examples of different material properties for building wooden beams.
Wood beams
Density
Young’s modulus
Poisson’s ratio
Shear modulus
*1

Bard & Montero
2011
[60]
dens [kg/m3] 432
E1 [N/m2]
8.50E+09
E2 [N/m2]
3.50E+08
E3 [N/m2]
3.50E+08
Nu12 [ - ]
0.25
Nu13 [ - ]
0.25
Nu23 [ - ]
0.3
G12 [N/m2]
7.00E+08
G13 [N/m2]
7.00E+08
G23 [N/m2]
5.00E+07

Vessby
2010*1
[62]
1.20E+10
4.00E+08
4.00E+08
0
0
0.4
7.50E+08
7.50E+08
1.00E+08

=the zero Poisson’s ratio in [62] are due to evaluation in 2D using a 3D model.

Dinwoodie
2000
[59]
390
1.07E+10
7.10E+08
4.30E+08
0.03
0.025
0.31
5.00E+08
6.20E+08
2.30E+07

Kollman &
Cote 1968
[61]
1.35E+10
8.93E+08
4.81E+08
0.43
0.53
0.42
7.16E+08
5.00E+08
2.90E+07

In [63], CLT boards of two qualities are evaluated. The study shows that
even if a CLT board is glued together using crosswise arrangement of lamellas
in different directions the bending stiffness within one single panel differs.
The author also underlines the strength in grading the raw material before
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assembling to get CLT with high and constant quality. The CLT boards are
produced in using different amount of layers and thicknesses. The properties
of CLT are covered in several papers indicating different material properties
[63-65], and an example of the spread of three layered CLT boards are given
in Table 5.
Table 5: Different three layer CLT board properties for building wooden boards.
CLT boards
Density
Young’s modulus
Poisson’s ratio
Shear modulus

Ormarsson 1999,
[65]
dens [kg/m3] 523
E1 [N/m2]
9.7+06
E2 [N/m2]
4.0+06
2
E3 [N/m ]
2.2+06
Nu12 [ - ]
0.35
Nu13 [ - ]
0.6
Nu23 [ - ]
0.55
G12 [N/m2]
4.0E+08
G13 [N/m2]
2.5E+08
G23 [N/m2]
2.5E+07

Jarnerö et. al. 2010,
[64]
420
13.7E+09
4.0E+08
4.0E+08
0.5
0.5
0.7
7.50E+08
7.5E+08
7.5E+07

Steiger et. al. 2010,
[63]
6.94 E+09-8.76 E+09
5.32 E+09-5.19 E+09

When conducting an FE analysis or any type of calculation it would be
valuable to obtain the material properties directly from a table. The parameter
study in Paper VII, where different material properties in the wooden beams
are used and the dynamic response of the structure is compared to the
measurement in Paper VI, strongly illustrates the need of better grading of the
wood components used in a light weight buildings in order to be able to make
reliable predictions, see Figure 43.

Figure 43: The effect of using different wooden beam parameters in an FE model, from Paper VII.
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From the examples given above, it is evident that perfect agreement
between measurements and FE analyses cannot be expected due to the fact
that the material properties in reality most likely differ between the boards
used in the structure and even within one individual board. However, it is also
shown that fairly good agreement can be obtained if representative material
properties are chosen. Hence, FE analyses with material properties taken from
handbooks cannot be used directly to predict the distribution of impact load
energy within a wooden structure.

7.6 Elastomers as damping material

In the technical information, from one elastomer supplier, [66] Sylomer®, the
mechanical loss factor, 𝜂, varies between 9 and 25% depending on the
elastomer stiffness. The mechanical loss factor depends on the type of
elastomer, the frequency and the excitation.
In Paper VI, a comparison using the same structure assembled with and
without damping material in the junctions has been made. It is clear that the
elastomer changes the behavior of a structure. By comparing the behavior of
the floor, see Figure 36, higher peak acceleration levels are observed in the
screwed configuration at eigenfrequencies from 40 Hz and above, see Figure
44 a. On the other hand when it comes to the flanking transmission to the
three walls, the acceleration levels are lower only for frequencies above 60 Hz
when elastomers are used, see Figure 44 b. The elastomers generally give more
damped behavior, i.e. wider resonance peaks.

a)
b)
Figure 44: Mean FRF from laboratory measurements using or not using elastomer, in a) on the
floor and in b) in the single layer bearing wall, slbw, from Paper VI.

In [28], a tapping machine was used as a load source and microphones
were used to measure the sound pressure. The positive effect of using
elastomers is shown in the frequency band above 200-300 Hz. In this study
continuous bonded polyether foam strips having two different stiffnesses, were
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used along the volume’s borders for all floors. The study shows a large scatter
in result, but the acoustical properties were found to be best in the top floors
of the buildings. The authors believe that this is a result of the isolating strips
between the volumes. The author also highlights the importance of carefully
designed elastomers, which unfortunately not seems to be the case for the
buildings studied.
In [29], an extended study of the same structure as in [28], was made
where different types of elastomers were tested. This study showed that using
micro-cell structured polyurethane (for instance Sylodyn® = cell polyurethane)
installed as pads along the volume borders, increased the insulation compared
to continuous bonded polyether foam strips along the entire volume borders.
The pads had different stiffnesses depending on which floor they were placed.
In [67], elastomers with different stiffnesses depending on the floor level
are used. In this case the author shows that the transmission of vibration is less
higher up in the house in all cases from 10-20 Hz. The study were made in
the same house as in Paper II and [64].
The importance of using correct properties of the elastomers is also shown
within this thesis. In Paper V, the effect of using different elastomers with the
same preload is studied. The maximum static compression load and the
mechanical loss factors for the five different elastomer used are given in Table
6. According to the specifications from the supplier it is the green SR55 that
in this case corresponds to the recommended elastomer to use. This is with
respect to the static load present in this setup.
Table 6: Elastomer properties, given by the supplier, Getzner [68].
Name and color

SR18
orange

SR28
blue

Sylomer®
SR42
pink

SR55
green

Sylodyn®
NF
purple

Max compression load [N/mm2]
Mechanical loss factor, η

0.016
0.23

0.023
0.21

0.040
0.16

0.047
0.17

0.8
0.10

The influence to the vibration of the floor can be seen in Figure 45, The
influence of using a too stiff elastomer (the purple) or using a too soft (orange)
elastomer is clear around 20 Hz.
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Figure 45: The effect of different elastomer stiffnesses on the floor, from Paper V.

The influences of the elastomer stiffness to the supporting wall are shown in
Figure 46. It is clear that the stiffness of the elastomer has a large influence
from 70 Hz and above.

Figure 46: The effect of different elastomer stiffnesses on the walls, from Paper V.

In [69] the authors tested different elastomer stiffnesses in field in order to
determine how the selection of elastomers influences the behavior of a
structure built with light weight volumes. In the study, the light weight
volumes were assembled with and without elastomers in-between the volumes.
In the first measurement, the vibrations became even worse between
approximately 60-500 Hz when using elastomers compared to the case
without them, see Figure 47 a. The authors made an additional measurement.
The results from that measurement showed positive influence from the
elastomer in the whole frequency span. The results from the measurements
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made in Paper V showed increased acceleration levels in some frequency bands
for the walls when elastomers were used. The two studies [69] and Paper V
are made in different frequency regions, but it is clear that the influence of
elastomers to the dynamics of a wooden structure is not easy to predict and
that this field of engineering needs further studies.

a)
b)
Figure 47: The effect of using elastomers or not, in a) field measurements from [69] and in b)
laboratory measurements from Paper V. Obs. different frequency ranges in the figures.

7.7 Finite element modelling of wooden structures

One aim of this thesis is to examine if a finite element model can show similar
results as found from experimental modal analysis of a junction, typically used
in a wooden multi-storey building, within the low frequency range.
In [28], the authors underlines the importance of correctly designed elastic
strips in order to damp out vibrations at low frequencies. One good way to
study response of a construction is to make an FE model of the construction
before it is built. The FE model could be used to test different stiffnesses of
the elastomers and thereby examine the influence to the complete structure. A
prerequisite for this type of study is the possibility to establish an FE model in
which the response of junctions with elastomers is simulated accurately.

7.7.1 Modelling of interactions and junctions

In literature, there are no lightweight wood structures modeled with respect to
both eigenmodes and vibration transmission analyses.
In [70], the author examined four different ways to model the interaction
between the gypsum boards and the beams in a light weight wooden wall. The
author found that the different ways of modelling the interaction changed the
dynamic behavior and the eigenfrequencies of the structure. However, in this
study the author did not compare FE-results with the results from
measurements.
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A comparison between FE-analyses and field measurements was made in
Paper III, in which the difference between tied interaction and hinged
interaction (line node based), was evaluated.

a)
b)
Figure 48: Different interaction possibilities examined in Paper III in a) complete tied interaction
and in b) hinged interaction.

The study gave fairly good agreement at least when a visual comparison of the
eigenmodes was made, see Figure 49 for the hinged interaction.

a) 12Hz

b) 18 Hz

c) 53 Hz

d) 12 Hz
e) 26 Hz
f) 53 Hz
Figure 49: Visual comparison of eigenmodes, in a-c) experiment and in d-f) FE analysis, from
Paper III.

In this study a comparison was also made for the velocity levels. This was done
using a steady-state response calculation as explained in section 4. Different
levels of modal damping were also assumed, based on litterature. The results
are shown in Figure 50 a and the results from using different levels of
interaction in the connections are shown in Figure 50 b.
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a)
b)
Figure 50: Comparison between FE analysis results and field measurements of velocity levels in
the ceiling, in a) using hinged connections and different level of damping, in b) using realistic
damping but different degree of interaction level, Paper III.

However, it was noticed that even though the eigenmodes look similar the
mobility itself is hard to capture. Both the modal damping and the
connections have major influence to the behavior. Therefore laboratory
measurements were carried out in Paper V and Paper VI to have a more
controlled situation and to be able to extract values for the modal damping to
be used as input to the FE models.
In [71], a T-junction between a chipboard and a wooden beam are
modeled and compared to experimental modal measurements. In this paper, a
thin layer with a lot of partitions has been added in the connection between
the board and the beam, giving the possibility to model a thin connection part
using different material properties. The author has modeled the screwed
connection by a small area of stiff material in the thin layer. The remaining
parts are modeled using a viscoelastic material where the Young’s modulus has
been adjusted until good agreement was achieved. Full tie has been used
between all materials in contact.
In Paper VII, the FE model would have been too large if all connections
within the structure were modeled with the detail level described in [71].
Instead the interaction between the building parts, in Paper V and Paper VII,
are modeled using full connection (tie). The junctions between the building
blocks are modeled more freely. When the junctions are screwed together a tie
connection is used. However, the parts are only tied on a part of the interface
surface, see Figure 51 a. When there are elastomers in the wall/floor junction,
the connection between the floor and the walls are represented by springs and
dashpots, see Figure 51 b.
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a)
b)
Figure 51: Modeled connections within Paper VII in a) a medium tie connection (yellow area)
and in b) a spring/dashpot element.

The major advantage with spring/dashpot elements representing the
elastomer connections is the options to include elements that are more
damped than the other materials, as explained in section 5.1.2 and 7.8.2.

7.8 Damping in FE models of wooden structures

When an FE model is established, the damping has to be assigned using any
of the available damping models in the software. The damping models
available in the software also depends on the solving technique. When the
model has many degrees-of-freedom, a modal approach is to recommend in
order to decrease the size of the problem as described in section 4. Within
Abaqus [16], used in this thesis as well as many other FE programs the
available damping models in a modal harmonic dynamic analysis (modebased
steady state dynamic analysis in Abaqus) are called:
•
•
•
•

Critical viscous damping, 𝑐𝑐𝑐,𝑀 = 2 ∙ �𝑚𝑀 ∙ 𝑘𝑀 , the damping is given
as a fraction of the critical damping,𝜁𝑀 ,for each mode, 𝑀, explained
in section 5.2.1.
Rayleigh damping, 𝑐𝑀 = 𝛼𝑀 ∙ 𝑚𝑀 + 𝛽𝑀 ∙ 𝑘𝑀 the damping is given as
𝛼𝑀 and 𝛽𝑀 factors for each mode, 𝑀.
Composite modal damping gives a fraction of critical damping for
each material. These values are combined into a damping factor for
each mode with respect to the mass matrix for each material.
Structural damping, the damping is given by the damping factor, 𝜂𝑀 ,
for each mode, 𝑀, explained in section 5.2.2.

Altogether this means that independent of the damping model used, the
damping can be given different values for each mode, i.e. varying with
frequency. There is also an option to give discrete damping by using dashpots.
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7.8.1 FE modelling of modal damping

Modal damping in wooden structures depends highly on frequency see section
7.9.3 and the modal damping in ABAQUS can be defined with different
damping models, see section 7.8.
In this work direct viscous modal damping has been used as the overall
damping, since that option corresponds directly to the damping obtained for
each mode from experiments, though relative critical damping ratio ζ𝑘 for
mode 𝑘. That means that the damping matrix,
[𝐶] = �𝐶 𝑣𝑖𝑠𝑐 �

( 86 )

corresponds only to the viscous modal damping.
When direct viscous modal damping is used, the modal damping matrix is
per definition decoupled by the modal projection operation (described in
section 4.1.2 and 5.3), giving a diagonal damping matrix, where 𝑐𝑘 is the modal
damping for mode 𝑘. Under this condition 𝑐̃𝑘 = ζ ∙ 𝑐𝑐𝑐 = ζ ∙ 2 ∙ 𝑚
� 𝑘 ∙ 𝜔𝑘 .In
this case the eigenvectors have been mass normalized, which means that
𝑚
� 𝑘 = 1 for all modes, which gives,
𝑐̃1
⎡0
⎢
�𝐶̃ � = [𝜓]𝑇 [𝐶 𝑣𝑖𝑠𝑐 ][𝜓] = ⎢0
⎢0
⎣0
⎡
⎢
=⎢
⎢
⎣

0 0
𝑐̃2 0
0 𝑐̃𝑘
0 0
0 0

ζ1 ∙ 2 ∙ 𝜔1
0
0
0
0

0 0
⎤
0 0
⎥
0 0⎥
⋱ 0⎥
0 𝑐̃𝑁 ⎦

0
ζ2 ∙ 2 ∙ 𝜔 2
0
0
0

0
0
ζ𝑘 ∙ 2 ∙ 𝜔 𝑘
0
0

0
0
0
⋱
0

0
⎤
0
⎥
0
⎥
0
⎥
ζ𝑁 ∙ 2 ∙ 𝜔 𝑁 ⎦

( 87 )

where the relative critical viscous damping ratios, ζ, can be given different
values in Abaqus [16]. For mode number 𝑘 the principal coordinate are
obtained,
[𝜓]𝑇𝑘 ∙ �𝑓̂�
𝑝̂ 𝑘 =
( 88 )
−𝛺2 + 2 ∙ ζ𝑘 ∙ 𝜔𝑘 ∙ 𝑖 ∙ 𝛺 + 𝜔𝑘2

and with 𝑝̂ 𝑘 solved for all modes included, the displacement {𝑢(𝑡)} is given by
equation ( 48 ) according to section 4.1.3.

7.8.2 FE modelling of Discrete Damping materials

By using dashpot elements in the junctions where damping material are
present the energy decrease can be more localized as in the reality but still
using the calculation simplicity of modal superposition.
If the FE model includes locally/discrete damping elements another
damping matrix is added to the model. This increase the complexity since the
resulting matrix equation is not decoupled. In the elastomer cases modelled in
this thesis the damping stems from both overall damping, modelled as viscous
modal damping �𝐶 𝑣𝑖𝑠𝑐 � (due to losses in couplings and materials) and
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additional damping stemming from the discrete viscous dashpots [𝐶 𝑑𝑎𝑠ℎ ]
representing the interface between the floor and the walls. In the elastomer
cases, the total damping matrix can be given as,
[𝐶] = �𝐶 𝑣𝑖𝑠𝑐 � + [𝐶 𝑑𝑎𝑠ℎ ]

( 89 )

where the part, [𝐶 𝑑𝑎𝑠ℎ ], stemming from the discrete viscous dashpots is a
damping matrix with values that is non-zero in some positions, i.e. the
degrees-of-freedom where the dashpots act. When it is pre and postmultiplied with the eigenmodes
⋱ 0 0 0 0
⎡0 ⋱ 0 0 0 ⎤
⎢
⎥
�𝐶̃ 𝑑𝑎𝑠ℎ � = [𝜓]𝑇 [𝐶 𝑑𝑎𝑠ℎ ][𝜓] ≠ ⎢ 0 0 ⋱ 0 0⎥
( 90 )
⎢ 0 0 0 ⋱ 0⎥
⎣ 0 0 0 0 ⋱⎦

the result is not a diagonal matrix. Hence, when the two damping matrices are
added by equation ( 89 ), a non-diagonal damping matrix is obtained,
𝑐̃1 0 0 0 0
⎡ 0 𝑐̃
⎤
0 0
2 0
⎢
⎥
̃
�𝐶 � = ⎢0
0 𝑐̃𝑘 0 0 ⎥ + �𝐶̃ 𝑑𝑎𝑠ℎ �
( 91 )
0 0 ⋱ 0⎥
⎢0
⎣0
0 0 0 𝑐̃𝑁 ⎦
and a direct frequency response calculation of the reduced system is required.
The modal coordinates are calculated for one excitation frequency at the
time from,
{𝑝̂ } = (−𝛺2 + �𝐶̃ � ∙ 𝑖 ∙ 𝛺 + 𝜔𝑐2 )−1 ∙ [𝜓]𝑇 ∙ �𝑓̂�
( 92 )

where 𝛺 is the excitation frequency, stepped for each increment. When the
modal displacement vector, {𝑝̂ }, is solved the displacement {𝑢(𝑡)} is given by
equation ( 48 ) according to section 4.1.3

7.9 Experimental modal analysis on a screwed
wooden construction

When a real experimental modal analysis is used, the modes can be obtained
by any of the techniques in section 6.4. A wooden construction always contains
some or many junctions. These junctions can generate some problems during
an experimental modal analysis. The structure has several building blocks that
have their own modes, but the parts are still not totally separated. Therefore,
the evaluation needs to be made first globally and then locally on every part.
The local results are then merged together to form global modes. Some of this
evaluation technique will be described below.
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7.9.1 Parameter evaluation

In this thesis, different evaluation techniques have been used. It has been
found that for the screwed and not so damped structure the least-squares
complex frequency-domain method, LSCF, parameter extraction technique,
works well. In the more damped situations where elastomers are used another
parameter extraction method was required. In these cases, the PolyMAX
method works fine. The parameter extraction techniques were explained in
section 6.4.
The parameter extraction technique gives a stabilisation diagram plot,
which indicates the modes. In literature, these stabilisation diagrams are often
demonstrated for simpler structures, which lead to straightforward analyses.
However, for the complex wooden systems analysed in this thesis the
stabilisation diagrams are not that easy to interpret. A typical example of a
stabilisation diagram obtained for a structure analysed in lab, in Paper V and
Paper VI, is given in Figure 52. The situation is often even worse for field
measurements. However, the stabilization diagrams can still be used to
evaluate the dynamic properties, but the results should be used with caution.

Figure 52: EMA stabilisation diagram also showing the MIF, example from Paper VI.

The wooden structure analysed within this thesis do not give a mode
indication that is as strong as in other engineering structures made of steel for
instance. The modes have a rather complex behaviour and the damping ratios
need to be interpreted with caution.

7.9.2 Mode shapes

When a simple plate or a beam is tested, it is known what type of mode shapes
to expect. However, when testing a light weight structure joined with several
parts it is harder. There are several modes between the global modes, i.e. for
instance one beam is bending but not the others. To be able to fully visually
observe all modes in a certain frequency range the structure has to be measured
in many points and in all directions. Within this thesis the focus has been to
measure out-of-plane movements since those moments give rise to sound
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pressure. However, this limitation could end up with two experimental modes
that sometimes looked equal even though they are not.
The experiment in Paper V showed that the junctions influence the mode
shapes. In Figure 53, the mode shapes for the mode around 55 Hz of a two
sided supported cross laminated timber, CLT, is shown. In Figure 53 a, the
floor is screwed towards the beams representing the walls while in Figure 53 b,
the floor is instead floating on top of the wall having an elastomer in-between.

a)
b)
Figure 53: Mode shapes of a) a screwed CLT floor and b) a CLT floor resting on elastomers, from
Paper V.

7.9.3 Damping

The modal damping in wooden structures can be determined by means of
measurements.
In Paper V, the damping of a cross-laminated timber floor was measured.
The floor structure was supported along two sides on high glue-lam beams
using different types of junctions (elastomers or screwed). The damping of the
floor was found to be strongly influenced by the junction, see Figure 54. The
green elastomer is the elastomer recommended by the supplier, since it has the
correct stiffness with respect to the static load given by the weight of the floor.
This elastomer strip gives a viscous damping that varies from 1% to 7%, while
a screwed setup gives a viscous damping between 1% and 2%.

Figure 54: Viscous damping from different setups, obtained from measurements of a full scale floor
element that was assembled 2-sided on high glulam beams Paper V.
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In Paper VI, the damping in a wooden structure was measured. The floor
was either screwed to the structure or supported by elastomer strips on top of
the walls. The mean values of the viscous damping for the two setups are
shown in Figure 55. These measurements also show a large spread in the
damping values for the screwed and elastomer case. In the elastomer case the
viscous damping vary between 0.2% to 6%, while the screwed setup gives a
viscous damping between 0.2% and 2%. Due to the large uncertainty in the
damping estimates, it seems reasonable to compare the mean damping
between the two configurations. The mean relative damping ratio for the
screwed configuration was 1.2%, while for the elastomer configuration the
mean damping ratio was 2.1%.

Figure 55: Mean frequency and damping ratios for the two mock-ups, that consisted of three walls
and one floor/ceiling assembled without or with damping elastomer material in the joints
Paper VI.

In [71], ten identical small T-junctions with chipboard screwed towards
spruce beams were measured. The T-junction hangs in rubber cords in order
to minimize the influence of the boundary conditions. The authors built 10
identical specimens and carried out modal measurements, which gave the
eigenfrequencies and the corresponding damping ratios. The damping
obtained is shown in Figure 56. Also in this case there is a large spread in the
measured damping even though the structure nominally is the same. The
damping ratio is between 1% and 4%. Mode number 1 in Figure 56 is around
30 Hz and mode nr 10 is around 220 Hz.

69

Figure 56: Damping ratio in percent obtained from experimental modal analysis of 10 identical
small wooden structures, each structure measured 6 times, figure from [71].

7.9.4 Type of light weight structure

In [72], the authors show that the type of light weight structure is important
for the acceleration level on a floor. This is caused by mass, stiffness and
damping in combination. In this study a Japanese ball was used while the
acceleration was recorded on two different wooden floors, see Figure 57. It is
shown that the acceleration is almost a factor 10 higher in the lightweight
floor compared to the cross laminated floor. In the light weight case there is
not as much damping and the eigenfrequencies are relatively easy to locate. In
the cross laminated timber, it seems to be higher damping and thereby leading
to not so obvious notices eigenmodes. An experimental modal analysis could
give that information. However, it might be as the author claims that the cross
laminated case does not have modes in the low frequency region.

a)
b)
Figure 57: Acceleration levels on two different wooden floors due to an impact ball drop in a) a
lightweight floor and in b) a cross laminated timber floor, figures from [72].

The examples above clearly show that the dynamic properties (stiffness and
damping) of a wooden structure can vary a lot and might be hard to determine
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even in a laboratory setup. Traditional light weight constructions and CLT
constructions shows different behavior and should be treated differently.

7.10 Compare experiments and FE analysis

As explained earlier in section 6.5 it is important not only to compare the mode
shapes visually, but also to correlate numerically e.g. by using the modal
assurance criterion, MAC. This is not so often done for wooden structures but
is common within other engineering disciplines. In civil engineering
applications it is often only the out of plane accelerations that are measured.
Therefore modes might look equal even though they are not.
In [71] the modal assurance criterion are calculated showing that the
MAC values between test and analyses are high along the diagonal and having
low off diagonal elements in 8 of 10 modes between 30 and 230 Hz.
In this thesis, the test structures have much higher complexity due to more
connections and type of materials. Therefore very good correlation was not
expected. However, the cross correlated MAC in Paper VII indicates that the
interaction between the floor and the walls has been modelled satisfying in the
elastomer case, see Figure 58 a, were the cross-MAC were made between the
floor DOFs in the two setups. The correlation for all DOFs in the screwed
mock-up was also evaluated giving less satisfactory results, see Figure 58 b.

a)
b)
Figure 58: A cross correlated modal assurance criterion between experiments in Paper VI and FE
analysis in Paper VII in a) of floor in the elastomer mock-up and in b) of the whole setup in the
screwed mock-up

The comparison between the results from the FE analysis and the
measurements in Paper VII shows that only comparing the mode shapes
visually can lead to false interpretations. The visual comparison should be
complemented by calculating the modal assurance criterion.
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8. RESULT OF APPENDED PAPERS
8.1 The planning and contribution to the papers

The background to each paper within this thesis has often been formed by
questions raised in the papers done prior to it. Mainly all planning and
performance of the papers has been made by me, details will be given below.
Paper I
The measurement results used in Paper I were gathered with assistance from
Magnus Ingvarsson, Ingemanssons AB, and Per Hammer, Acoustics, Lund
University. It was financed by Södra Building Systems AB. All planning,
writing and calculations were made by me, with support from Tomas
Alsmarker, my supervisor at Forestry and Wood Technology, Växjö University
at that time and my assistant supervisor Per Hammer. It was presented by
myself at COST E29 2006. Before submitting the paper to building acoustics,
I had changed supervisors. However, I got good suggestions and comments
from Torbjörn Ekevid, who at that time was a colleague.
Paper II
Just before Paper II, an impact measurement equipment was bought to the
university. Me and my colleague Kirsi Jarnerö at SP Wood Technology,
manage to learn how to make the measurements, and I did all planning and
measurement at the building site by myself. A lot of time was then spent to
evaluate data within Matlab. I got some help from Anders Brandt, who at that
time worked with the modal analysis toolbox for Matlab that I used. Torbjörn
Ekevid, from then my assistant supervisor gave me good suggestions and
comments in the writing of the paper. It was presented by myself at ISMA
2008.
Paper III
This paper describes Finite Element modelling issues and was done
predominantly by myself with some assistance from Torbjörn Ekevid, who
now worked at Volvo Construction Equipment AB.
Paper IV
This paper has been planned and done by me, with assistent from Torbjörn
Ekevid, who from this stage was my main supervisor at Mechanical
engineering, Linnaeus University. It was presented by myself at Inter-Noise
2010.
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Paper V
The experimental test setup, the experiments and the modal analysis in this
paper were made in good co-operation with my colleague Kirsi Jarnerö. The
university had now bought a LMS experimental measurement equipment
along with an analysis tool. The CLT floor was arranged by Martinson Group
AB. All elastomers of different stiffness were given from Christian Berner AB.
The finite element analysis was done by myself. The evaluation of the
experiments and the FE results was done by me with great help and support
from Andreas Linderholt from Mechanical engineering, Linnaeus University,
who at that time was a colleague. He has also helped me with good
suggestions and comments in the writing of the paper. The paper was
presented by me at Euronoise, 2012.
Paper VI
In this paper an experimental setup, which fully were planned, built and
measured by me was used. All building parts were given to me by Villafabriken
AB (today Villa Vida AB) who produced the building elements according to
my specifications. The elastomers were arranged by Christian Berner AB
according to the weight of my specimens. The modal analysis was made
together with great support from Ander Brandt, Institute of Technology &
Innovation, SDU, Denmark, who now is one of my assistant supervisors.
Paper VII
This paper is a parameter study using an FE model of the experiments in
Paper VI made by me. The suggested way of modelling the junctions from
Paper IV is elaborated further. I have got good assistant from Andreas
Linderholt, now assistant supervisor, with the FE modelling and the
comparison to the experiment in Paper VI as well as the writing of the paper.
Torbjörn Ekevid and Anders Brandt have both given good suggestions and
have been involved in the writing of the paper.

8.2 Topics and results of the papers

Paper I
In this paper measurements using one accelerometer were made beside a
traditional sound measurement in a two-storey house with a wooden bearing
frame in Växjö, Sweden, see Figure 59. The excitation source was a tapping
machine, and the accelerometer was moved around to measure in several
positions on the flanking surfaces. The study showed that it was possible to
recognise different acceleration levels on the different surfaces.
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Figure 59: The two-storey house at Kampastigen in Växjö, where the data for Paper I were
measured.

Paper II
This paper also deals with a field measurement, this time in an 8-storey house
with a wooden bearing frame in Växjö, Sweden, see Figure 60. However this
time an electrodynamic shaker was used to create the excitation and the
impact measurement equipment and several accelerometers made it possible to
make synchronized accelerometer measurements on the flanking surfaces,
along with sound pressure measurements. The peaks in sound pressure were
found to coincide with acceleration peaks in some or all surrounding surfaces.
The use of several synchronized accelerometers gave the possibility to analyse
the operating deflection shapes of the surfaces. However, there were a lot of
energy-losses to the surrounding building parts, therefore a laboratory
measurement was planned to be done.

Photograph taken by Johan Vessby

Figure 60: The eight-storey houses in the Limnologen area in Växjö, where the data for Paper II
were measured.

Paper III
This paper describes Finite Element modelling issues of the room measured in
Paper II. The influence of interaction properties between the building blocks
and the damping parameters was evaluated by the FE model, see Figure 61.
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The results from different setups of parameters are compared to the
experimental results from Paper II.

Figure 61: The FE model of the room, shown without the floor, examined in Paper III.

Paper IV
In Paper II it was concluded that it would be good to make a laboratory
measurement. However, prior to conducting a larger experimental
measurement, an FE model was used to determine a good test setup, see
Figure 62. The paper found that covering a frequency range 5 Hz - 75 Hz
would be possible if 310 accelerometer positions are used. The two best load
positions were determined; one of them is to have a load perpendicular to the
non-bearing wall. This load position was later tried to use as one possible load
positions in Paper VI.

Figure 62: The points found to be best as load positions, determined in Paper IV.

Paper V
In this paper the influence of the supports to the floor structure was analysed.
A CTL floor was 2-sided supported on high beams, representing walls.
Totally, seven different setups were made using the same building
components. In one setup the floor and the walls were screwed together, in
five setups different elastomers were positioned between the floor and the
walls and in the last setup the floor was resting free on top of the walls. An
electrodynamic shaker, with pseudorandom excitation, was used for the
excitation of the structure and accelerometers were used for response
measurements. The effect of different setups of the junction was investigated
by studying the acceleration levels in the edge part of the floor-wall junction in
different directions. This paper showed that the junctions have a large
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influence on the dynamic behavior. The insertion loss was found to be
negative in the mid-frequency range studied, see Figure 63. The results from
the study initiated an interest in examine the influence of using or not using
elastomers for traditional light weight wooden floors when placed on full size
walls. Hence, the planning of the full scale laboratory test shown in Paper VI
was initiated.
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Figure 63: The insertion loss between the floor and the wall, examined in Paper V.

Paper VI
In this paper a full scale structure of a half room was assembled free in
laboratory. Two different configurations using the same building blocks were
made, one with and one without damping elastomer material in the wall/floor
junctions. The extracted damping properties are believed to come from the
building structure itself, since there are no energy losses to the surrounding
structure, thanks to the free setup. The mean relative damping ratios for the
two configurations were found to be 1.2% for the screwed configuration and
2.1% for the elastomer configuration. The correlation analysis (using crossMAC) between the experiments showed that the two configurations act like
two totally different structures, both studying the acceleration levels, see
Figure 64, and observing the global mode shapes.

a)
b)
Figure 64: The two-storey house at Kampastigen in Växjö, where the data for Paper I were
measured.
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Paper VII
In this paper FE models were made of the configurations from Paper VI. In
these analyses different combinations of material properties found in literature
were used to evaluate how they influence the behavior. The parameter study
showed that the wood material properties had the largest influence on the
behavior of the FE model. The elastomer wall/floor junctions were modeled
using spring and dashpot elements that could give higher damping in local
parts of the model. The screwed wall/floor junctions were instead modeled as
partly tied. In the elastomer case, the floor in the FE model showed good
correlation with experiment, see Figure 65 a. The FE model in the elastomer
case was more separated and free from the walls, than the screwed setup. In
the screwed setup the correlation were made for the whole model and even
though the acceleration levels were of the same size on all surfaces and some of
the eigenmodes visually looked equal, the cross-MAC showed that the
correlation between the FE model and the experiment in the screwed setup
was low, see Figure 65 b.

a)
b)
Figure 65: The cross modal assurance criterion between the experiment and the analysis in a) the
elastomer setup, degrees-of-freedom on the floor are included, and in b) the screwed setup, all
degrees-of-freedom are included.

It was concluded that there are still much unknown properties in a complex
wooden structure that remains to be found, before it is possible to model it
correctly in all directions.
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9. CONCLUSIONS, DISCUSSIONS
AND FURTHER WORK
9.1 Concluding remarks and discussion

The studies in this doctoral thesis have shown that flanking transmission
measurements using accelerometers give information at which frequencies the
structure is sensitive. For low frequencies the level of the acceleration indicates
the same results as a sound pressure measurement. By measuring the
acceleration on all surrounding surfaces, the most significant flanking
transmission paths are identified.
When several accelerometers are used and evenly distributed over the
flanking surfaces also the operating deflection shapes could be identified. If
the deflection shapes at critical frequencies are observed, necessary information
for further product development of building blocks, such as stiffening or
softening of certain regions of the of the building part, are given.
The effect of minor changes to the structure can be accessed by an FE
model. However, the parameter studies made in this thesis has shown that
correct material properties are needed in order to get trustful results. An
alternative to FE models when there are uncertainties in the material
properties is to make laboratory measurements of structures consisting of
building parts. The effect of changes to the junctions can be examined while
the rest of the structure remains intact.
If the experiments are analysed using experimental modal analysis,
information about the actual eigenmodes and damping can be found. It is
possible but not a straight forward process to evaluate a jointed timber
structure. By studying the eigenmodes of composed structures with different
junctions, the changes in dynamic behaviour due to the junction can be
observed. A screwed joint result in a structure more tightly coupled which is
observed in operation deflection shapes and eigenmodes. The overall damping
was also shown to be higher when elastomers are used in comparison to a
screwed junction. However, the overall acceleration level is the same although
the acceleration peaks are higher around the eigenmodes in the screwed setup.
Therefore a screwed construction can be more sensitive at certain frequencies.
By using an electrodynamic shaker as the load source and exciting all
frequencies within a certain range of interest the response of the structure due
to a harmonic load can be found. Thereby, it is possible to evaluate the real
response for any load later on with arbitrary frequency content. It has also
been shown that it is important not only to excite but also to measure and
evaluate in narrow band, in order to make use of all information.
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9.2 Proposals for further research

The findings in this doctoral thesis add understanding to how modern joints
in wooden constructions can be modelled by FE modelling. However, further
research is still needed.
To be able to contribute in developing FE models that can be useful it is
also required evaluating wooden houses experimentally. To make this
happened the civil engineering business need further understanding in what
small changes in the design of the junction can do to the dynamic behaviour.
There is a large spread in material properties of wooden material used today
and in order to model the behaviour to see the acoustic effects prior to
building an entire house, trustful material properties, i.e. more homogenous
(well-graded) building materials are needed.
“- After evaluating all the information found in this thesis along with the
present literature, two larger areas are to continue further with. So if I were able to
suggest a doctoral thesis to be started now, I would suggest:”
The first is to do laboratory measurements in steps. First of single building
parts, then assemble together to building blocks and finally assemble the
building blocks to building structure, each time making a measurement. At
the same time it would be valuable to do the same in an FE model. To use
spring and dashpots in the junction between the building-parts are believed to
be the right thing. However, there are probably a need to use rotational
stiffness and rotational dampers. One way of obtaining this would be to use
shell elements on the building elements sides so that the spring and dashpots
also can be modelled with rotational stiffness and rotational dampers. To be
able to give correct stiffness and damping values a carefully measurement of
the actual stiffness and damping of single junctions, both screwed and using
elastomer materials are needed.
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